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Abstract

Teleconnections play an influential role in driving atmospheric circulation and
hydroclimatic variability at regional and global scales. While hydroclimatic conditions are
associated with the Pacific Decadal Oscillation (PDO) throughout North America, to date there
has been limited study on the influence of the PDO on the hydroclimate of Michigan. Using
statistical analyses, this study quantified the mean monthly streamflow, precipitation and
temperature characteristics in climate divisions and selected stream gage stations in both the
Upper and Lower Peninsulas of Michigan during the warm (+) and cool (-) phases of the PDO
from 1967-2018. Streamflow is greater statewide during PDO+ phases compared to during PDO-
phases, and most prominent from August through February. During the peak month of
streamflow difference by PDO phase, November, there was a streamflow increase of nearly 26%
during PDO+ phases compared to the long-term mean. Related, mean monthly precipitation
increased (decreased) statewide from August through November during PDO+ (PDO-) phases,
with decreased (increased) monthly precipitation from December through July. This study
advances our understanding of the PDO’s influence on hydroclimatic variability in Michigan,
presenting novel results at intra-seasonal scales in this highly impactful and populated region.
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Introduction

Ocean-atmosphere teleconnections play an influential role in driving atmospheric
circulation patterns, thus in-turn surface weather systems, and hydroclimatic variability at
regional and global scales. In North America, the Pacific Decadal Oscillation (PDO) is noted as a
key forcing mechanism of hydroclimatological processes at regional scales, and has been the
focus of much research. The PDO is a prominent mode of sea-surface temperature (SST)
variability in the North Pacific Ocean that is often described in the context of the El
Nino/Southern Oscillation (ENSO) due to their similar regional climate signatures. The PDO is
characterized by having “warm” and “cool” phases that typically persist for 20-30 years
compared to the typical ENSO phase length of 6-18 months (Mantua et al., 1997; Mantua and
Hare, 2002; Neal et al., 2002). During the PDO warm phase, corresponding to positive values of
the PDO index (PDO+), a pool of anomalously cool SSTs is observed in the central North
Pacific, with anomalously warm SSTs along the west coast of North America. Anomalously low
sea-level pressures are observed in the Aleutian Islands and across much of the North Pacific
during warm PDO phases (Mantau et al., 1997). The cold PDO phase, with negative index values
(PDO-), occurs during the opposite configurations, with warm SSTs in the central North Pacific
and cool SSTs along the western North American coast. Recent research has revised this
definition and indicated the PDO is not a single mode of climatic variability, but rather the
embodiment of three separate processes related to ENSO manifestation in the Aleutian low,
oceanic thermal inertia, and the Kuroshio-Oyashio system (Schneider & Cornuelle, 2005;
Newman et al., 2016).

In North America, research on the hydroclimatic influences of the PDO include drought

and soil moisture variability (McCabe et al., 2004; Tang et al., 2014; Assani et al., 2016a;



O’Mara et al., 2019; Suriano et al., 2020a), seasonal air temperature (Budikova, 2005; Birk et al.,
2010; Whitfield et al., 2010), snow cover and snowpack dynamics (Sobolwski & Frei, 2007; Ge
& Gong, 2009; Mudryk et al., 2014; Tamaddun et al., 2017; Welsh et al., 2019), snowfall totals
and frequency (Hunter et al. 2006; Whitfield et al., 2010; Hartmann 2012; Kluver & Leathers,
2015a; Kluver & Leathers, 2015b; Suriano & Leathers, 2017a; Eck et al., 2019), precipitation
and streamflow variability (Hamlet & Lettenmaier, 1999; Nigam et al., 1999; Neal et al., 2002;
Tootle et al., 2005; Hodgkins, 2009; Hu & Huang, 2009; Khaliq et al., 2009; Whitfield et al.,
2010; Giovannettone, 2021; Singh et al., 2021), and water levels of the Great Lakes (Ghanbari &
Bravo, 2008; Assani et al., 2016a & b; Saber et al., 2023), among others. Most studies
concerning the role of the PDO on the hydroclimatology of the United States have focused their
efforts on western North America (United States and Canada), yet others indicate the PDO has a
substantial influence on the hydroclimate of eastern North America, and the central U.S.
specifically. While these efforts in the central U.S. document hydroclimatic conditions associated
with the PDO, to date there has been little research into the role of the PDO on monthly
streamflow, precipitation and temperature (i.e., hydroclimate) within Michigan specifically.
Michigan represents a relatively unique environment, as expanded on below, with substantial
hydroclimatic variability that warrants individualized study. To fill this gap, this paper explores
temporal and spatial patterns revealing impacts of the PDO on monthly hydroclimate variability

throughout the state, including streamflow, precipitation and temperature.

