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Abstract 

The spring snowmelt accounts for a large percentage of annual groundwater recharge in 

northern latitudes. Many factors control the proportion of snowmelt that becomes groundwater or 

runoff, including the volume of snow, the timing and rate of snowmelt, soil moisture content, 

and the extent of frozen ground. However, few studies have examined the impacts of frozen 

ground on groundwater recharge. Critically, although studies have found that midwinter 

snowmelt events are expected to increase with climate change, the effects of midwinter 

snowmelt on hydrologic partitioning and groundwater recharge have previously remained 

unclear.  

In this thesis, I use two complementary approaches to elucidate the complex relationships 

between snow cover, midwinter melt events, frozen ground, and groundwater recharge. First, I 

present a retrospective statistical analysis of groundwater, meteorological, and soil observations 

to determine the principal factors contributing to variation in winter and spring groundwater 

recharge. Secondly, I employ a physical model of heat and water transfer in the vadose zone to 

quantify the effects of warming air temperatures and resulting changing frozen ground regimes 

on groundwater recharge. Through these two studies, this thesis demonstrates that midwinter 

snowmelt and subsequent freezeback events are key drivers of hydrological partitioning, but the 

effect is sensitive to the temporal sequence of events. Midwinter snowmelts expose bare ground 

and play a critical role in increasing soil ice content and frost depth if followed by cold periods. 

The presence of frozen ground during snowmelt tends to increase runoff and decrease 

groundwater recharge. Therefore, midwinter snowmelt and subsequent freezeback events are key 

predictors of reduced groundwater recharge and can result in anomalously low recharge years 
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when this sequence of events occurs. Model simulations reveal that, in regions with seasonally 

frozen ground, climatic warming can increase the number and magnitude of midwinter melt and 

subsequent freezeback events, reducing groundwater recharge. Furthermore, climatic warming 

reduces the amount and cover of snow and increases evapotranspiration, decreasing groundwater 

recharge regardless of frozen ground conditions.  

Overall, these findings present important implications for climate change impacts on 

groundwater recharge and groundwater supply in regions with seasonal snow cover and frozen 

ground. This thesis reveals the largely unrecognized role of changing frozen ground regimes in 

driving recharge variability, particularly anomalously low recharge years. I demonstrate how 

increased number and magnitude of midwinter melt and subsequent freezeback events may 

reduce groundwater recharge in warming climates, providing a scientific basis for predicting 

how inputs to aquifers may change with future warming. As climates continue to warm and 

groundwater extraction for human consumption continues to strain aquifers, understanding the 

process by which aquifers are replenished – specifically, groundwater recharge from the spring 

snowmelt – and how this process may change in the future, is imperative for successful 

assessment and management of this essential resource.
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1 Introduction 

1.1 Motivation and Background 

Globally, groundwater accounts for nearly 50% of drinking water and 40% of irrigation 

water (UN-Water, 2018). Additionally, groundwater is essential for ecosystem function (Griebler 

et al., 2014; Qiu et al., 2019), tree health (Ciruzzi & Loheide, 2021), baseflow in rivers (Miller et 

al., 2016), and many other societal and environmental needs. However, groundwater supplies are 

diminishing in many parts of the world due to drought and over-extraction from human use, 

particularly in agricultural areas (Konikow, 2013). By contrast, the replenishing of aquifer 

waters, groundwater recharge, occurs when water infiltrates at the land surface, percolates 

downward and reaches the water table (Healy & Scanlon, 2010). Consequently, successful 

assessment and management of groundwater resources requires understanding what processes 

cause variation in groundwater recharge and how these processes may change in the future.  

A sixth of the Earth’s population relies on snowmelt for water supply (Barnett et al., 

2005). The spring snowmelt is often the largest groundwater recharge event of the year (Dripps 

& Bradbury, 2010), contributing to a substantial percentage of annual groundwater recharge 

(Earman et al., 2006; French & Binley, 2004). When snowmelt or rain cannot infiltrate into the 

soil and contribute to groundwater recharge, it can create substantial runoff, and under certain 

conditions, cause extreme flooding (Berghuijs et al., 2016; Wayand et al., 2015). In areas with 

snowfall or seasonally frozen ground, many factors control whether snowmelt and rainfall 

infiltrate into the soil and become groundwater recharge or run off as overland flow, including 
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site characteristics (e.g. vegetation, topography, soil texture, soil structure, and geology); 

hydrological characteristics (e.g. precipitation rate, soil moisture, evapotranspiration, snow 

accumulation, and snowmelt); and frozen ground (e.g. soil frost, frozen soil moisture, and ice 

lenses on or near the ground surface) (Dripps & Bradbury, 2010; Ireson et al., 2013; Lei et al., 

2006; Lundberg et al., 2016).  

The way in which snowmelt is partitioned into overland flow or infiltration is strongly 

dependent on the ice content of the soils at the time of melt (Bayard et al., 2005; Dunne & Black, 

1971; Granger et al., 1984; Harms & Chanasyk, 1998; Iwata et al., 2011; Price & Hendrie, 

1983). Furthermore, the ice content of the soil is strongly dependent on the presence of snow 

cover, which alters heat exchange with the atmosphere and influences the freeze-thaw process in 

the vadose zone (Flerchinger, 1991; Halim & Thomas, 2018). The complex feedbacks between 

climate, snow phenology, infiltration, and groundwater recharge and the dependence of soil 

hydraulic properties on water and ice content in the soil present a major challenge in vadose zone 

science (Ala-aho et al., 2021; Hayashi, 2013; Ireson et al., 2013). However, advances in this area 

would enhance understanding of interannual variability in winter and spring recharge and 

improve predictions of how the timing and magnitude of groundwater recharge might change 

under future climactic conditions.  

Although the impacts of frozen ground on runoff have been extensively studied, few 

studies have focused on impacts of frozen ground on groundwater recharge (Ala-aho et al., 

2021). Since more than half of the Northern Hemisphere’s land surface has seasonally frozen 

ground, including 25% outside of the permafrost zone (Zhang et al., 2003a), these processes 

potentially impact much of the groundwater recharge in northern latitudes. In particular, few 

studies have specifically explored the impacts of midwinter melt events and subsequent 
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refreezing of the soil (freezebacks) on the partitioning between recharge and runoff (Ala-aho et 

al., 2021; Hayashi, 2013; Ireson et al., 2013). In areas with seasonal snowfall, warming winter 

temperatures are increasing instances of midwinter melt events and freeze/thaw cycles (Henry, 

2008; Kreyling, 2010; Rasmus, 2005b), which we contend may affect the timing and magnitude 

of groundwater recharge. The objective of this work is to understand what factors cause variation 

in winter and spring (winter-spring) groundwater recharge, determine the extent to which 

midwinter melt events and subsequent freezeback events alter recharge, and understand how 

changes in winter temperatures will differentially affect the timing and magnitude of 

groundwater recharge.  

These factors taken together leave several important questions in this domain:  

1. What factors cause variation in winter and spring groundwater recharge? (Chapter 2) 

2. What is the role of midwinter melt and subsequent freezeback events in hydrological 

partitioning? (Chapter 2) 

3. How do changing air temperatures affect winter and spring groundwater recharge, and what 

are the implications for groundwater recharge under climate change? (Chapter 3) 

4. What are the specific mechanisms by which air temperature affects hydrological 

partitioning? (Chapter 3) 

5. How does air temperature affect midwinter melt and subsequent freezeback events? 

(Chapter 3) 
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1.2 Conceptual Model 

We hypothesize that midwinter melt events create ideal conditions for development of 

impermeable frozen ground conditions, playing a significant role in the partitioning between 

groundwater recharge and runoff. In our conceptual model (Figure 1.1), midwinter melt events 

can not only cause discrete recharge events (Figure 1.1a) but can also increase soil water content 

and leave the ground exposed to subsequent cold periods, leading to freezeback events (Figure 

1.1b). Without the insulating effects of snow, we expect frost depth to increase and ice lenses to 

form, creating ideal conditions for development of nearly impermeable frozen soil that can 

reduce infiltration and recharge in subsequent melt events (Figure 1.1c).  

 

 

Figure 1.1. Conceptual model of how midwinter melt and subsequent freezeback events 

can create nearly impermeable frozen soil, reducing infiltration and groundwater recharge 

and increasing overland flow in subsequent melt events. a. Snowmelt from midwinter 

melt events can infiltrate and cause discrete groundwater recharge events when soil is 

minimally frozen and has a low moisture content. b. Midwinter melt events can also 

increase soil moisture content and leave the ground exposed to subsequent cold periods, 

or freezeback events, creating a deep soil freeze. c. In subsequent snowmelt events, the 

nearly impermeable frozen ground layer can reduce infiltration and recharge and increase 

overland flow.  
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1.3 Approach 

We use a two-pronged approach to explore how changing snow cover and frozen ground 

regimes affect groundwater recharge. Chapter 2 presents a retrospective statistical analysis of 

groundwater, meteorological, and soil observations to understand what factors cause variation in 

winter-spring recharge and quantitatively identify characteristics of frozen ground regimes that 

encourage or inhibit recharge. This study anchors this work in real-world observations and the 

frozen ground phenology contributing to variation in recharge. Chapter 3 employs a physical 

model of heat and water transfer in the vadose zone to conduct numerical experiments to 

quantify the effects of warming air temperatures and resulting changing frozen ground regimes 

on recharge. This approach enables systematic control over individual drivers of these processes 

rather than being limited by historical observations alone. This capability is then used to test the 

effects of climate warming on recharge. Together, these complementary approaches elucidate the 

complex relationships between snow cover, midwinter melt events, frozen ground, and 

groundwater recharge, developing a framework for predicting the extent to which climate change 

may lead to increased midwinter snowmelt and subsequent freezeback events, changing the 

timing and magnitude of winter and spring groundwater recharge. Through these two studies, 

this thesis will demonstrate the largely unrecognized role of changing frozen ground regimes in 

driving recharge variability in areas with seasonally frozen ground, providing a scientific basis 

for predicting how inputs to aquifers may change in the future.  
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2 Drivers of Variation in Winter and Spring 

Groundwater Recharge: Impacts of Midwinter Melt 

Events and Subsequent Freezeback 

Key Points 

• Midwinter snowmelt and subsequent freezeback events are key drivers of hydrological 

partitioning, but the effect is sensitive to the temporal sequence of events. 

• Key predictors of variation in winter and spring groundwater recharge are midwinter 

snowmelt and subsequent freezeback events, amount and cover of snow, 

evapotranspiration, and air temperature.  

 

Abstract 

The spring snowmelt accounts for a large percentage of annual groundwater recharge in 

northern latitudes. As climates warm, midwinter snowmelts are becoming more common. 

Although these midwinter melt events can cause discrete recharge events, they can also increase 

soil water content and leave the ground exposed to subsequent cold periods. Without the 

insulating effects of snow, frozen ground and ice lenses can develop, which can prevent 

infiltration during subsequent melt events, reducing groundwater recharge and increasing 

overland flow. We investigated relationships between winter precipitation, the soil thermal 

regime, and groundwater recharge to determine the factors that contribute to variation in winter 



 7 

and spring groundwater recharge. Using two different metrics (residuals from precipitation-

recharge relationships and percent recharge out of total precipitation) and methodologies 

(individual linear regression and partial least squares regression [PLSR]), we found that the most 

consistently significant predictors of decreased winter-spring groundwater recharge, given 

similar amounts of precipitation, were decreased amount and cover of snow, increased 

evapotranspiration, increased air temperatures, and increased number of freezeback events 

occurring between two melt events. We observed that midwinter snowmelt followed by 

freezeback events and subsequent melt events significantly decreased winter-spring groundwater 

recharge. To our knowledge, we are the first to quantify the occurrence of this sequence of 

events (snowmelt followed by a freezeback and another melt) and demonstrate its significance in 

reducing winter-spring groundwater recharge in a comprehensive statistical analysis. This 

finding indicates that frozen ground plays a significant role in determining the partitioning of 

precipitation between recharge and runoff, but the effect is highly sensitive to the magnitude and 

temporal sequence of events. Understanding the complex relationships between snow, midwinter 

melt and freezeback events, frozen ground, and groundwater recharge is critical for predicting 

how climate change will affect groundwater resources in the future.  

