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Motivation
Snow is a critical component of Great Lakes hydrology

Literature in snow hydrologic changes for non-alpine settings 
lacking

Snow studies in non-alpine, non-arctic settings generally too big or 
too small

Continental or country scale settings too coarse for regional/local 
interpretations

Studies at local/regional scales focused on one aspect of hydrologic cycle
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Significance
Changes to melt amounts and timing could affect:

Ecosystems
Spring a critical spawning time for many freshwater fish species-spawning sensitive to 
temperature and flow changes

Infrastructure
Shifts in flooding from spring to winter could have management implications

Great Lakes one of the largest fresh water reservoirs on the planet

Economies
Snow tourism spending



Dissertation Objectives
Identify winters warmer and cooler than the norm

Quantify changes to snow melt
Timing
Amount
Frequency of coverage

Quantify hydrologic changes
Surface water flow amounts and timing
Shallow groundwater recharge amounts



Approach
1. Lay the Foundation
ÅSmall temporal and spatial scales
ÅEstablish methodology

2. Expand the temporal and spatial scale
ÅLarger areas lead to better interpretation
ÅLonger temporal scales establish changes to climate

3. Fill in the data gaps through simulation
ÅEmpirical groundwater data not as available as surface processes

4. Examine real-world consequences
ÅMakes the data tangible, leading to more informed public and decision 

makers



Ch. 1: Laying the Foundation
Michigan from 2003-2017

Aggregations: 3 State regions (a), HUC-8 drainage basins (b), DEM-defined drainage basins (c)

240 GHCN stations

123 USGS gages

Simulated depth 

and SWE from 

SNODAS



MultimetricAnalysis
GHCN Daily 

Temperatures
Spatial Aggregation to 

HUC-8 Watersheds

Temporal Aggregation 
(Snow Season, Winter, 

Spring)
Z-score for each metric

HUC-8 multimetric
score calculated from all 
metrics for each water 

year

Overall state metric 
score calculated as 

mean across all HUC-8 
metric scores for each 

water year



MultimetricAnalysis
6 metrics of mean and min temps

Mean and min temp for snow months 
(Oct-May)

Mean and min temp for winter months 
(DJF)

Mean and min temp for spring months 
(MAM)

GHCN Daily 
Temperatures

Spatial Aggregation to 
HUC-8 Watersheds

Temporal Aggregation 
(Snow Season, Winter, 

Spring)
Z-score for each metric

HUC-8 multimetric
score calculated from all 
metrics for each water 

year

Overall state metric 
score calculated as 

mean across all HUC-8 
metric scores for each 

water year



MultimetricAnalysis
For each metric, z-score 
calculated
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Z = z-score (metric score)
x = obs. Value
˃ Ґ ƳŜŀƴ ƻŦ ǘƘŜ ǎŀƳǇƭŜ

=̀ standard deviation of 
the sample

GHCN Daily 
Temperatures

Spatial Aggregation to 
HUC-8 Watersheds

Temporal Aggregation 
(Snow Season, Winter, 

Spring)
Z-score for each metric

HUC-8 multimetric
score calculated from all 
metrics for each water 

year

Overall state metric 
score calculated as 

mean across all HUC-8 
metric scores for each 

water year



MultimetricAnalysis
Mean of 6 z-scores = 
multimetric score for that 
winter for that HUC

Then averaged across all 
I¦/Ωǎ ƛƴ ǎǘŀǘŜ ŦƻǊ ƻƴŜ 
multimetric score for that 
water year

Scores > 0.5 were deemed 
άǿŀǊƳέ ŀƴŘ ғ -0.5 deemed 
άŎƻƻƭέ

GHCN Daily 
Temperatures

Spatial Aggregation to 
HUC-8 Watersheds

Temporal Aggregation 
(Snow Season, Winter, 

Spring)
Z-score for each metric

HUC-8 multimetric
score calculated from all 
metrics for each water 

year

Overall state metric 
score calculated as 

mean across all HUC-8 
metric scores for each 

water year



Multimetric analysis resulted in 4 warm 
winters and 5 cool

Some winters are uniformly warm/cool 
across all basins



Warmer winters in all regions have decreased 
SWE throughout most of the season and melt 
earlier

Differences between warm and cool winters 
increase northwards

Latitudinal differences evident regardless of year 
type

Warm winters

Cool winters



Melt event defined as periods of 
consecutive days with melt 
generated from snowpack
Å Complete melts are melt 

events that end with no 
remaining snowpack

More melt in the north regardless of 
winter type, but more melt events 
in the south

Winter Type



Basin yield defined as stream 
discharge/basin area
Å Vertical lines represent center of 

discharge volume (CDV) for Oct-
May (gray box), or the day when 
рл҈ ƻŦ ǘƘŀǘ ǇŜǊƛƻŘΩǎ Ŧƭƻǿ Ƙŀǎ 
occurred

Warm years have earlier and reduced 
peak flows, especially in the northern 
two regions

Warm years also have earlier CDV for 
snow period

Warm winters

Cool winters



Estimate monthly net recharge to 
shallow groundwater using the 
water balance equation:

ɲ{ Ґ t Ҍ a ςQ

ɲ{Υ ŎƘŀƴƎŜ ƛƴ ƎǊƻǳƴŘǿŀǘŜǊ 
storage (i.e., net recharge)
P: Rain
M: Melt
Q: stream discharge expressed as 
basin yield

Warm Winters Cool Winters



Ch. 2: Expanding Scales

October 1959 ςMay 2019
ÅClimate data from Global 

Historical Climatology Network 
(GHCN)
o 1,369 temperatures stations
o 1,725 snow stations

Stream data from US Geological 
Survey (USGS) stream gage network
Å1,751 stream gages



Tried to capture all non-alpine areas in US with quantifiable 
snow amounts

Data aggregated to HUC-4 basins, visualized in HUC-2 basins











The increasingly 
warmer winters 
correlates with 
less snow on the 
ground
Å There is a 

northward 
shift of 
increasing 
bare 
ground 
days (blue 
line)



Almost all basins show increasing trend of bare ground days per season, with only 
two basins showing decreasing trend for entire 60-year period



In all but the southernmost basins snow depth is lower in warm winters for the 
entire snow season
Å Bulk snowpack melts earlier





Ch. 3: Filling in the Gaps
Previous chapter showed warmer winters becoming warmer and more 
frequent
ÅLeads to thinner snowpacks which melt earlier and more frequently

ÅHigher winter streamflow, reduced spring flow, earlier and reduced peak flow

ÅWith larger temporal and spatial scales can link to anthropogenic climate 
change more confidently

But left one unexamined component of the hydrologic cycle: 
groundwater



Landscape Hydrology Model (LHM)

Figure from Anthony Kendall



Simulation run across MI

Analyses at 3 different spatial 
scales:

1. ά{ƭƛŎŜέ ƳƻŘŜƭ ƎǊƛŘ 

2. HUC-10 basin 
aggregates

3. Regional breakdown 
across state to capture 
differences in snow 
amounts



N UP S UP

NW LP NE LP

SW LP SE LP



N UP S UP

NW LP NE LP

SW LP SE LP
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NW 
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NE LP

SW LP SE LP



Ch. 4: Real-world Consequences

Previous chapters have shown the hydrologic consequences for changing snow in 
warmer winters, but what about the human impact?

For scientific data to be meaningful to policy makers, tied results to something 
ǘƘŀǘ Ƙƛǘǎ ŎƭƻǎŜ ǘƻ ƘƻƳŜΧ

¢ƘŜ ǎƪƛ ŀƴŘ ǿƛƴǘŜǊ ǊŜŎǊŜŀǘƛƻƴ ƛƴŘǳǎǘǊȅ Ƙŀǎ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ǊƻƭŜ ƛƴ aƛŎƘƛƎŀƴΩǎ 
economy



The Midwest Ski Destination
40 ski areas located within Michigan, the most of any state in the Midwest (Scott 
et al., 2021)

In 2004-2005, MI had second highest number of ski slopes in the country (Shih et 
al., 2009)

In 2009-нлмлΣ ǎƪƛƛƴƎ ŀƴŘ ǎƴƻǿōƻŀǊŘƛƴƎ ŀŘŘŜŘ ϷсоуΦо Ƴƛƭƭƛƻƴ ǘƻ ǎǘŀǘŜΩǎ ŜŎƻƴƻƳȅΣ 
along with 10,889 associated jobs (Burakowskiand Magnusson, 2012)

Outdoor rec and tourism is third largest industry in MI, behind only auto 
manufacturing and ag) (Shih et al., 2009)
ÅSkiing the most popular winter rec activity



An Industry Under Threat
76% of Great Lakes ski slopes considered economically viable (Scott et al, 2021)

Under high emissions scenarios decreases to 7-8% by 2100

Under high emissions, holiday period ski days reduced by up to 66%, with a >50% 
decrease in snow depths during those weeks (Chin et al., 2018)

.ȅ нлулΩǎΣ Řŀȅǎ ǿƛǘƘ ǎǳŦŦƛŎƛŜƴǘ ǎƴƻǿ ŘŜǇǘƘǎ ŦƻǊ ǿƛƴǘŜǊ ǊŜŎǊŜŀǘƛƻƴ ƛƴ ǘƘŜ ǊŜƎƛƻƴ ŎƻǳƭŘ ōŜ 
up to a month shorter, with < 1 month per year with suitable temperatures for 
snowmaking (Chin et al., 2018)

Under high emissions, by 2100 snowmaking requirements increase 516% and states 
skiable terrane reduced by twice as much compared to low emissions scenarios (Scott 
et al., 2021)



21 HUC-8 basins containing active ski 
areas

Study period from 2003 - 2020

Analyzed snow depth in warm/cool 
winters for those basins

GHCN temperature data in those basins 
utilized to quantify snowmaking days

Visitor totals from National Ski Areas 
Association 

Additional data for Shanty Creek 
Resorts from 2013-2021 provide by CEO 
Pete Bigford 