Michigan’s Climate
Michigan lies within the heart of the Great Lakes Region and can be separated

geographically into the Upper Peninsula and Lower Peninsula (UP and LP, respectively; Figure



1), each with distinctive land use-land cover mosaics (Harmon, 2009; Welsh et al., 2009). The
influence of weather systems on Michigan’s hydroclimatology is reflected by the position of
longwave ridges and troughs across the continent, as well as the various air masses with differing
origins that pass over the state (Isard et al., 2000; Shadbolt et al., 2006; Andresen & Winkler,
2009). Each system and air mass type can uniquely influence the spatiotemporal variability of
streamflow and flooding potential through their impact on precipitation and air temperature. For
example, mid-latitude cyclones originating on the leeside (east) of the Rocky Mountains near
Alberta (Northwestern Canada) tend to be cold and in the Great Lakes region only produce light
to moderate precipitation, because they are disconnected from moisture advection from the Gulf
of Mexico. However, Alberta-born mid-latitude cyclones can produce heavy snowfalls due to
lake effect airmass humidification from passage over the Great Lakes if they are not frozen over
(ice covered) (Andresen & Winkler, 2009). In comparison, weather systems that originate to the
lee of the Rocky Mountains in Colorado or in the southeast US tend to be warmer and humid,
ingredients that may lead to heavy precipitation due to their ability to tap into moisture from the
Gulf of Mexico (Isard et al., 2000; Andresen & Winkler, 2009).

Associated with the interannual frequencies of these common weather conditions, annual
precipitation is greatest in the southwest LP with at least 95 cm/yr, while the least amount of
precipitation is observed in the northeastern LP and extreme eastern UP, averaging 74-79 cm/yr
(Table 1; Andresen & Winkler, 2009). Within the Great Lakes Basin as a whole, June through
September are the wettest months (Johnston & Shmagin, 2008). Particularly to the lee of Lake
Michigan and Lake Superior, a large proportion of annual precipitation is due to snowfall. The
northern UP and the northwestern portion of the LP can receive greater than 550 cm of snowfall

per year and is in stark contrast to the southeastern LP that generally receives approximately 90



cm of snow, on average (Table 1; Andresen & Winkler, 2009). The disparity in seasonal
snowfall totals is greatly influenced by lake effect events that can deliver heavy snowfall (Scott
& Huff, 1996; Andresen & Winkler, 2009). Braham and Dungey (1984) suggested that lake
effect snow events may account for as much as 25-50% of the seasonal snowfall in western
Michigan. Scott and Huff (1996) estimate that as much as 100% more precipitation falls

downwind of Lake Superior during the winter than if the lake did not exist.

Michigan’s Land Use-Land Cover (LULC)

The landscape of Michigan that we see is a direct result of Pleistocene glaciation and
post-glacial erosional and depositional processes (Blewett et al., 2009). The geography of
Michigan’s soils is intimately linked to the glacial and bedrock geology of the state. Generally
speaking, the southern portion of the LP is dominated by highly fertile Alfisols, whereas the
northern LP and much of the UP are dominated by low quality, sandy Spodosols. In the
southwestern portion of the LP, sandy, but highly-fertile Mollisols are common in areas of
former tallgrass prairie (Schaetzl, 2009). Prior to Euro-American settlement, Michigan was
primarily forest, estimated at approximately 96% (Dickmann, 2009), however settlement led to
extensive land clearance and disturbance with the greatest impacts occurring in Michigan’s LP
where much of the landscape was transformed into agricultural fields. Widespread
transformation of the southern LP from forest and prairie to agricultural land occurred between
1815 and 1860 (Lewis, 2009), influenced by the generally fertile soils of the region (Harman,
2009; Schaetzl, 2009). In the northern LP and UP, logging and mining severely altered the
landscape (Dickmann, 2009; Harman, 2009; Welsh et al., 2009). Today, Michigan contains a

patchwork of LULC from the mostly forested UP to extensive urbanization of the Detroit Metro



Area in the southeast. Nearly all water bodies within the state (e.g. streams, lakes, wetlands) have
been impacted by human disturbance, with much of the impact occurring the LP (Table 2; Dahl,
1990; Comer, 2003; Wolfson, 2009; Harman, 2009).