 

2.1 Introduction 

Groundwater recharge is the process by which aquifer waters are replenished; this occurs 

when water infiltrates at the land surface, percolates downward and reaches the water table 

(Healy & Scanlon, 2010). In northern latitudes, a large percentage of annual groundwater 

recharge comes from the spring snowmelt (Dripps & Bradbury, 2010; Earman et al., 2006; 

French & Binley, 2004). In the winter and spring (winter-spring), when evaporation is lower, 
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much of the water that infiltrates into the soil contributes to groundwater recharge (Jasechko et 

al., 2014), while water that cannot infiltrate runs off as overland flow (Dunne & Black, 1971). In 

areas with snowfall or seasonally frozen ground, many factors control whether snowmelt and 

rainfall infiltrate, including site characteristics (e.g. vegetation, topography, soil texture, soil 

structure, and geology); hydrologic characteristics (e.g. precipitation rate, soil moisture, 

evapotranspiration (ET), snow accumulation, and snowmelt); and frozen ground (e.g. soil frost, 

frozen soil moisture, and ice lenses on or near the ground surface) (Dripps & Bradbury, 2010; 

Ireson et al., 2013; Lei et al., 2006; Lundberg et al., 2016). Since more than half of the Northern 

Hemisphere’s land surface has seasonally frozen ground, including 25% outside of the 

permafrost zone (Zhang et al., 2003b), these processes potentially impact much of the 

groundwater recharge in northern latitudes. Ala-aho et al. (2021) reviewed 143 studies of 

seasonally frozen ground’s impact on hydrologic response (predominately infiltration and 

overland flow generation) and found that 75% of studies showed strong evidence of seasonally 

frozen ground affecting hydrological partitioning. Stronger evidence was found in studies of 

agricultural sites versus forested sites and in studies with shallower or more variable snow depth 

versus sites with consistently deep snow cover. The review also found that evidence for soil frost 

affecting hydrological partitioning is broadly the same, regardless of soil type (Ala-aho et al., 

2021).  

Although the impacts of frozen ground on runoff have been extensively studied, few 

studies have focused on impacts of frozen ground on groundwater recharge (Ala-aho et al., 

2021). In the prairie pothole region of Minnesota, Daniel & Staricka (2000) observed that frozen 

ground prohibited infiltration and groundwater recharge in upland areas but increased 

depressional recharge in lowland areas via macropore flow, bypassing the soil frost layer in these 
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areas. Through observations of groundwater level and soil temperature at a field site in the 

Canadian Shield, Thorne et al. (1998) observed that, while groundwater recharge still occurred 

during periods of frozen ground via fractures in the bedrock, discharge of groundwater to the 

surface was restricted by shallow frozen soils (5 cm depth) and surface layers of ice. In an 

experimental setup in the Swiss Alps, Bayard et al. (2005) found that groundwater recharge was 

reduced in winters with frost. Using numerical simulations, Okkonen & Kløve (2011) found that, 

while groundwater recharge still occurred under frozen soil conditions, soil frost decreased soil 

hydraulic conductivity and the proportion of precipitation going to recharge. They concluded that 

soil frost was more important than land use or depth to groundwater in determining proportion of 

precipitation going to recharge. In a field study in Northeast China, Du et al. (2019) found that 

recharge still occurred when soil was frozen, but at a lower rate than when unfrozen.  

Few studies have specifically explored the impacts of midwinter melt events and 

subsequent freezebacks on the partitioning between recharge and runoff (Ala-aho et al., 2021; 

Ireson et al., 2013). In areas with seasonal snowfall, warming winter temperatures are increasing 

instances of midwinter melt events and freeze/thaw cycles (Henry, 2008; Kreyling, 2010; 

Rasmus, 2005a) which we contend may affect the timing and magnitude of groundwater 

recharge. Granger et al. (1984) found that increased premelt frozen water content in the top 30 

cm of the soil correlated with decreased infiltration. In field observations over two winters at 

four sites in the Canadian prairie, Pavlovskii et al. (2019) observed that midwinter melt events 

caused discrete depression-focused recharge events, but they also observed decreased runoff 

ratios in subsequent spring melt events, attributing this effect to lower melt rates in midwinter. 

Similarly, at the same field locations and winters, Mohammed et al. (2019) observed reduced 

infiltration and enhanced runoff in melt events following midwinter melt events. Additionally, 
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through field experiments (Mohammed et al., 2019), laboratory experiments (Pittman et al., 

2020) and numerical modeling (Mohammed et al., 2021), the importance of preferential flow 

paths in snowmelt partitioning and groundwater recharge have been demonstrated, suggesting 

that when macropores remain air-filled but frozen, rapid recharge can occur; however, in 

conditions with high antecedent soil moisture, pore ice can block macropores, enhancing runoff 

instead. Although these recent studies have demonstrated mechanisms for reduction in 

infiltration and recharge due to frozen ground, with implications for the role of midwinter melt 

events, the conditions necessary and sufficient for observing these effects remain unclear. As 

climates warm, understanding the complex relationship between snow cover, midwinter melt 

events, frozen ground, and groundwater recharge will be critical for predicting how groundwater 

resources will be affected in the future.  

 

2.1.1 Research Objectives 

Through analysis of historical water level and meteorological records throughout the 

Midwest, the study aims to: (1) determine what factors cause variation in winter and spring 

groundwater recharge, and (2) understand how midwinter melt and subsequent freezeback events 

affect groundwater recharge.  

 

2.1.2 Conceptual Model  

We hypothesize that midwinter melt events create ideal conditions for development of 

impermeable frozen ground conditions, playing a significant role in the partitioning between 

groundwater recharge and runoff. In our conceptual model (Figure 2.1), midwinter melt events 
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can not only cause discrete recharge events (Figure 2.1a) but can also increase soil water content 

and leave the ground exposed to subsequent cold periods, leading to freezeback events (Figure 

2.1b). Without the insulating effects of snow, we expected soil temperature to decrease, frost 

depth to increase, and ice lenses to form, creating ideal conditions for development of nearly 

impermeable frozen ground that can reduce infiltration and recharge in subsequent melt events 

(Figure 2.1c). In this study, we define freezeback events as periods of little to no snow cover and 

below-freezing air temperatures that were preceded by a snowmelt event.  

 

 

Figure 2.1. Conceptual model of how midwinter melt and subsequent freezeback events 

can create nearly impermeable frozen soil, reducing infiltration and groundwater recharge 

and increasing overland flow in subsequent melt events. a. Snowmelt from midwinter 

melt events can infiltrate and cause discrete groundwater recharge events when soil is 

minimally frozen and has low moisture content. b. Midwinter melt events can also 

increase soil moisture content and leave the ground exposed to subsequent cold periods, 

or freezeback events, creating a deep soil freeze. c. In subsequent snowmelt events, the 

nearly impermeable frozen soil layer can reduce infiltration and recharge and increase 

overland flow.  

 

2.2 Methods 

To understand what factors cause variation in winter and spring groundwater recharge, 

we collected and analyzed available hydrological, meteorological, and soil temperature data. As 

detailed below, we focus on long-term, continuous, and proximally or co-located records of 
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depth to water table and soil temperature which are used, respectively, to estimate recharge and 

as a proxy for frozen ground. Our data also include reanalysis datasets for precipitation (Xia et 

al., 2012; Xia et al., 2009), snow depth and snow water equivalent (SWE) (Broxton et al., 2019; 

Zeng et al., 2018), and ET (which includes sublimation) and soil moisture (Mesinger et al., 

2006).  

2.2.1 Data Collection and Site Selection 

Long-term, continuous, proximally or co-located soil temperature and shallow groundwater 

level records were collected from Illinois, Wisconsin, and Michigan that met the following 

criteria:  

• Soil temperature and groundwater level sites were located less than 20 km apart; 

• Nearly complete daily data existed for at least 5 winter-spring seasons; and 

• Clear and distinct spring recharge events were observed in the water table record for at 

least two spring seasons (i.e. water table peaks correlated with periods of increasing 

temperature in the spring).  

Individual years of data were excluded if: 

• The groundwater reached the ground surface in the winter or spring, causing saturation-

excess overland flow (Dunne & Black, 1970), preventing an accurate estimation of 

partitioning between groundwater recharge and runoff; or 

• Significant gaps existed in the daily water level or soil temperature winter-spring record.  

These criteria were developed based on tradeoffs between optimal matches, realities of data 

availability, and maintenance of a reasonable sample size.  
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10 sites (Figure 2.2) were ultimately analyzed, using water table levels from the United 

States Geological Survey (USGS, n.d.) and the Illinois State Water Survey (WARM, 2020b) and 

soil and air temperature data from Michigan State University (ANON, 2020), Soil Climate 

Analysis Network (NRCS NWCC, 2020), University of Wisconsin-Madison agricultural 

research stations (UW-Madison, 2010), and Illinois State Water Survey (WARM, 2020a). Table 

A1 (Appendix A.1) includes site location, soil temperature and groundwater level source used, 

years ultimately used in the analysis, master recession curve fit parameters (discussed below) as 

well as site-specific variables.  

 

 

Figure 2.2. Locations of the 10 sites ultimately used in our analysis, including 

groundwater wells (blue) and soil temperature sensors (red). Soil temperature sensor 

locations are not shown if they were co-located with wells.  
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Precipitation data were obtained from the North American Land Data Assimilation 

System (NLDAS-2) and downloaded using Google Earth Engine at the coordinates for each 

site’s groundwater well (Xia et al., 2012; Xia et al., 2009). Though site-specific precipitation was 

available at most sites, due to data gaps, inconsistencies in how snowfall was measured and in 

how gauges were validated, we chose to use precipitation from NLDAS-2 for consistency across 

sites.  

SWE and snow depth were obtained from Broxton et al. (2019) (henceforth referred to as 

University of Arizona [UA] SWE and UA snow depth), which combines observations from 

existing field sites (i.e. SNOTEL [Serreze et al., 1999] and National Weather Service 

Cooperative Observer Program [COOP] network) with gridded precipitation and temperature 

data, to produce 4-km gridded estimates of SWE and snow depth across the U.S. from 1982 to 

2020 (Broxton et al., 2019; Zeng et al., 2018). The dataset has been shown to have relatively 

high accuracy for SWE and snow depth (Broxton et al., 2016; Cho et al., 2020; Zeng et al., 

2018), particularly in the north-central U.S. (Cho et al., 2020).  

Changes in SWE were used to estimate daily snowfall, snowmelt, and rainfall (all 

measured in cm rain/SWE). Snowfall was assumed equivalent to daily positive change in SWE, 

while snowmelt was assumed equivalent to daily negative change in SWE. Rainfall was assumed 

equivalent to daily precipitation minus daily calculated snowfall. Rain-plus-snowmelt is the daily 

sum of rainfall and snowmelt and represents actual liquid water assumed available to infiltrate 

and contribute to recharge (as opposed to snow which exists on the ground surface as storage 

until melted).  
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National Centers for Environmental Prediction (NCEP) North American Regional 

Reanalysis (NARR) soil moisture and ET data were also considered since most sites did not 

collect site-specific soil moisture or ET data (Mesinger et al., 2006).   