The current LULC patterning of the state reflects socioeconomic conditions, underlying
geology and soils of an area, historic LULC patterns and distribution of natural resources (Welsh
et al., 2009). Forests now cover slightly more than half of the state with every county in the UP
being > 75% forested or forested wetlands (Table 1; Dickmann, 2009). In contrast, the
percentage forest cover in the LP ranges from > 75% in the northern counties to < 20% in some
of the central and southern counties (Dickmann, 2009). A considerable amount of public land
exists in the northern LP and throughout much of the UP due to the poor-quality soils (e.g. sandy
Entisols) that blanket the landscape and create only marginal lands for agriculture or

development, coupled with economic depression and droughts of the 1930s (Welsh et al., 2009).

Methodology

The USGS-HCDN consists of gaging stations with upstream drainage areas that are
thought to be relatively free of anthropogenic disturbance (unimpaired) and therefore useful in
climatological studies (Slack and Landwher, 1992; Lins, 2012). The USGS-HCDN 2009
database is part of the US Geological Survey (USGS) GAGES II database (Falcone, 2011).
Using the GAGES II database, 12 streams specifically categorized as “Reference Streams” were
selected for study, as they are thought to have only minimal human disturbance and little land
cover change over the period of streamflow record, and also contain at least 20 years of
continuous records with very few to no data gaps (Falcone, 2011). Several streams listed as

Reference Streams were not used due to a short period of record, a fragmented streamflow record



or the gage has been discontinued. Seven of the 12 selected stream gages are located in the
extensively forested UP and 5 of the gages are located in the LP, primarily in the western half of
the state (Figure 1) that frequently experiences lake effect snows (Meng & Ma, 2021). Monthly
mean streamflow data were obtained from the USGS National Water Information System
website (https://waterdata.usgs.gov) for each of the 12 selected gages over a period 1967-2018.
While data exists for some gages before and after this period, the 52-year period was selected to
balance maximizing the inclusion of as many gages as possible. Basin and gage attributes listed
in the GAGES II database are shown in Table 1, along with average precipitation, snowfall
percentage and temperature data obtained from Falcone (2011). LULC information as of 2009
for the stream basins are shown in Supplemental Table 1.

State Climate Division monthly total precipitation and mean temperature data were
additionally obtained from the NOAA National Centers for Environmental Information website

(Vose et al. 2014; https://www.ncdc.noaa/gov/) for the 52-year study period to match available

streamflow data. Michigan consists of 10 climate divisions, with divisions 1 and 2 covering the
UP, and divisions 3-10 covering the LP (Figure 1).
The long-term PDO dataset was obtained from the NOAA Physical Sciences Laboratory

(https://www.psl.noaa.gov/data/climateindices/) and separated into PDO+ (warm) and PDO-

(cool) phases respectively based on existing literature (Neal et al, 2002; Hodgkins, 2009; among
others). PDO- phases were defined as 1967-1976 and 1999-2013, and PDO+ phases were
defined as 1977-1998 and 2014-2018.

The monthly mean streamflow, precipitation and temperature datasets were linearly
detrended to remove any potential long-term linear trends with time, and then binned into

categories of PDO+ and PDO- phases based on the corresponding years noted above. To
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determine if the environmental variables (streamflow, precipitation and temperature) differed
between PDO phases, a t-test was performed for each climate division and gaging station by
month, as has been done in numerous other studies (e.g., Neal et al., 2002; Coleman & Rogers,
2003; Rogers & Coleman, 2004; Budikova, 2005). Statistical significance was based on an alpha
value of 0.05. For environmental variables with significant differences by PDO phase,
descriptive statistics are presented. In conducting the t-tests, Levene’s test for equality (Levene
1960) was performed for each pairing of variable by PDO phase, where if Levene’s Equality is
statistically significant, the assumption of equal variances is violated and statistical significance
of the t-test is based on calculations where equal variances are not assumed. In nearly all cases,
and in all cases were t-tests yielded significant results, Levene’s test resulted in equal variances
in streamflow and precipitation monthly values being assumed. All statistical tests were

conducted in IMB’s SPSS software (v28.0).

Results

During PDO+ (PDO-) phases, the best temporally cohesive statewide signals are
observed as increased (decreased) mean monthly streamflow from August through February, and
increased (decreased) mean monthly precipitation from August through November (Figures 2 &
3). Mean monthly temperature was not found to exhibit statistically significant differences within
any of the ten climate divisions by PDO phase (Supplemental Figure 1), and thus is not further

discussed within the results.

Temporal and Spatial Patterns of Streamflow Variability



In general, streamflow is greater statewide during PDO+ phases compared to during
PDO- phases (Figure 2; Table 2). This signal is most consistent from August through February
(late summer through winter), with November being the peak month of differences between
streamflow by PDO phase. Streamflow in November is significantly different, and larger, during
PDO+ phases compared to PDO- phases for nearly the entire state (Table 2). Enhanced
streamflow compared to the long-term mean in November during PDO+ phases ranges from over
177 cms in the Ford River to 6.3 cms in Augusta Creek, but are relative to baseline monthly
streamflow of the respective streams (Figure 2). Represented as a percentage of average
November streamflow, per station, the significant enhancements in streamflow during PDO+
phases, relative to PDO- phases, ranged between approximately 50% for Ford River and Trap
Rock River, to just 1.5% for the Manistee River. In meteorological winter, significant
streamflow differences by PDO phase are observed in three of the five LP streams with greater
streamflow during PDO+ phases compared to PDO- phases, most prominently in December
(Table 2; Figure 2).

In the UP, there are no significant differences observed between streamflow during
PDO+ and PDO+ phases from March through July. However, within the LP, the enhanced
streamflow signal during PDO+ phases compared PDO- phases continues into the
meteorological spring months, including with the Sturgeon River (LP) were a March and April
average 30.7 cms more streamflow is observed during PDO+ phases (Table 2), corresponding to

approximately 11.2% of average streamflow.

Temporal and Spatial Patterns of Precipitation Variability



During PDO+ (PDO-) phases, increased (decreased) monthly precipitation occurs
statewide from August through November, with decreased (increased) precipitation from
December through July (Figure 3). During this 4-month period, climate divisions across the state
average approximately 51.8 mm (SD: 71.6 mm) more precipitation during PDO+ phases than
PDO- phases. This additional precipitation is approximately 16% of average August — November
precipitation, but ranges between 9.3% in climate division 2 and 23.2% in climate division 7.
Significant differences in precipitation by PDO phase were primarily observed in the late
summer and early autumn months (Table 3). Mean August precipitation was significantly greater
during PDO+ phases compared to PDO- phases for three climate divisions in the northeast LP
and western UP, as was mean September precipitation in the central LP (Table 3). During
Meteorological winter (December through February) and spring (March through May),
precipitation is typically below (above) average during PDO+ (PDO-) phases, with
approximately 12.9 mm less precipitation in southeast MI climate divisions in December, 10.6
mm less in the eastern UP in February, and some 41.9 mm less precipitation in central LP in May
(Table 3; Figure 3).

During meteorological winter, a dipole signal in precipitation is apparent between PDO
phases and with respect to the UP and northwestern LP lake-effect regions (Figure 3; Table 3).
Particularly in December, outside of the primary lake-effect regions of both the UP and LP
(climate divisions 4-10), below (above) average monthly precipitation is observed during PDO+
(PDO-) phases, including in the southeast climate divisions in December where approximately
12.9 mm less precipitation is observed during PDO+ phases. Within the main lake-effect regions
(climate divisions 1-3), however, the relationships between PDO phase and monthly

precipitation are not consistent throughout the winter months (Figure 3). In December, above

10



(below) average precipitation is observed in the lake-effect regions during PDO+ (PDO-) phases.
In February, the opposite is observed where below (above) average precipitation is observed
during PDO+ (PDO-) phases, matching the rest of the state. Within climate division 2 of the UP
specifically, precipitation is significantly greater in February during PDO- phases compared to
PDO+, with approximately 10.6 mm more precipitation on average (Table 3). During late spring
and early summer, precipitation is significantly less during PDO+ phases in the central and
northeastern LP, meteorological spring, including some 20-23 mm less precipitation in central

LP in May during PDO+ phases (Table 3).

Discussion
PDO Forcings of Streamflow and Precipitation Variability

Groundwater within Michigan and the broader Great Lakes region at large generates the
majority of streamflow, accounting for approximately 70% of flow (Neff and Nicholas 2005).
Exploring a sub-region of the UP, Kolka et al. (2010) concluded groundwater contribution to
streamflow ranged from approximately 70% in June, to nearly 100% in August. This indicates
groundwater recharge is an important process in understanding streamflow variations and
external forcings in the region (Costa et al. 2021). Below, we discuss how the PDO, and other
physical mechanisms, influence streamflow and groundwater recharge in the context of our
results.

Previous research has established a link between the PDO and streamflow throughout the
Great Lakes region, including Michigan (e.g., Barlow et al., 2001; Tootle et al., 2005), however
neither of these studies took a monthly time-step approach as was performed here. Tootle et al.