 

2.2.2 Estimating Recharge Using the Water Table Fluctuation Method 

Groundwater recharge was estimated using the water table fluctuation method (WTFM) 

as described in Healy & Cook (2002), Healy & Scanlon (2010) and Scanlon et al. (2002).  

Recharge is estimated as: 

𝑅(𝑡)  =  𝑆𝑦 × ∆𝐻(𝑡) 

where R(t) [cm] is recharge occurring at time t, Sy [-] is specific yield , and ΔH(t) [cm] is the 

peak water level rise attributed to the recharge event at time t.  

A central assumption of the WTFM is that in the absence of the recharge event that 

caused the water table to rise, the water table would have continued to decline due to lateral flow 

and groundwater discharge from the aquifer; therefore, we account for groundwater recession in 

our method (Healy & Cook, 2002). We also account for abrupt changes that occur in the water 

table due to air entrapment (Gillham, 1984; Hooghoudt, 1947; Miyazaki et al., 2012; Weeks, 

2002). To account for both the effects of water level recession and air entrapment, we developed 

a master recession curve (MRC) at each site and calculated an antecedent and sequent recession 

curve preceding and postceding each water level peak, which were used to infer the head value 

for calculation of the peak water level rise as detailed in Appendix A.1 (Heppner & Nimmo, 

2005; Nimmo et al., 2015).  
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We estimated Sy based on lithology/sediment texture (Healy & Scanlon, 2010; Loheide 

et al., 2005) using well bore logs, or, if unavailable, the Natural Resources Conservation Service 

Soil Survey (Soil Survey Staff, 2020). Though Sy is a difficult parameter to estimate for 

application in the WTFM, as discussed by Loheide et al. (2005), our analysis uses relative 

recharge rates across a given site as they differ from year to year, reducing the sensitivity of our 

analysis to uncertainty in specific yield estimates. 

 

2.2.3 Precipitation-Recharge Relationships  

Linear regression was used to find the line of best fit between precipitation and recharge 

to create precipitation-recharge (P-R) relationships. P-R relationships were developed at each site 

using all years of available data at three timescales: recharge event-scale, month-scale, and 

winter-spring-scale. The residuals between the P-R relationships and the precipitation/recharge 

data were calculated at each site for each timescale. 

Event-scale: Discrete recharge events (calculated at peaks or plateaus in the water table record) 

were used to determine the timescale of events. Cumulative rain-plus-snowmelt was summed 

from the day after the previous recharge event through the day of the current recharge event. The 

P-R relationship was calculated using rain-plus-snowmelt instead of precipitation to account for 

snow that fell but did not melt during that time period. 

Month-scale: Cumulative monthly precipitation and recharge were determined by summing all 

event-scale recharge and precipitation occurring approximately within a given winter-spring 

month (November-April/May, depending on the site). To avoid splitting a recharge event across 

months, the date of each recharge event was used to determine which month the above event-
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scale data were grouped into, including the days between the last recharge event of the previous 

month and the last recharge event of the current month.  

Winter-spring-scale: Cumulative winter-spring recharge was determined by summing all 

discrete recharge events and precipitation occurring from November 1 through the mean annual 

winter end date for a given site. We defined the end of winter as the latest date of the following:  

1. Last date snow depth exceeded 1 cm, plus 30 days to allow for recharge from that last 

snowmelt; 

2. Last date SWE exceeded 0.1 cm, plus 30 days to allow for recharge from that last 

snowmelt; or  

3. Last date mean soil temperature at 10 cm was below 0 ºC.  

 

2.2.4 Percent Recharge 

In addition to using residuals from the P-R relationship to measure variation in winter-

spring recharge, we used percent recharge. Percent recharge, defined as percentage of total 

winter-spring precipitation going to recharge, was calculated for each site. We did not calculate 

percent recharge at the month or event scales because periods of little to no precipitation but with 

significant snowmelt and recharge would yield values exceeding 100%.  

 

2.2.5 Predictor Variables 

We calculated variables we thought might explain residuals from the P-R relationships 

and variation in percent winter-spring recharge. We examined 65 variables, defined in Appendix 

A1, Table A2. Variables were categorized as hydrological, soil temperature, frozen ground 
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phenology, frozen ground phenology sequence, or site-specific predictors, and definitions of 

these categories and example variables are shown in Table 2.1. These predictor variables were 

designed to characterize the amount of water in both liquid and solid phases potentially available 

for infiltration, presence of frozen ground, and the occurrences of meteorological and 

hydrological events likely to lead to frozen ground.  

 

Variable Categories and 
Examples 

Definition 

Hydrological variables: designed to characterize the amount of water in both liquid and solid phases potentially 
available for infiltration or to characterize water that has already infiltrated the ground (such as soil moisture 
and groundwater level). 

% snowmelt Percentage of snowmelt, as opposed to rain, out of total precipitation or rain-plus-
snowmelt at the month and event timescales [%] 

theta (θ) on date 
recharge 

Soil moisture content (0 - 200 cm depth) on date of the recharge event peak (average 
across all events at the month and annual-scale) [kg/m3] 

SWE 4 weeks before 
end winter 

Total SWE 4 weeks before the end of winter [cm] 

ET total Total daily evapotranspiration, including evaporation from the soil, transpiration from 
the vegetation canopy, evaporation of dew/frost, canopy-intercepted precipitation, 
and snow sublimation [kg/m3] 

Soil temperature variables: designed to measure how frozen or unfrozen the ground is.  

% days soil temp <= 
freezing 

Percentage of days soil temperature was less than or equal to the freezing soil 
temperature threshold [%] 

freezing soil on date 
recharge 

Binary: 1 = soil temperature was less than or equal to the freezing soil temperature 
threshold on the date of recharge event. 0 = soil temperature was not frozen on the 
date of the recharge event. (For monthly and annual scale, events were averaged 
such that values fell between 0 and 1) [unitless (binary or 0:1)] 

Frozen ground phenology variables: designed to supplement soil temperature variables to characterize how 
frozen or unfrozen the ground is or to measure factors that may lead to frozen ground conditions. 

Melting/freezing 
degree days 

sum of daily air temperature above or below freezing (0 ˚C) [˚C] 

 

Melting/freezing soil 
degree days 

sum of daily soil temperature at 10 cm depth above or below freezing (defined as the 
site’s freezing soil temperature threshold) [˚C] 

Bare ground number of days with no snow on the ground [days] 

Frozen ground phenology sequence variables: designed to quantitatively measure occurrence and extent of the 
sequence of events described in our conceptual model (Figure 2.1). We developed 5 variables at the winter-
spring scale to measure whether and to what degree a particular year experienced midwinter melt events 
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followed by freezeback events and subsequent melts. Due to the sequential nature of these variables, we only 
calculate these at the winter-spring scale. 

Freezeback days Number of days that satisfied the following conditions: days with snow depth less 
than 3 cm and air temperature less than 0 ˚C that fell after a midwinter melt (more 
than 0.25 cm SWE melted in one day) and before the final snowmelt (more than 0.25 
cm SWE melted in one day). A threshold of 0.25 cm SWE/day was used as this 
correlated approximately to our minimum observable recharge at the site with the 
highest Sy [days] 

Subsequent melt days Number of unique instances of potential frozen ground days preceding a unique melt 
event (i.e. if potential frozen ground days had the same closest snowmelt following 
the events, they were considered the same potential frozen ground event) [days] 

Total subsequent 
snowmelt 

Amount of snowmelt occurring on unique melt days (defined above) [cm] 

Frozen soil index Number of freezeback days with soil temperature below freezing plus the number of 
subsequent melt days with soil temperature below freezing [days] 

Frozen soil index 
unique 

Number of subsequent melt days with soil temperature below freezing [days] 

 

Site-specific variables: designed to capture variation between sites, such as soil texture and land use. 

Sy Specific yield [-] 

LAI Leaf area index (leaf area per unit soil area) typical of the main land use in a 1 km 
radius surrounding the site groundwater well location (constant across a given site) 
[m2/m2] 

Table 2.1: Predictor variable categories and examples with definitions. The full list of 65 

predictor variables, including definitions and sources, is located in Appendix A.1, Table A2. 

 

For the predictor variables defined above, as well as others in Appendix A.1, 0 ºC was 

used as the threshold for freezing air temperatures. We used a different threshold to define 

freezing soil temperatures because soil often freezes at cooler temperatures than 0 ºC due to 

presence of solutes, capillary pressure, or other factors contributing to freezing point depression 

(Daanen et al., 2011; Freeze & Cherry, 1979). We defined the freezing soil temperature threshold 

for a given site as the most frequently occurring value of daily mean winter soil temperature at 

10 cm depth at that site, rounded to the nearest hundredth ºC. This method is effective because 

soil temperature remains constant during the phase change; the latent heat of freezing and 

melting create periods of constant temperature in the soil when the soil is freezing or thawing 



 20 

which are readily observed in the soil record (Thorne et al., 1998). This also accounted for 

thermometer calibration errors. For quality control, we verified that all site freezing soil 

temperature thresholds were within a few degrees of 0 ºC.    

We examined linear correlations to understand how each of the 65 predictor variables 

individually explained the residuals from the P-R relationship and percent recharge, using 

Pearson correlation coefficients (R) as a measure of fit and p-value as a measure of significance.  

To understand the most important predictor variables across all sites, we combined 

winter-spring, monthly, and event-scale data from all sites. We normalized precipitation, 

recharge, and residuals by site (centered by the mean and scaled by the standard deviation) to 

ensure sites with higher recharge rates did not bias the relationship. This also minimized bias 

from sites with poor P-R relationships (and therefore high residuals) or overestimates of specific 

yield (and therefore overestimates of recharge). Percent recharge was not normalized by site 

because this metric already scaled between 0 and 1.   

 

2.2.6 Partial Least Squares Regression (PLSR) Models 

We used partial least squares regression (PLSR) (Geladi & Kowalski, 1986; Wold et al., 

2001) to model the residuals from the P-R relationships (at winter-spring, monthly and event 

time scales) and percent winter-spring recharge. This enabled us to identify the most important 

predictors – of the 65 variables we tested – in their ability to explain variation in winter-spring 

recharge. PLSR, also referred to as projected latent structures regression, is a form of multiple 

regression analysis similar to principal component regression (PCR) and was used in this 

analysis because it is robust and well-equipped to handle multicollinearity (Geladi & Kowalski, 

1986; Wold et al., 2001), which exists among our extensive predictors. PLSR transforms data 
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into sets of independent components using an iterative process. The components of the predictor 

variables selected (hydrological, soil temperature, and frozen ground phenology variables in this 

study) are determined based on how those components best explain variation in the predictand 

(residuals from the P-R relationship and percent recharge in this study) (Geladi & Kowalski, 

1986).  