(2005) for example, utilized a long lead-time approach, with forecasting potential, to suggest that
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ocean-atmosphere teleconnections from the previous year may be a useful forecasting tool for
the current streamflow year (annual water year). By analyzing the hydroclimatology at a monthly
time scale, new insights can be gleaned.

From late summer into autumn, increased (decreased) streamflow appears to be
responding, at least in part, to increased (decreased) precipitation during PDO+ (PDO-) years.
This additional input of precipitation would logically increase the magnitude of runoff generated
at the time of precipitation, as noted here in both the UP and the LP. For example, climate
division 1 in the UP observed significantly enhanced precipitation during PDO+ phases during
August, and in-turn roughly half of the streams in the UP observed enhanced streamflow during
PDO+ phases. However, there are multiple climate divisions during this late summer to autumn
period where enhanced streamflow is observed yet significant increases in precipitation are not.
In these cases, it is suspected that enhanced streamflow is partially attributed to (a) the
anomalously high, but not statistically significant, precipitation received during PDO+ phases
and (b) the increase in groundwater recharge that occurred in the previous month(s) during
enhanced precipitation. For much of the LP, approximately 20-25 mm of additional precipitation
is received, on average, during PDO+ phases compared to PDO- phases, where results of the t-
tests indicate alpha levels below 0.1. This cannot only directly increase streamflow through
runoff, but through increases infiltration and groundwater recharge (e.g., Brouwer 2008) that
then manifest as enhanced, but lagged, streamflow. This lagged response between enhanced
precipitation and enhanced streamflow in late summer and early autumn during PDO+ phases is
widely apparent in the UP and may be associated with the high percentage of wetlands in this
region. A higher percentage of wetlands in the UP (see Supplemental Table 1) would slow the

movement of water through the hydrologic system (e.g., Acreman and Holden, 2013), resulting
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in a delayed signal between precipitation, subsequent groundwater recharge, and an enhanced
streamflow signal.

Additional research in the broader Great Lakes region has explored other
hydroclimatological linkages with the PDO. Barlow et al. (2001) evaluated the role of various
teleconnections on drought and moisture conditions across North America. They found the PDO
was significantly associated with drought in the eastern Great Lakes and Northeast US regions,
particularly during the 1960s drought of record (Barlow et al., 2001). The same physical
mechanism was detected on the opposite end of the drought-excessive moisture spectrum by
Assani et al. (2016a), where extreme wetness indices were positively correlated with the PDO in
more northerly Great Lakes regions near the UP of Michigan, including during autumn. This is
apparent within the autumn precipitation and streamflow results here, where PDO+ (PDO-) years
experienced above (below) normal precipitation and streamflow totals. This is often attributed to
variations in cyclone development at the end of the warm season and differences in moisture
source regions. Recent research by Yang et al. (2023) indicates enhanced precipitation observed
in summer is associated primarily with moisture originating in the Great Plains via enhanced
low-level jets, compared to precipitation driven primarily by Great Lakes moisture in autumn via
evapotranspiration recycling.

Examining cyclone activity in Canada, Wang et al. (2006) observes a dipole signal in the
correlations of cyclone deepening rates and the PDO in southern Ontario along Lakes Erie,
Huron and Superior between autumn and winter seasons. During autumn, a positive (negative)
correlation between cyclone deepening and the PDO is present, where more (less) cyclones and
thus more (less) precipitation is observed during PDO+ (PDO-) (Wang et al., 2006). The

opposite is observed in winter, with negative correlations between cyclone deepening and the
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PDO. While cyclone deepening is not a direct parallel to precipitation rates, they are logically
associated; stronger cyclones typically result in heavier and/or more widespread precipitation.
Through the winter months, and in most cases including March, streamflow remains
significantly above (below) average during PDO+ (PDO-), particularly in the LP. Here,
precipitation enhancements from the PDO do not appear to be a primary driver of this increase,
with the climate divisions in the LP not observing significantly differences in precipitation
between PDO phases or observing significant decreases in precipitation during PDO+ phases in
December such as in the southeast LP. Instead, the higher streamflow values during
meteorological winter and early spring are likely a combination of snowmelt, groundwater
contributions, and potential phase change (e.g., solid to liquid or vice versa) of precipitation.
Throughout the LP, snowmelt is common from December through March, where the
snowpack is highly ephemeral, often accumulating and completely ablating multiple times
during each cold season (Suriano and Leathers 2017b). Peak snowmelt frequency has been
shown to peak in February in the southern LP and in March in the northern LP and UP, but
variations in timing exist based on snowmelt magnitude, with larger events typically occurring
earlier in the winter months (Suriano and Leathers 2017b). While all snowmelt does not runoff
into streams, due to processes such as soil infiltration and evaporation, snowmelt and streamflow
are inherently related with more snowmelt yielding more streamflow (e.g., Suriano et al. 2020b;
Grote, 2021). Within the Great Lakes region, Ford et al. (2020) indicated that years with less and
earlier snowmelt translated to lower and earlier peak flows and decreased net groundwater
recharges, particularly in northern portions of the basin. Additionally, Ford et al. (2021) conclude
that years with reduced snowpacks, associated with lesser snowfall from warmer atmospheric

conditions, correlated with shifting winter streamflow and peak basin yields that were lower and
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earlier occurring by as much as three days. Yet, during those warmer years, there is increased
infiltration and recharge during winter, associated with enhanced freeze/thaw effects (Motiee and
McBean 2017) that would result in more streamflow in years with less snow.

The connections between snowfall in the Great Lakes region and the PDO are relatively
well explored. Using multiple discriminant analysis, Kluver and Leathers (2015a) documented
the phase of the PDO was significantly correlated to seasonal snowfall totals, with a negative
correlation in northern Michigan and Wisconsin, inclusive of much of the LP. Using a different
approach and examining snowfall event frequency, Kluver and Leathers (2015b) suggests the
phase of the PDO is significantly negatively correlated to snowfall frequency in both the UP and
LP of Michigan. For both research efforts (Kluver & Leathers. 2015a, 2015b), warm (cool)
phased PDO yielded diminished (enhanced) snowfall totals or events. While different
methodologies were used between these and our study, a decrease in snowfall when the PDO is
positively phased (Kluver and Leathers 2015a,b) coupled with insignificant changes in total
precipitation between PDO phases (this study) suggests the ratio of snow to total precipitation
may be influenced by the PDO. The authors are not currently aware of a study that has
investigated the potential influence of the PDO on this ratio, but observations within the Great
Lakes region have indicated increased temperatures can alter these snow-precipitation ratios with
warmer conditions yielding more rain in lieu of snow (e.g., Dong et al. 2020), including in the

lake-effect belts (Wright et al. 2013; Vavrus et al. 2013).

Speaking specifically to the heavy lake-effect influenced climate divisions (1-3), the
inverse signal of increased precipitation in December and decreased in February during PDO+
phases may be associated with lake-ice dynamics. By February, larger proportions of both Lake

Michigan and Lake Superior are typically ice covered, inhibiting lake-effect development and
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reducing snowfall totals. Ghanbari et al. (2009) indicates the PDO is significantly correlated with
lake-ice, where highly significant squared coherencies are observed (r = 0.75) between the PDO
and ice-off date (Ghanbari & Bravo, 2008; Ghanbari et al., 2009). Wang et al. (2018) found a
similar result, suggesting there is more lake-ice during PDO+ phases due to colder air and water
temperatures, with less lake-ice during PDO- phases associated with warmer air and water
temperatures. Such associations would result in less snowfall (or in general precipitation) later in
the winter compared to earlier months during PDO+ years, aligning with our observed

precipitation signals here.

During PDO+, a standard atmospheric response resembles that of a positively phased
Pacific/North American Pattern (PNA; Leathers & Palecki, 1992), with mid-to-upper-level
ridging in the western U.S. and enhanced troughing in the eastern U.S. (Rodionov & Assel,
2003). Such a pattern would favor mid-latitude cyclone formation along the east coast,
subjecting Michigan to a more prominent regime of northwest flow, dampening winter
precipitation outside of lake-effect regions and resulting in cooler temperatures as observed here.
Rodionov and Assel (2003) note that this association is non-linear, as strong El Ninos can
modify this pathway and inhibit trough development over the eastern U.S. and result in more
mild and often abnormally wet winters in the Great Lakes region. Despite this, the lake-

effect/non-lake-effect PDO signal is apparent within our precipitation results.