Initially using all 65 variables as the predictors and residuals from the P-R relationship or 

percent recharge as the predictand, we normalized all variables (centered by the mean and scaled 

by the standard deviation). We developed a preliminary cross-validated (10 segments) PLSR 

model using all 65 variables (Clayton, 2019; Surve et al., 2019). We then completed variable 

pruning using backward selection (Andersen & Bro, 2010). Through an iterative process, we 

completed a cross-validated PLSR model, ranked the list of predictor variables by variable 

importance in prediction (VIP score), removed the least important variable to that PLSR model, 

re-calculated the optimal number of model components, and then completed another cross-

validated PLSR model until only one predictor variable remained (Andersen & Bro, 2010). A 

small number of the predictor variables last that were last to be excluded were considered for use 

in the final cross-validated PLSR model. We ultimately chose the combination of variables that 

yielded the lowest cross-validated root mean square error (RMSE) in a cross-validated PLSR 

model (Andersen & Bro, 2010; Voter & Loheide, 2021). For all PLSR models, we used 10-fold 

cross-validation with one Monte-Carlo repetition used during cross-validation.  
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2.3 Results 

2.3.1 Impact of Snowpack Evolution and Frozen Ground Phenology on Recharge 

The data from two years (Figures 2.3 and 2.4) illustrate the effects of midwinter melt and 

freezeback on recharge. While winter-spring 2003-2004 (Figure 2.3) received more precipitation 

than winter-spring 2009-2010 (Figure 2.4), we observed less recharge in 2003-2004 than 2009-

2010. We observed midwinter melt events in both years; however, the snowpack became much 

thinner in the winter-spring 2003-2004 melt event and remained thinner for longer. We observed 

a deep soil freeze following the melt event in winter-spring 2003-2004 but not in winter-spring 

2009-2010. Spring snowmelt in 2003-2004 led to less recharge than in 2009-2010. Although this 

is not the most extreme pairing of a year with a midwinter melt and subsequent freezeback and a 

year with extensive insulating snow cover, these two years demonstrate the role of midwinter 

melt and freezeback in hydrological partitioning, even in a year with a large amount of snowfall. 

Additional examples of midwinter melt events and subsequent freezebacks are shown in 

Appendix A.2.  
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Figure 2.3. Example of a midwinter melt followed by a freezeback at Hancock, WI in 

winter-spring 2003-2004. Following the midwinter melt in late December, a thin 

snowpack remained, creating a subsequent freezeback event characterized by low soil 

temperatures. March snowmelt created less recharge than expected, given the amount of 

snowmelt and precipitation, likely because the melt occurred on frozen soil.  
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Figure 2.4. Example of a year with a midwinter melt that did not lead to significant 

freezeback at Hancock, WI 2009-2010. While a midwinter melt occurred in late January, 

creating a distinct groundwater recharge event, snowpack remained relatively high, and 

soil remained near freezing. Although winter-spring of 2003-2004 received more 

precipitation than 2009-2010, we observed less recharge in 2003-2004 than 2009-2010.  

 

2.3.2 Precipitation-Recharge Relationships 

Moderately strong relationships between winter-spring precipitation and recharge existed 

at most, but not all sites (Figure 2.5), with P-R correlations ranging from R2 = 0.13 (Carbondale, 

IL) to R2 = 0.90 (Wabeno, WI). Month-scale P-R relationships ranged from R2 = 0.22 

(Monmouth, IL) to R2 = 0.89 (Wabeno, WI) and recharge event-scale relationships ranged from 

R2 = 0.31 (Hancock, WI) to R2 = 0.87 (Wabeno, WI) (shown in Appendix A.2). Across all sites 

and timescales, all 30 P-R relationships had p-values less than 0.05 with the exception of 

Carbondale, IL; Kalamazoo 1, MI; Kalamazoo 2, MI; and Spring Green, WI at the winter-spring 
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scale. Figure 2.6 shows winter-spring, month, and recharge-event P-R relationships for two sites, 

and the remaining sites can be found in Appendix A.2.  

 

Figure 2.5. Winter-spring P-R relationships for all 10 sites. Best fit (solid red) with 

uncertainty (dashed red) are also shown.  

 

 

Figure 2.6. Example P-R relationships for two representative sites (Hancock, WI and 

Freeport IL) at the winter-spring, month, and recharge-event scales. Best fit (solid red) 

with uncertainty (dashed red) are also shown. 
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Despite the observed correlations, much of the variability in recharge cannot be explained 

by the amount of precipitation alone. Positive residuals occur when there is more recharge than 

expected given the P-R relationship and the amount of precipitation (or rain-plus-snowmelt in 

the case of monthly and recharge event-scale data). Negative residuals occur when there is less 

recharge than expected given the amount of precipitation.  

 

2.3.3 Predictor Variables 

Site-specific Predictors of Residuals 

Using the 65 potential predictor variables, we examined what factors caused anomalously 

high or low winter-spring recharge, given similar amounts of precipitation. In our initial 

exploration of the individual site data (shown in Appendix A.2, Table A3), we found some 

general trends: 

• Snow: Increased amount and cover of snow correlated with positive residuals (more 

recharge than expected, given the amount of precipitation). At 9 out of 10 sites, years 

with higher SWE and a higher percentage of snowfall (as opposed to rain) correlated with 

positive residuals. Increased snow depth was also highly correlated with positive 

residuals at most sites. Conversely, increased rain correlated with negative residuals at 9 

out of 10 sites. Additionally, at all 10 sites, increased days with bare ground (no snow) 

was correlated with negative residuals.  

• Air temperature: Increased air temperature and increased percentage of days above 

freezing were correlated with negative residuals at 9 sites. 
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• Soil temperature: Higher minimum winter-spring soil temperature was correlated with 

positive residuals at 8 sites and increased maximum January/February soil temperature 

was correlated with positive residuals at 7 sites.  

• Degree days: At 9 sites, increased freezing degree days correlated with positive residuals, 

and increased melting degree days correlated with negative residuals. However, increased 

freezing soil degree days, were correlated with negative residuals at 8 sites. At 7 sites, the 

total melting degree days when soil temperature was frozen was correlated with negative 

residuals.  

• Warm air with frozen soil: increased number of days with air temperature above 0 °C and 

soil temperature below 0 °C correlated with decreased recharge at 7 sites. 

• Frozen ground phenology sequence:  

o Freezeback days: Increased number of freezeback days correlated with decreased 

recharge at 8 sites.  

o Subsequent melt days: Increased number of subsequent melt days correlated with 

negative residuals at 8 sites.  

o Total subsequent snowmelt was correlated with negative residuals at 7 sites.  

o The frozen soil index and unique frozen soil index were correlated with negative 

residuals at 5 and 6 sites, respectively.  

• Soil moisture: Increased soil moisture (total, initial, and average) was correlated with 

positive residuals at 8 sites.  

• ET: Increased ET was correlated with negative residuals at 7 sites.  

Few of these relationships, however, were statistically significant at the winter-spring, individual 

site scale.   



 28 

 

Many similar trends were observed at the month and event-scales and were also more 

likely to be statistically significant (Appendix A.2, Tables A5 and A6). For example, increased 

maximum snow depth was correlated with positive residuals at 9 sites and statistically significant 

(p-value ≤ 0.05) at 7 sites at the month and event scales. Increased bare ground days correlated 

with negative residuals at all 10 sites at the month scale and at 9 sites at the event scale and was 

statistically significant at 4 and 5 sites, respectively. Increased air temperature was correlated 

with negative residuals at 9 sites at the month scale and 8 sites at the event scale, and statistically 

significant at 3 and 6 sites, respectively. However, other trends at the month and event scale less-

resembled the winter-spring-scale data. For example, increased snowmelt on freezing soil 

correlated with positive residuals at 9 sites at the month scale and 8 sites at the event scale and 

was statistically significant at 2 and 3 sites, respectively.  

Site-specific Predictors of Percent Recharge 

Percent recharge ranged from 3.1% (Hancock, 2002) to 72% (Spring Green, 1995) at the 

winter-spring scale, with a mean winter-spring percent recharge of 37% across all sites and 

years. Correlations between predictor variables and percent recharge were similar to correlations 

between predictor variables and residuals from the P-R relationship (Appendix A.2, Table A4):   

• Snow: Similar to P-R relationship trends, increased total SWE correlated with increased 

percent recharge at all sites, and max snow depth correlated with increased percent 

recharge at 9 sites. Rain correlated with decreased percent recharge at 8 sites. 

Additionally, increased days with bare ground (no snow) correlated with decreased 

percent recharge at 9 sites.  
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• Air temperature: Increased air temperature was correlated with decreased recharge at 8 

sites.  

• Soil temperature: As with the P-R relationship trends, increased minimum soil 

temperature and increased January/February maximum soil temperature were correlated 

with increased percent recharge at 7 sites.  

• Snowmelt onto frozen soil: At 8 sites, percentage of rain plus snowmelt onto frozen soil 

correlated with decreased winter-spring percent recharge.  

• Frozen ground phenology sequence:  

o Freezeback days: At 8 sites increased number of freezeback days was associated 

with lower percent recharge.  

o Subsequent melt days: At 7 sites increased number of subsequent melt days was 

associated with lower percent recharge. 

o Total subsequent snowmelt: Similarly, at 7 sites total subsequent snowmelt was 

associated with lower percent recharge. 

o Frozen soil index: At 4/8 sites, the frozen soil index and unique frozen soil index 

were associated with lower percent recharge.  

• Soil moisture: Increased soil moisture correlated with higher percent recharge at 8 sites.   

• ET: Increased ET correlated with lower percent recharge at 8 sites.  

Cross-site Predictors of Recharge 

Predictors of Residuals from the P-R Relationships Across All Sites Combined 
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P-R relationships of all sites combined (with precipitation and recharge normalized by 

site) were strong, ranging from R2 = 0.39 (n = 131) at the winter-spring scale to R2 = 0.49 at the 

event-scale (n = 2,093) (n = 692 at the month-scale) (Figure 2.7). 

 

Figure 2.7. P-R relationships of all sites combined, with precipitation (or rain-plus-

snowmelt at the month and event-scales) and recharge normalized by site, at the winter-

spring, monthly, and recharge-event scales. 

 

We observed several significant (p-value ≤ 0.05) correlations across all sites combined at the 

winter-spring scale (Figure 2.8a), including:  

• Snow: Years with increased amount and cover of snow (total snowfall, total snowmelt, 

percentage of snowmelt as a proportion of precipitation [as opposed to rain], maximum 

snow depth, total and maximum SWE, and amount of SWE two weeks before the spring 

snowmelt) correlated with positive residuals, while years with increased percentage of 

rain as a proportion of precipitation correlated with negative residuals. Additionally, 

years with increased days with bare ground (no snow) correlated with negative residuals. 

• ET: Years with increased ET correlated with negative residuals.  

• Air temperature: Increased average air temperature, number of days air temperature was 

above freezing, and melting degree days correlated with negative residuals.  

• Freezeback days: Years with more freezeback days correlated with negative residuals.   
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• Frozen soil index unique: Years with a higher frozen soil index correlated with negative 

residuals.  

Of note, increased mean, minimum, and maximum soil temperature correlated with positive 

residuals, but these relationships were not significant. Indicators of melt events (e.g. % days it 

rained or ≥ 80% of SWE melted) correlated with negative residuals, but these variables were not 

significant.  

Correlations were similar at the month and events scales to those at the winter-spring scale 

for amount and cover of snow, ET, and air temperature. While freezeback days, frozen soil 

index, and other variables from the frozen ground phenology sequence were not analyzed at the 

month and event scales, other indicators of midwinter melts, such as % days with rain or ≥ 80% 

of SWE melted, correlated with negative residuals. However, other melt and frozen ground 

indicators at the month and events scales differed from those at the winter-spring scale. For 

example, total snowmelt occurring on days with freezing soil temperatures and percentage of 

days soil temperature was freezing correlated with positive residuals. Additionally, increased soil 

temperature correlated with negative residuals at the month and event scales.  