From April through July, the PDO does not widely influence the hydroclimatology of the
state. The primary exception appears to be in the central LP where climate divisions 5 and 6
exhibited significantly lower precipitation in May during PDO+ phases, similar to the general
pattern in winter. Likely due to the groundwater and wetland mechanisms noted above, the

negative anomalies of precipitation do not appear to have a significant impact on streamflow.
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During this April-July period, it is anticipated that other forcing mechanisms play more dominant
roles in influencing precipitation and streamflow variability. Prior research has indicated a
variety of other teleconnections, such as the North Atlantic Osciallation (NAO), the Pacific-
North American Pattern (PNA), and the El Nino Southern Oscillation (ENSO) all influence the
hydroclimatolgy of the Great Lakes basin (e.g., Fu and Steinschneider 2019; Saber et al. 2023).
This includes the role teleconnections play in forcing the development, passage and frequency of
specific synoptic-scale weather systems (e.g., Rohli et al. 2001; Isard et al. 2000; Lofgren and
Bieniek 2008), the role of tropical moisture transport influencing precipitation (e.g.,
Steinschneider and Lall 2016), and the interactions between evapotranspiration and soil-water

storage (Dong et al. 2020).

Temperature Variability

While the study did not detect any significant differences in temperature across the state
between PDO phases (see supplemental data), broadly, air temperatures are anomalously cool
(warm) during PDO+ (PDO-) phases across the state. This broad-scale and statistically
insignificant association to the PDO is similar to research conducted in the Great Lakes basin
evaluating lake ice cover forcings (Wang et al., 2018), lake water levels (Ghanbari and Bravo
2008), and studies evaluating the influence of the PDO on circulation in North America (Mills
and Walsh, 2013).

Mills and Walsh (2013) evaluated surface air temperature anomalies across North
America during PDO phases, identifying some of the same month-to-month directional
variations in the broader Great Lakes region that were observed here. For most of Michigan, air

temperatures during PDO+ phases were cooler than PDO- phases during November, January,
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and February, and warmer during December. The primary exception was in the extreme western
UP where cooler air temperatures occurred in just November and January with warmer
temperatures in December and February (Mills & Walsh, 2013). Just as with this study, many of
the differences in air temperature by PDO phases were not statistically significant at the 90%
confidence level (Mills & Walsh, 2013). The markedly lower impact of the PDO on air
temperatures in Michigan detected here is similar to the conclusion drawn by Ghanbari and
Bravo (2008) when evaluating the influences of lake water levels in the Great Lakes basin. Air
temperature was not one of the variables identified to represent a coherent link between
teleconnection indices and Great Lakes hydrology, compared other more hydrologic linkages

(Ghanbari & Bravo 2008).

Limitations

While care was taken to ensure equal data coverage between all of the stream gages,
hence the use of the 1967-2018 period of maximum overlap, there were a small number of
missing monthly data points that result in slightly different sample sizes within the statistical
analysis. This was deemed preferrable to using a longer study period that would have potentially
captured more variability in the PDO, but would have resulting in each gaging station having a
different period of record. For instance, by beginning analysis in 1947, we would have been able
to include the entire span of the 1947-1976 PDO- period, but only 5 gaging stations would have
had complete records back to this date. Preliminary exploration of varying the study period did
not appear to substantially influence the overall conclusions drawn; with the methodological
approach selected, there are robust statistical differences between streamflow values during

PDO+ and PDO- phases.
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Further, there is the potential for variability in the selection of specific years as PDO+
and PDO- phases to influence the results of the study. In line with previous research, we elected
to use relatively large multi-year bins of PDO phases for analysis, compared to using short-
duration phases (months to year) or filtering PDO phase to only strong signals based on a
selected threshold. Particularly in the first 45 years of the PDO record used in this study, phases
are well established within the literature (Neal et al, 2002; Hodgkins, 2009). The 2014-2018
period designated here as PDO+ aligns well with the long-term index, with the PDO index
averaging + 0.34. With the study’s analysis ending here as noted in the methodology, a PDO+
phase designation is warranted. It should be noted however that from 2019 through the present,
the PDO has returned to a cool (PDO-) phases, suggesting the 2014-2018 warm period was either
a short-duration phase, or an anomalous period within a much larger PDO- phase from 1999-
present. We find the former to be sufficient grounds for inclusion as a PDO+ phase period for the

purposes of this analysis.