Since residuals were normalized by site, site-specific predictors such as specific yield or leaf 

area index (LAI) were not important predictors of residuals at any scale.  
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Figure 2.8. Pearson correlation coefficients (R-values) between residuals from the P-R 

relationship and predictor variables of all sites combined (precipitation, recharge, and 

residuals were normalized by site) at the winter-spring, month, and recharge-event scales. 

Variables with positive correlation coefficients are variables positively correlated with 

positive residuals (increased recharge than expected, given the amount of precipitation). 

Blue bars indicate statistically significant variables (p-value ≤ 0.05). Note that variables 

marked winter-spring only were not measured at the month or event scales, and those 

marked month or event only were not measured at the winter-spring scale.   

 

Predictors of Percent Recharge Across All Sites Combined 

Percent recharge (n = 131) does not appear to be a function of precipitation, although 

maximum percent recharge seems to occur at moderate precipitation values for most sites 

(Figure 2.9a). There was a fairly strong relationship between winter-spring residuals from the P-
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R relationship and percent recharge (Figure 2.9b), although because residuals were normalized 

by site, they are more evenly distributed for a given site than percent recharge, which was not 

normalized by site. Therefore, some sites had lower winter-spring percent recharge (e.g. 

Arlington, WI) than other sites (e.g. Freeport, IL), but their normalized residuals were similar.  

 

Figure 2.9. Percent recharge, as a proportion of total precipitation, at the winter-spring 

scale, across all 10 sites. a. Precipitation vs. percent recharge. b. Residuals from the P-R 

relationship (with residuals normalized by site) vs. percent recharge.  

 

Some predictors of percent recharge were similar to the winter-spring residual trends (Figure 

2.10):  

• Snow: Increased maximum snow depth, maximum and total SWE, and amount of SWE 

on the ground two weeks before the spring snowmelt correlated with increased percent 

recharge, although only the amount of SWE two weeks before the spring snowmelt was a 

significant predictor.  

• ET: Increased ET correlated with decreased percent recharge (significant).  
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• Soil temperature: Increased soil temperature, including mean January/February soil 

temperatures, correlated with increased recharge, and in this case, relationships were 

significant.  

• Soil degree days: Increased melting soil degree days correlated with increased recharge, 

while increased freezing soil degree days correlated with decreased recharge (not 

significant for either metric).  

• Number of snowmelts: Years with increased days ≥ 80% of SWE melted correlated with 

decreased recharge (not significant).  

• Rain and snow on frozen soil: Increased percentage of rain-plus-snowmelt on frozen soil 

correlated with decreased recharge (not significant).  

• Frozen ground phenology sequence:  

o Increased frozen soil index unique (number of subsequent melt events with below 

freezing soil) correlated with decreased recharge (significant) .  

o Freezeback days correlated with decreased recharge (p-value = 0.06).  

o All other frozen ground phenology sequence variables correlated with decreased 

recharge as well, although these were not significant indicators.  

However, some percent recharge trends were not similar to the winter-spring residuals:  

• Bare ground and air temperature were not significant variables, and increased air 

temperature correlated with increased percent recharge.  

• Increased depth to groundwater correlated with decreased percent recharge (significant). 

Additionally, because percent recharge was not normalized by site (Figure 2.9b), some site-

specific variables were significant for this metric:  
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• Sites located at higher latitudes had lower percent recharge.  

• Sites with increased LAI had lower percent recharge.  

 

Figure 2.10. Pearson correlation coefficients between predictor variables and winter-

spring metrics for all sites combined. a. Winter-spring residuals from the P-R relationship 

and predictor variables of all sites combined (residuals were normalized by site) b. 

Winter-spring percent recharge and predictor variables of all sites combined. Variables 

with positive correlation coefficients are variables positively correlated with positive 

residuals or percent recharge (increased recharge than expected, given the amount of 

precipitation). Blue bars indicate statistically significant variables (p-value ≤ 0.05).  



 36 

 

2.3.4 Partial Least Squares Regression (PLSR) Models 

To account for the influence of many variables and understand the most important 

predictors of the residuals from the P-R relationships (all scales) and percent recharge (winter-

spring scale), we used cross-validated PLSR models and variable pruning using backward 

selection across all sites combined at each scale. For all PLSR models, we used 10-fold cross-

validation with one Monte-Carlo repetition; here we give the cross-validated model fit metrics 

(R2, RMSE, and Nash-Sutcliffe coefficient). 

Winter-Spring Residuals from the P-R Relationship 

Of the 65 variables tested, the top predictors of winter-spring residuals (in order of 

importance) were: maximum snow depth, melting degree days, total snowmelt, number of days 

with bare ground, SWE two weeks before spring snowmelt, average ET, average air temperature, 

and the number freezeback days (Figure 2.11a). Increased amount and cover of snow (maximum 

snow depth, total snowmelt, and SWE two weeks before the spring snowmelt) correlated with 

positive residuals, while increased melting degree days, number of bare ground days, average 

ET, average air temperature, and number of freezeback days correlated with negative residuals. 

The cross-validated PLSR model explained 11% of the variation in the residuals (cross-validated 

R2 and Nash-Sutcliffe = 0.11). Cross-validated RMSE was 0.96. These top 8 predictors of the 

residuals along with total precipitation were then used in a PLSR model to predict winter-spring-

scale recharge (Figure 2.11b). The cross-validated PLSR model was able to explain 47% of the 

variation in recharge (cross-validated R2 and Nash-Sutcliffe = 0.47; cross-validated RMSE = 

0.76), a 20% improvement from just using precipitation to predict recharge.  
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Figure 2.11. PLSR model results for winter-spring residuals from the P-R relationship 

across all sites combined. a. Top 8 predictors of winter-spring residuals and their PLSR 

weights in the final PLSR model of winter-spring residuals. This cross-validated PLSR 

model only had one component and explained 11% of the variation in the residuals from 

the P-R relationship. Variables with positive weights correlate with positive residuals. b. 

Observed versus modeled recharge (normalized by site). Best fit (solid red) with 

uncertainty (dashed red) are also shown. The top 8 predictors of winter-spring residuals 

(listed in a) along with total precipitation, were used to build a PLSR model of recharge 

(cross-validated R2 and Nash-Sutcliffe = 0.47; cross-validated RMSE = 0.76).  

 

Month and Event Scale Residuals 

PLSR analysis was also performed at the month and event scales (Appendix A.2); 

however, improvement in predictive power from just using rain-plus-snowmelt as the predictor 

was lower than improvement at the winter-spring scale (at the month scale: from a normalized P-

R relationship of R2 = 0.47 to a PLSR model with a cross-validated R2 and Nash-Sutcliffe = 

0.48; at the event scale; from a normalized P-R relationship of R2 = 0.49 to a PLSR model with a 
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cross-validated R2 and Nash-Sutcliffe = 0.52). Top predictors of monthly residuals across all 

sites were maximum snow depth, bare ground, soil temperature on the day before first snowmelt, 

percentage of rain or melt days, and melting degree days, total SWE, and percent snowmelt on 

frozen soil. Top predictors of monthly residuals across all sites were maximum snow depth, bare 

ground, soil temperature on the day before first snowmelt, percentage of rain or melt days, 

melting degree days, total SWE, and percent snowmelt on days with freezing soil temperatures. 

Top predictors of event-scale residuals across all sites were maximum snow depth, maximum 

SWE, bare ground, freezing degree days, initial soil temperature, minimum soil temperature, 

average air temperature, melting soil degree days, freezing soil degree days, total SWE, 

maximum soil temperature, soil temperature on date recharge, and average ET (see Appendix 

A.2 for event and month-scale PLSR figures).  

Winter-Spring Percent Recharge 

We also used PLSR variable pruning using backward selection to determine the most 

important predictors of winter-spring percent recharge. Of the 65 variables tested, the top 

predictors of the percent recharge were (in order of importance): amount of SWE two weeks 

before the spring snowmelt, LAI, total ET, frozen soil index, latitude, maximum and mean 

January/February soil temperature, residual water content, minimum soil temperature, average 

groundwater level, longitude, number of freezeback days, total SWE, initial soil moisture, 

difference between melting degree days and freezing soil temperature degree days (air temp - 

soil temp if air temp > 0 & soil temp < 0), and subsequent melt days (Figure 2.12a). The cross-

validated PLSR model explained 33% of the variation in percent recharge (cross-validated R2 

and Nash-Sutcliffe = 0.33; cross-validated RMSE = 0.91) (Figure 2.12b). The final cross-

validated model had 3 components; the first component explains 20.2% of the variation in 
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percent recharge, the second component explains an additional 8.8%, and the third component 

explains 4% of the variation. Some variables correlated with increased percent recharge (positive 

PLS weights) for one component and decreased recharge (negative variable weights) for another, 

although the first component is the most important (Figure 2.12a). 

 

Figure 2.12. PLSR model results for winter-spring percent recharge across all sites 

combined. a. Top predictors of percent recharge and their PLSR weights across the three 

model components in the final PLSR model of percent recharge. Positive weights correlate 

with increased percent recharge while negative weights correlate with decreased percent 

recharge. Variables are listed in order of importance. The first component explains 20.2% of 

the variation in percent recharge, the second component explains an additional 8.8%, and the 

third component explains an 4% of the variation. b. Observed versus modeled winter-spring 

percent recharge (percent recharge was normalized for PLSR analysis). Cross-validated 

Nash-Sutcliffe and R2 = 0.33, cross-validated RMSE = 0.91. 
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2.4 Discussion 

2.4.1 Principal Predictors of Winter-Spring Groundwater Recharge 

As expected, the top predictor of recharge at all scales was precipitation (or rain-plus-

snowmelt at the monthly and recharge-event scales). To understand key predictors of variation in 

winter-spring groundwater recharge, given similar amounts of precipitation, we used two 

metrics: residuals from the P-R relationship and percent recharge out of total precipitation; and 

two methodologies: individual linear correlation and PLSR modeling. Across all metrics and 

methodologies, the top consistently significant predictors of variation in winter-spring recharge 

included: number of freezeback days, amount and cover of snow, ET, and air temperature. Other 

consistent trends related to the frozen soil index, soil moisture, and soil temperature. Additional 

variables, such as depth to groundwater, and site-specific variables (discussed in Appendix A.3) 

were important for one metric but not the other. We believe this discrepancy occurred because 

we did not normalize percent recharge by site as was done for the residuals from P-R 

relationship. 

Freezeback Days and Frozen Soil Index 

Across all scales and methodologies, freezeback days and frozen soil index were 

consistent and statistically significant predictors of decreased recharge. Freezeback days and 

frozen soil index are variables from the frozen ground phenology sequence, specifically designed 

to measure the sequence of events described in our conceptual model (Figure 2.1). These 

variables quantitatively measure whether and to what degree a particular year experienced 

midwinter melt events followed by freezeback and subsequent melt.  
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The number of freezeback days, defined as days with snow depth less than 3 cm and air 

temperature less than 0 ºC that occurred between snowmelts greater than 0.25 cm SWE/day, 

significantly correlated with decreased recharge across all metrics and methodologies. Frozen 

soil index, defined as the sum of the number of freezeback days and subsequent melt days with 

soil temperatures below freezing, correlated with decreased recharge using both methodologies 

and was a significant linear predictor of winter-spring P-R residuals and a key model variable in 

the PLSR model of percent recharge. 

These results point to the significance of midwinter melt events and subsequent 

freezeback in creating impermeable or reduced permeability frozen ground, preventing 

infiltration and groundwater recharge in subsequent melt events. Midwinter melt events provide 

a source of soil moisture (we measured whether at least 0.25 cm SWE melted), increasing the 

water content of the upper layers of the soil (as observed in field experiments by Xiuquing & 

Flerchinger, 2011). Additionally, midwinter melt events reduce snowpack (we measured whether 

snowpack was reduced to 3 cm maximum), reducing insulation from cold winter temperatures 

(as observed in field experiments by Decker et al, 2003). If these periods of reduced snowpack 

correspond with a cold period (we measured whether mean air temperature was ≤ 0 ºC), this high 

soil moisture content can freeze the water in the soil, increasing ice content of the soil and 

clogging soil pores (as observed in field experiments by Iwata et al., 2011). If these freezeback 

events are followed by another melt event (we measured whether at least 0.25 cm SWE melted), 

the high ice content in the upper layers of the soil can prevent or reduce infiltration and increase 

runoff instead (as observed in field experiments by Xiuquing & Flerchinger, 2011), explaining 

why we observed reduced groundwater recharge in years with increased number of freezeback 

events. Although number of freezeback events measured the occurrence of this sequence of 
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events (snowmelt followed by a freezeback and another melt), this variable did not directly 

measure occurrence of frozen ground. The frozen soil index measured whether freezeback events 

led to frozen soil temperatures and whether subsequent melt events had frozen soil temperatures 

(at 10 cm depths). The significance of this variable suggests that ground did, indeed, become 

frozen following midwinter melt events, and that this frozen ground prevented infiltration and 

recharge in subsequent melt events.  

Amount and Cover of Snow 

Across all scales and methodologies, amount and cover of snow was a consistent – and 

typically the most important – predictor of increased recharge. Conversely, bare ground, a 

measure of days with no snow on the ground, consistently correlated with decreased recharge. 

We believe amount and cover of snow is an important predictor of variation in recharge for three 

main reasons. First, snow typically melts at slower rates than rain falls and, therefore, snowmelt 

is less likely to exceed the infiltration capacity of the soil than rain (Price & Hendrie, 1983). The 

importance of this phenomenon likely varies from site to site based on the soil infiltration 

characteristics (Jury & Horton, 2004) and factors that control the potential melt rate, including 

latitude, time of melt, and land cover (DeWalle & Rango, 2008). Secondly, snow accumulation 

and ablation follows a regular annual pattern, and thus acts a proxy for time in sub-annual 

analysis, with periods of increased snow correlating with decreased temperature and solar 

radiation. In addition, the high albedo of the snow results in little available energy for 

evaporation or sublimation (Earman et al., 2006). Thus snow cover tends to correlate with 

periods of low evaporative losses and therefore greater potential for recharge. Thirdly, snow 

cover alters heat exchange with the atmosphere, insulating the ground from cold winter 

temperatures (Flerchinger, 1991; Halim & Thomas, 2018). The insulating properties the 
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snowpack vary by snow depth and snow thermal conductivity, which is controlled by snow 

density (specifically air content) and snow structure (DeWalle & Rango, 2008). Therefore, years 

with increased amount and cover of snow likely correlated with fewer instances of midwinter 

melts, freezeback events, and frozen ground (Iwata et al., 2011), as detailed above. Maximum 

snow depth, bare ground, and other indicators of amount and cover of snow were more important 

in P-R relationships compared with percent recharge. We believe this was largely due to the 

dominance of some sites over others when combining by site for percent recharge, since 9 out of 

10 sites had positive correlations between maximum snow depth and increased percent recharge 

(Figure A4), but this trend became less obvious when we combined and analyzed all sites 

together. In many locations, climate change is expected to decrease the proportion of 

precipitation falling as snow; therefore, these findings suggest recharge could decrease with 

climate change in these locations, regardless of frozen ground conditions (Kapnick & Hall, 2012; 

Solomon & et al., 2007).   

Evapotranspiration/Sublimation  

ET (which includes sublimation) significantly correlated with decreased recharge in our 

study. This relationship is well-established in the literature (Hu et al., 2019), and is a direct 

consequence of the water budget in which increases in one loss term must be compensated for by 

decreases in another. Snow sublimation has been shown to be an important factor in the water 

balance (Harms & Chanasyk, 1998; Strasser et al., 2008). The effects of sublimation are also 

represented by this correlation with ET in our study because the reanalysis dataset we used 

accounted for evaporation from the soil, transpiration from the vegetation canopy, evaporation of 

dew/frost, canopy-intercepted precipitation, and snow sublimation (Mesinger et al., 2006). The 

importance of ET and sublimation in explaining variation in winter-spring groundwater recharge 
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is notable because our results indicate this variable is not consistent year-to-year and, therefore, 

cannot be ignored in winter water budgets. Furthermore, its significance will likely increase as 

warmer air temperatures increase ET with climate change. 

Air Temperature and Melting Degree Days 

Increased mean winter-spring air temperature and increased melting degree days (sum of 

daily air temperature degrees above freezing) significantly correlated with decreased recharge. 

These variables were particularly important in explaining residuals from the P-R relationship. 

The importance of these variables is likely due to a number of factors. First, warmer 

temperatures can increase the proportion of precipitation falling as rain as opposed to snow and 

can also increase snowmelt rates, both of which are more likely to exceed infiltration capacity of 

the soil, regardless of frozen ground conditions, consistent with field observations by Price & 

Hendrie (1985) and flood frequency analysis by Yu et al., (2020). Secondly, increased air 

temperatures tend to correlate with higher evaporative losses, which removes soil moisture 

during the spring, reducing downward movement of wetting fronts and recharge. Additionally, 

increased air temperatures may induce more midwinter melt events, increasing incidences of 

frozen ground that prevent recharge. Furthermore, years with warmer spring temperatures may 

have earlier spring snowmelts, which could also increase incidences of melt onto frozen ground.  

Soil Moisture 

Increased soil moisture consistently correlated with increased recharge. Since water must 

first infiltrate and percolate downward through the soil layers before contributing to recharge, 

this observation is consistent with previous studies (Rushton et al., 2006). Additionally, heat 

capacity of the soil is higher with increased soil moisture – therefore, more consistent cooler 
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temperatures are needed to freeze soil at higher moisture contents (Jury & Horton, 2004). 

However, cold region studies have observed that high frozen soil moisture is correlated with 

decreased infiltration (Granger et al., 1984; Harms & Chanasyk, 1998; Pittman et al., 2020). 

While we analyzed soil moisture from periods of below-freezing soil temperature, we had no 

accurate way to distinguish between liquid soil moisture and frozen soil moisture and did not 

observe these trends.  

Soil Temperature and Soil Degree Days 

Increased soil temperature significantly correlated with increased percent recharge but 

was not important in explaining the residuals from the P-R relationships at any scale. We 

expected increased soil temperature to correlate with increased recharge because we thought 

lower soil temperatures would indicate frozen ground, which could prevent infiltration and 

recharge, as discussed above. We believe we did not observe this trend consistently because soil 

temperature is a relatively poor proxy for impermeable frozen ground conditions because (1) the 

ground can be cold, but not impermeable if it is dry (He et al., 2015; Pittman et al., 2020), (2) 

increased soil temperature can also correlate with increased air temperature, which corresponds 

with periods of higher ET and rain, which were both correlated with reduced recharge, (3) mean, 

maximum, and average temperature are coarse summary metrics of the thermal regime, no 

matter the scale, and do not account for the dynamic nature of freeze/thaw cycles, (4) frozen 

ground is likely a threshold variable, not a continuous variable (when soil temperature is above 

freezing, it likely does not matter how much above freezing it is), and (5) we only had consistent 

soil temperatures available at 10 cm depth; we may have observed more significant trends if soil 

temperature was available closer to the land surface (0-5 cm depths). Soil temperature trends are 

also complicated by site characteristics, including vegetation and residue (leaf litter) cover, 
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slope, surface roughness, heat capacity and thermal conductivity of the soil minerals, soil bulk 

density, soil moisture content, and the latent heat of freezing, all of which affect thermal 

diffusivity (Flerchinger, 1991; Jury & Horton, 2004).  

While increased melting degree days correlated with decreased recharge, as discussed 

above, increased melting soil degree days correlated with increased recharge (and, similarly, 

increased freezing soil degree days correlated with decreased recharge). This distinction implies 

that unfrozen soil is important for increased recharge, but that the signal of soil temperature is 

complicated by its correlation with warmer, higher ET periods, as discussed above. These results 

indicate that melting/freezing soil degree days may be a better proxy for unfrozen/frozen ground 

than soil temperature; however, these variables were not important across all metrics and 

methodologies.   

 

2.4.2 Role of Midwinter Melt Events and Subsequent Freezebacks 

We observed compelling evidence for the role of midwinter melt events and subsequent 

freezebacks in creating lower permeability frozen ground and decreasing recharge. Qualitatively, 

individual timeseries showed that soil temperature often decreased following a midwinter melt 

(e.g. Figure 2.3). As detailed above (Section 2.4.1), variables measuring instances and extent of 

midwinter melts and subsequent freezebacks were consistently and significantly correlated with 

decreased recharge, specifically the number of freezeback days and the frozen soil index. These 

findings support our conceptual model of how impermeable frozen ground conditions develop: 

First, midwinter snowmelt events diminish or eliminate the snowpack and increase soil moisture. 

Secondly (freezeback) in subsequent cold periods and without the insulating effects of snow, soil 

temperature decreases and ice content increases, clogging soil pores with ice. Lastly, in 
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subsequent melt events or the spring snowmelt, infiltration is reduced due to frozen ground 

conditions, increasing runoff and decreasing groundwater recharge. Number of measured 

freezeback days (days with reduced snowpack and below freezing air temperatures that occurred 

between two significant melt events) in a given winter consistently and significantly correlated 

with decreased recharge across all metrics and methodologies. Similarly, frozen soil index, 

which measured the occurrence of below freezing soil temperatures on freezeback days and on 

subsequent melt days consistently correlated with decreased recharge across all metrics and 

methodologies. Although awareness of these mechanisms for reduced snowpack and increased 

frozen ground creating reduced infiltration is not new (Dunne & Black, 1971; Post & Dreibelbis, 

1943), to our knowledge, we are the first to quantify the occurrence of this sequence of events 

(snowmelt followed by a freezeback and another melt) and demonstrate its significance in 

reducing winter-spring groundwater recharge in a comprehensive statistical analysis (Ala-aho et 

al., 2021) 

Not only do these results point to the significance of midwinter melt and freezeback 

events in hydrological partitioning, they also highlight the sequential nature of these events. 

Variables measuring instances of midwinter snowmelt events alone were not significant; 

midwinter melts were significant only if they were followed by periods of low snowpack and 

cold air temperatures (freezeback) and snowmelt at a later date. Similarly, variables measuring 

melt events occurring on days with below freezing soil temperature (e.g. total snowmelt on 

freezing soil) were not consistent predictors of lower recharge; melt events on freezing soil 

temperatures were only consistently significant if they occurred after a freezeback event 

(measured using the frozen soil index). This is likely because moisture from a previous 

midwinter melt and subsequent freezeback were required to sufficiently freeze and clog soil 
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pores to reduce infiltration enough for the hydrological partitioning to be observable in the water 

table record. This is supported by evidence from previous studies that found that pore ice in 

wetter soils is more likely to prevent infiltration than pore ice in drier soils (Granger et al., 1984; 

He et al., 2015), and ice lenses on or near the ground surface formed from frozen snowmelt were 

more likely to prevent infiltration than soil frost deeper in the soil (Iwata et al., 2011; Kane & 

Stein, 1983). Pavlovskii et al. (2019) observed lower runoff ratios in midwinter melts compared 

with subsequent spring snowmelts. They suggested this was due to the difference in energy 

inputs and slower melt rates of midwinter melts, although they mentioned the possibility of this 

difference being due to pore blockage from freezeback events following the midwinter melt 

events. Our findings support evidence for the latter since this better explains the interannual 

variability in recharge we observed, although both mechanisms are likely important.  