Conclusions

This study advances our understanding of the PDO’s influence on hydroclimatic
variability in Michigan, presenting novel results at intra-seasonal scales in this highly impactful
and populated region. Using statistical analyses, this study quantified the mean monthly
streamflow, precipitation and temperature characteristics in climate divisions and stream gage
stations in both the Upper and Lower Peninsulas of Michigan during the warm (+) and cool (-)
phases of the PDO from 1967-2018. Analyses show that spatiotemporal variability in
hydroclimatic features exists at monthly scales and can be differentiated by PDO phase. PDO+

(PDO-) phases produce statewide increased (decreased) streamflow from August through
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February. In the peak month of streamflow differences, November, the enhancement of
streamflow during PDO+ phases was nearly 26% of the respective long-term mean November
flow at individual gaging stations statewide, on average. The streamflow anomalies observed
during PDO phases temporally aligning well with precipitation anomalies by PDO phase during
the late summer and autumn, and are likely more prominently associated PDO influences on
snowmelt and recharged groundwater signals during the winter and spring.

Precipitation was increased (decreased) during PDO+ (PDO-) phases for Michigan from
August through November, with regions in central and northeastern Michigan exhibiting the
greatest significant differences between phases. This increased (decreased) precipitation would
directly contribute to increased (decreased) streamflow within a specific month, but then also
increase (decrease) groundwater recharge such that in subsequent months streamflow may
continue to be increased (decreased) despite potentially differing precipitation signals. During
winter and spring months, prior research has indicated that outside of lake-effect regions, PDO+
phases result in years with reduced snowfall across Michigan and the Great Lakes region (Kluver
and Leathers 2015). When coupled with primarily insignificant differences in total precipitation
seen here, this suggests the PDO may influence precipitation ratios of snow to rain in the region.
More precipitation occurring as rain, instead of snow, as observed in other regions (e.g., Feng
and Hu 2007), would directly lead to an increase in winter streamflow, even if total precipitation
was neutral given the potential for rain to more easily runoff the land surface compared to snow.

Future research could consider the role of specific atmospheric weather patterns at finer
temporal scales to potentially differentiate above or below average streamflow signals by PDO

phase from high frequency but low intensity precipitation events, compared to low frequency but
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high intensity precipitation. This further could consider the role of the PDO in driving variations

in snow-to-rain precipitation ratios as a mechanism of varying streamflow observed here.
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Table Captions

Table 1: USGS stream gaging station drainage area, location (latitude and longitude) and

climatological averages as of 2009. Data from Falcone (2011).

Table 2: Stream gages exhibiting statistically significant monthly streamflow differences
between PDO+ and PDO- phases after detrending based on a T-test, 1967-2018.
Streamflow values are in cubic meters per second and are represented here as anomalies
from individual gages’ long-term linear fit. Negative values in the Mean Difference
column indicate increased (decreased) streamflow during PDO+ (PDO-) phases. Gages in

the UP shaded in light gray.

Table 3: Climate Divisions exhibiting statistically significant monthly precipitation differences
between PDO+ and PDO- phases after detrending based on a T-test, 1967-2018.
Precipitation values are in mm and are represented here as anomalies from individual
divisions’ long-term linear fit. Negative values in the Mean Difference column indicate
increased (decreased) precipitation during PDO+ (PDO-) phases. Divisions in the UP are

shaded in light gray.

Supplemental Table 1: USGS stream gaging station upstream drainage basin land-use/land-cover

as of 2009. Data from Falcone (2011).
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Figure Captions

Figure 1: The geographic distribution of state climate divisions and selected USGS gaging
stations used in this study. Inset map shows Michigan in the heart of the Great Lakes

region of North America.

Figure 2: Monthly streamflow anomalies, in cm/s, from the long-term monthly mean between
PDO+ (gray) and PDO- (black) phases for each of USGS gaging station: (a) Ford River,
(b) Manistique River, (¢) middle branch Escanaba River, (d) Sturgeon River at Hahma
Junction, (e) Sturgeon River at Sidnaw, (f) Tahquemenon River, (g) Trap Rock River, (h)
Augusta Creek, (i) Manistee River, (j) Per Marquette River, (k) Sturgeon River in LP,

and (1) White River.

Figure 3: Monthly precipitation anomalies, in mm, from the long-term monthly mean between
PDO+ and PDO- phases for each of ten Michigan Climate Divisions. Positive values
(warm tones) indicate less precipitation during PDO+ phases and more precipitation
during PDO- phases. Negative values (cool tones) indicate more precipitation during

PDO+ phases and less precipitation during PDO- phases.

Supplemental Figure 1. Monthly temperature anomalies, in °C, from the long-term monthly
mean between PDO+ (gray) and PDO- (black) phases for of the ten Michigan Climate
Divisions: (a) Climate Division (CD) 1, (b) CD2, (c) CD3, (d) CD4, (e) CDS5, (f) CD6,

(g) CD7, (h) CD8, (1) CDY, and (j) CD10.
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Figure 1
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