Future work should aim to measure and refine this sequence of events further, including 

direct field measurements under various climatic conditions and additional long-term statistical 

analysis of variation in recharge at other locations. Additionally, we did not account for the 

amount of time between midwinter melts, freezebacks and subsequent melt events; accounting 

for variations in time between events in addition to the sequence of events could more clearly 

distinguish their importance.    

As multiple studies have observed that warming winter temperatures are increasing 

instances of midwinter melt events and freeze/thaw cycles (Henry, 2008; Kreyling, 2010; 

Rasmus, 2005a), these results suggest climate change could decrease groundwater recharge in 

areas with seasonal snowfall and frozen ground. More research should be conducted on how 

sensitive midwinter melt events are to changes in air temperature and whether increased 
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precipitation combined with increased air temperatures could counter the effects of increased 

midwinter melt events and ET.  

 

2.4.3 Assumptions and Limitations  

Groundwater recharge rates are difficult to measure directly (Healy & Scanlon, 2010); 

therefore, this study relied on a number of assumptions to calculate and estimate variation in 

recharge. Calculation of recharge was dependent on accuracy of the WTFM, MRCs, and specific 

yield estimates. Estimation of variation in recharge was dependent on accurate P-R relationships 

and may be sensitive to strong outliers. While we assumed linear P-R relationships, as is typical 

(Kotchoni et al., 2019; Wu et al., 1996), nonlinear fits may be more appropriate for some sites or 

timescales. To address these concerns, we normalized residuals from the P-R relationship by site 

when combining sites to ensure sites with poor estimates of specific yield or P-R relationships 

did not bias our findings. However, this also removed inter-site variability. We did not normalize 

percent recharge by site; therefore, this metric was more sensitive to inaccuracies in the WTFM 

and specific yield, but percent recharge also retained inter-site variability.   

The scale of this study was limited by the availability of existing long-term, continuous, 

co-located soil temperature and shallow groundwater records. We are fortunate the Illinois State 

Water Survey (WARM, 2020) intentionally established co-located shallow groundwater and soil 

temperature sites throughout the state. Long-term, continuous monitoring of shallow 

groundwater tables with co-located soil temperature sensors are needed elsewhere. We only 

analyzed trends in soil temperature at 10 cm depth since this was the only depth consistently 

available across all sites, though indicators of impermeable frozen ground would likely be more 

apparent at shallower depths. We used reanalysis data for snow depth, SWE, precipitation, soil 
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moisture, and ET. Snow is a notoriously difficult parameter to model (Franz et al., 2010) and 

variation in snow cover, snow depth, and the timing of snowmelt directly affect soil temperature 

(Halim & Thomas, 2018) and wetting fronts leading to recharge (Earman et al., 2006). Snow also 

varies significantly across short distances due to wind drift and aspects (Marshall et al., 2019), 

which 4-km gridded estimates from reanalysis cannot capture. Similarly, there is uncertainty in 

accuracy and spatial variability of NLDAS-2 precipitation (12-km gridded) data and soil 

moisture and ET (32-km gridded) data.  

A major challenge in this study was determining when to define the end of winter. Since 

recharge is calculated at discrete water table peaks, we aimed to include all precipitation and 

snowmelt that contributed to that peak, without including any additional precipitation that 

contributed to a later, excluded peak. Since (1) lag between infiltration and recharge varies by 

site, soil moisture, amount and extent of frozen ground, and depth to groundwater, and (2) 

wetting fronts may coalesce as water percolates downward through the vadose zone, it was 

difficult to ensure that recharge events were always associated with the precipitation events that 

contributed to them. We were therefore conservative in deciding when to end winter and 

ultimately decided to end the analysis after mean soil temperature exceeded 1 ºC, or one month 

after the last snowmelt to ensure we captured the infiltration time it took snowmelt to reach the 

water table. Including spring months in the analysis also provided time for spring rainfall to 

infiltrate and percolate to the water table. In springs with initially very dry soil moisture content, 

snowmelt may not percolate sufficiently to reach the water table and instead solely contribute to 

increasing soil moisture content, with no observable recharge signal. Including spring rains in the 

analysis likely provided enough moisture input to sufficiently wet vadose zone soils such that, 

even in the driest years, a recharge signal was observed in the water table. Including spring 
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months in the analysis, however, may have had other consequences, including capturing 

significant spring ET and rainfall, which may have complicated relationships between recharge 

and variables that mechanistically influence multiple processes with variable seasonal 

importance. For example, increased soil temperature can indicate unfrozen ground, but it can 

also indicate spring periods when ET is also higher, which is why we believe soil temperature 

alone was not a reliable indicator of higher recharge periods. Additionally, warmer periods are 

correlated with rainfall, which can create more runoff than snowmelt if precipitation rates exceed 

soil infiltration capacity, regardless of whether soil is frozen. We considered removing spring 

months from the analysis to mitigate the effects of ET, but this would also remove periods of 

snowmelt and often the highest recharge event of the year, which were important to incorporate 

into our analysis.  

 

2.5 Conclusions 

We conducted a retrospective statistical analysis of groundwater, meteorological, and soil 

observations to understand what factors cause variation in winter and spring groundwater 

recharge, given similar amounts of precipitation. We measured variability in winter-spring 

recharge using two different metrics: residuals from the precipitation-recharge relationship and 

percent recharge out of total precipitation, and two different methodologies: individual linear 

correlation and PLSR models. We examined 65 potential predictors of variation in winter-spring 

recharge designed to characterize the amount of water potentially available for infiltration, the 

occurrences of events likely to lead to frozen ground, and presence of frozen ground. Of these 65 

variables, the principal consistently significant predictors of variation in winter-spring recharge, 
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across all metrics and methodologies, included: number of freezeback days, amount and cover of 

snow, ET, and air temperature.  

The number of freezeback days (defined as days with thin or nonexistent snowpack and 

freezing air temperatures occurring after a midwinter melt event and before another snowmelt 

event), significantly correlated with decreased recharge across all metrics and methodologies. 

These results highlight the significance of midwinter melt events and subsequent freezebacks in 

creating impermeable or reduced permeability frozen ground, preventing infiltration and 

groundwater recharge in subsequent melt events and reducing total winter-spring recharge. 

Midwinter melt events provide a source of soil moisture, increasing the water content of the 

upper layers of the soil and reducing snowpack insulation. If these periods of reduced snowpack 

correspond with a cold period, soil moisture can freeze and clog soil pores (freezeback). If these 

freezeback events are followed by another melt event, the high ice content in the upper layers of 

the soil can prevent or reduce infiltration and increase runoff, explaining why we observed 

reduced groundwater recharge in years with increased number of freezeback events. The 

consistent importance of this variable in explaining decreased recharge underscores the role of 

midwinter melts and subsequent freezeback in the hydrological partitioning between 

groundwater recharge and overland flow. Other unordered variables measuring midwinter melts 

and frozen ground were not as important as the ordered variables, highlighting the sensitivity of 

hydrological partitioning to the sequence of events. To our knowledge, we are the first to 

quantify the occurrence of this sequence of events (midwinter melt followed by freezeback and 

another melt) and demonstrate its significance in reducing winter-spring groundwater recharge in 

a comprehensive statistical analysis.  
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Additionally, we observed that increased amount and cover of snow significantly 

correlated with increased winter-spring recharge, while increased ET and increased air 

temperature correlated with decreased recharge. In many locations with seasonally frozen 

ground, climate change is projected to reduce snowpack and increase ET and air temperatures, 

which could reduce winter-spring recharge in the future. As midwinter snowmelts also increase 

with warming temperatures, potentially increasing the number of freezeback events, these 

findings suggest climate warming could decrease groundwater recharge in some locations and 

climactic conditions if accompanied by changes in snowpack and the frozen ground regime. 

Future research is required to understand how these findings vary across different locations and 

climates and how these complex relationships may be affected by future climate change.  
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3 Impacts of Climate Warming on Frozen Ground 

Regimes and Groundwater Recharge 

Key Points: 

• In regions with seasonally frozen ground, climatic warming can cause increased 

intermittency of snow cover and reduced groundwater recharge.  

• Midwinter snowmelts expose bare ground and play a key role in increasing soil frost 

depth and ice content if followed by cold periods.  

• Increased likelihood of frozen ground during snowmelt tends to increase runoff and 

decrease groundwater recharge.  

 

Abstract 

The spring snowmelt accounts for a large percentage of annual groundwater recharge in 

northern latitudes. Many factors control the proportion of snowmelt that becomes runoff or 

groundwater, including the volume of snow, the timing and speed of snowmelt, soil moisture 

content, and frozen ground. However, few studies have explored the impacts of climate change 

on frozen ground and the partitioning between recharge and runoff. Using numerical modeling of 

surface and vadose zone processes, we explore how changing air temperatures affect frozen 

ground regimes and groundwater recharge. Results suggest warmer air temperatures may 

increase the frequency and extent of midwinter snowmelts. Although these midwinter snowmelt 

events can cause discrete recharge events, they can also leave the ground exposed to subsequent 

cold periods. Without the insulating effects of snow, soil frost and ice content can increase, 

decreasing infiltration, and ultimately decreasing groundwater recharge under some climactic 

conditions. 
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3.1 Introduction 

In many areas with seasonal snowfall, the spring snowmelt is a significant hydrologic 

event. The spring snowmelt can contribute substantial runoff, and under certain circumstances, 

cause extreme flooding (Berghuijs et al., 2016). The spring melt is also often the largest 

groundwater recharge event of the year (Dripps & Bradbury, 2010), contributing a substantial 

percentage of annual groundwater recharge (Earman et al., 2006; French & Binley, 2004). Many 

factors control the proportion of snowmelt that becomes runoff or groundwater, including the 

volume of snow (Earman et al., 2006), the timing and speed of snowmelt (Price & Hendrie, 

1983), soil texture (Jury & Horton, 2004), soil moisture content (Rushton et al., 2006; Xiuqing & 

Flerchinger, 2001), and frozen ground (Dunne & Black, 1971; Granger et al., 1984; Hayashi, 

2013; Ireson et al., 2013; Lundberg et al., 2016; Okkonen & Kløve, 2011). A review of 143 

studies found that there is broad consensus in the literature that frozen ground can control 

hydrological partitioning, although the effect may be muted in certain land use types (i.e. 

forested areas) and climates (i.e. areas with consistently deep snowpack throughout the winter) 

(Ala-aho et al., 2021).  

Although many studies have explored the impacts of climate change on snowfall and 

snowpack (Demaria et al., 2016; O’Gorman, 2014), and some studies have found that warming 

winter temperatures are increasing instances of midwinter melt events and freeze/thaw cycles 

(Henry, 2008; Kreyling, 2010; Rasmus, 2005b), few studies have specifically explored the 

impacts of climate change and increased midwinter melt events on frozen ground and the 

partitioning between recharge and runoff (Ala-aho et al., 2021; Ireson et al., 2013). Although 

frozen ground can affect hydrological partitioning, most previous studies of climate change 

effects look at measurements of frost depth or soil temperature rather than explicit hydrologic 
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outcomes. Some studies have observed increased soil temperatures with historical climate 

warming (Frauenfeld et al., 2004; Zhao et al., 2004), but others have found evidence for 

decreased soil temperatures with climate warming (Groffman et al., 2001; Halim & Thomas, 

2018). Decreased soil temperatures could indicate increased impermeable frozen ground which 

could reduce recharge; however, these soil temperature studies did not explicitly examine 

hydrological partitioning. 

Through numerical modeling experiments of winter processes, this study aims to: (1) 

understand how warming temperatures may affect winter-spring groundwater recharge, (2) 

understand key drivers of variation in winter-spring recharge, and (3) explore the role of midwinter 

melt events and subsequent freezebacks in hydrological partitioning.  

 

3.2 Methods 

3.2.1 SHAW Model 

Simulating groundwater recharge under changing winter and snowmelt conditions 

requires accounting for snow accumulation and ablation, heat transport, and unsaturated flow in 

the vadose zone. Here, we use the Simultaneous Heat and Water (SHAW) model (Flerchinger & 

Saxton, 1989) to simulate these processes. Although several vadose zone water and heat 

transport models have been developed (Hansson et al., 2004; Jansson & Moon, 2001), in this 

work we use the SHAW model (Flerchinger & Saxton, 1989) because it was developed for the 

purpose of simulating soil freezing and thawing and it has been widely applied and validated in 

the U.S., including in the Midwest and on agricultural landscapes (Flerchinger et al., 2009; Ma et 

al., 2012). The one-dimensional (1D) physical model takes meteorological inputs including 
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precipitation, temperature, and radiation and models water and heat transfer within the canopy, 

snowpack, plant residue (leaf litter), and soil (Appendix B, Figure B1).  

The SHAW model accounts for heat and water (liquid and vapor) transport through the 

soil, including migration of moisture toward the freezing front and freezing point depression 

(Flerchinger & Saxton, 1989). Movement of liquid water through frozen soil is assumed 

analogous to unsaturated flow through soil wherein the presence of ice has reduced the available 

pore space for liquid water flow and thus has decreased hydraulic conductivity. SHAW models 

this effect until the unfrozen porosity reaches 0.13, at which hydraulic conductivity is taken to be 

zero.  

The SHAW model has been validated for its winter soil moisture content and movement 

(Flerchinger et al., 2012; Flerchinger & Saxton, 1989; Huang & Gallichand, 2006; Kahimba et 

al., 2009), ability to simulate frost depths (Flerchinger & Saxton, 1989; Kahimba et al., 2009), 

snow depth (Flerchinger et al., 1994; Flerchinger & Saxton, 1989), snow density (Flerchinger et 

al., 1994), snowmelt (Flerchinger et al., 1994), frozen soil’s ability to prevent infiltration and 

generate runoff (Flerchinger & Cooley, 2000; Flerchinger & Saxton, 1989; Zhang et al., 2010), 

soil temperature (Kahimba et al., 2009), net radiation (Flerchinger & Saxton, 1989), 

evapotranspiration (ET) (Flerchinger & Cooley, 2000), root water uptake (Huang & Gallichand, 

2006), and plant canopy effects on soil temperature and water (Flerchinger & Pierson, 1997). A 

limitation, however, is that it does not simulate preferential or macropore flow (Flerchinger et al., 

2012). Flerchinger (1991) performed sensitivity analysis of frost depth simulated by the SHAW 

model and found that soil freezing was most sensitive to air temperature and snow depth. 

Additionally, Zhang et al. (2016) experimented with turning off the frozen ground module of 



 

 

59 

SHAW, finding that doing so increased simulated groundwater recharge and baseflow by two to 

three times.  

 

3.2.2 Simulation Overview: Domain, Boundary Conditions, and Climatic Forcings 

We designed numerical experiments to evaluate how snow cover, frozen ground, and 

groundwater recharge are affected by climate warming by modifying air temperature over the 

same, otherwise identical, 31-year model period.  

We modeled a 2 meter (m) thick soil profile using 25 soil nodes. We assumed a 

consistent soil texture across the 2 m profile, specifying soil albedo, soil water retention 

characteristics, soil material (percent sand, silt, clay, and organic matter), bulk density, hydraulic 

conductivity, saturated and residual volumetric water content, and air-entry potential. We also 

modeled water and energy exchange with the plant canopy, specifying plant growth parameters, 

including height, rooting depth, leaf area index (LAI), and albedo to simulate plant transpiration, 

root water uptake, interception, and thermal effects. Residue (leaf litter) was also modeled to 

represent thermal and hydrological influences of dead plant matter. We specified residue 

thickness, weight, fractional cover, and albedo. We also specified the maximum temperature at 

which precipitation is snow and a wind-profile roughness parameter for momentum transfer 

within snow cover. The parameterizations of the above processes were constrained using 

historical observations and through calibration (Section 3.2.3).   

We used an hourly time step over 31 years (November 1, 1989 to October 31, 2020), 

using the first year (November 1, 1989 to October 31, 1990) as model spin-up period. We based 

initial soil temperature and soil moisture conditions on the historical dataset used in our 

calibration. Although we only analyzed data for the winter and spring months (November 1 
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through May 30), we modeled all months of the year to maintain model continuity over the 31 

years. Consequently, plant growth, soil temperature, and soil moisture were simulated within the 

summer months such that soil moisture and soil temperature in the fall presented reasonable 

initial conditions for each winter season.  

Heat and water transport in this model is largely driven by the surface hydrologic and 

thermal boundary conditions. We specified these boundary conditions using hourly 

meteorological data (precipitation, air temperature, specific humidity, surface pressure, average 

wind speed, and solar radiation) obtained from North American Land Data Assimilation System 

(NLDAS-2) via Google Earth Engine (Xia et al., 2012; Xia et al., 2009). Specific humidity was 

converted to relative humidity using relationships between pressure and air temperature 

(Geremia-Nievinski & Santos, 2010).  

The bottom hydrologic boundary condition was modeled using bottom layer gravity 

drainage. All percolation exiting the lower boundary of the model domain was assumed to reach 

the water table and therefore considered analogous to groundwater recharge. (Note: throughout 

this paper we refer to model recharge and model percolation interchangeably.) This is a 

reasonable assumption since the ultimate fate of deep percolation is often groundwater recharge 

(Huang & Gallichand, 2006; Scanlon et al., 2002). The bottom soil temperature boundary 

condition was set as constant at 2 m and based on measured soil temperature data, as described 

below in Section 3.2.5.  

Our numerical experiments include modifications to the air temperature meant to 

simulate a climate forcing, described in Section 3.2.4.  



 

 

61 

3.2.3 Model Calibration and Validation 

We performed a calibration and validation for a site for which we had extensive and 

continuous historical data: Freeport, Illinois (IL) (located in Northern IL; silty clay loam soil) to 

build confidence that the model is properly simulating melt processes in the Midwest. We used 

meteorological forcing from NLDAS-2 meteorological data retrieved using the site’s coordinates 

(Xia et al., 2012; Xia et al., 2009). We calibrated the model to winter (November 1 through April 

30) and monthly (November-April) measured recharge, soil moisture, and soil temperature and 

reanalysis snow depth and snow water equivalent (SWE) over 15 winters (2004-2019) (WARM, 

2020b, 2020a). Historical recharge was estimated from rises in groundwater level records using 

the water table fluctuation method (Healy & Cook, 2002) and reanalysis snow depth and SWE 

data were obtained from Broxton et al. (2019) (henceforth referred to as University of Arizona 

[UA] SWE and UA snow depth).  

To assess model fit, we used the coefficient of determination (R2) [0,1], root mean square 

error (RMSE), and the Nash-Sutcliffe (NS) coefficient [-inf,1], a common hydrologic model fit 

parameter. To assess the best-fitting model, we found the model with the highest mean NS and 

R2 value across the metrics tested (recharge, soil moisture, soil temperature, snow depth, and 

SWE). We also qualitatively assessed the timing of recharge and runoff compared to measured 

data, comparing measured water level rises with increases in modeled percolation, and measured 

hydrograph peaks from the nearby Pecatonica River (USGS 05435500) with peaks in modeled 

runoff (USGS, 2021).  
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3.2.4 Warming Scenarios  

The calibrated SHAW model parameterization was then used as a baseline from which to 

conduct numerical experiments to evaluate the effects of changing air temperature on 

groundwater recharge and runoff. This calibrated baseline scenario was driven using historical 

meteorological data for the 31-year period from November 1, 1989 to October 31, 2020, using 

the first year as model spin-up.  The simulations were then repeated, modifying air temperature 

by -4 ºC to 4 ºC in 0.5 ºC increments. Precipitation and all other parameters were kept constant 

over these scenario runs.   

To explore the sensitivity of our findings to the specific model parameterization obtained 

during calibration, we also modeled climate scenarios for 8 additional baseline 

parameterizations.  

 

3.2.5 Ensemble of Climate and Soil Texture Scenarios  

To test whether our results were sensitive to meteorological inputs or to soil texture, we 

conducted a factorial study for four climates representing a north-south gradient in the Midwest, 

four soil textures commonly found throughout the Midwest, and 17 levels of warming/cooling 

(Appendix B.1, Tables B1 and B2). Meteorological input data representing the gradient in 

climate were obtained from NLDAS-2 for four sites from which we had historical soil 

temperature data, ranging from Central Illinois (IL) to Northern Wisconsin (WI), where the 

Northern Illinois site is Freeport IL, the same location as our validation (Figure 3.1 and Table 

2.1).  
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Baseline models for the three additional sites were not separately calibrated but, instead, 

based off the calibrated model from Freeport, IL and varied using meteorological data from those 

locations. To represent the 17 levels of warming/cooling, we modified air temperature by -4 ºC 

to 4 ºC in 0.5 ºC increments from baseline meteorological data at each of the four locations and 

modeled over 30 continuous years. These sets of simulations were repeated for loamy sand, 

sandy loam, silt loam, and silty clay loam textures. For consistency across soil textures, the 

ensemble models do not include the 0.5 cm of ponding used in the calibrated model, since 

ponding led to numerical instabilities for coarser soil textures (sandy loam and loamy sand). 

Other than ponding depth, the Northern Illinois silty clay loam model in the ensemble analysis is 

identical to the calibrated Freeport, IL simulation.   

 

 

Figure 3.1. Four locations from which NLDAS-2 meteorological data were obtained to 

represent a range of latitudes for model input data.  
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Site Mean Annual Air 
Temperature (ºC) 

Mean Winter (Nov 1 
– April 1) Air 
Temperature (ºC) 

Mean Annual 
Precipitation (cm) 

Mean Winter (Nov 1 
– April 1) 
Precipitation (cm) 

Northern WI 5.38 -5.91 35.72 7.93 

Central WI 7.33 -4.21 36.49 8.22 

Northern IL 9.31 -1.92 40.74 10.16 

Central IL 11.52 0.91 39.47 11.96 

Table 3.1: Mean annual and winter air temperature and precipitation from the four sites from 

which we extracted meteorological data for the ensemble of climate and soil texture scenarios.   

 

We also modified the bottom soil temperature boundary condition using air temperature 

as a set-point; for each site, the bottom soil temperature boundary was set as 2 ºC warmer than 

the mean air temperature over the 30 years of input data. This offset is based on the difference 

between mean annual air temperatures and observed mean soil temperature from the four 

locations, which was on average 2 ºC (Desai, 2020; UW-Madison, 2010; WARM, 2020a). This 

thermal offset is similar to values found in the literature for locations that experience snow cover 

and frozen ground. Grundstein et al. (2005) found a mean annual thermal offset in eastern North 

Dakota of 2.5 ºC and Zhan et al. (2019) found a mean thermal offset in southeast China ranging 

from 1.6 ºC to 2.2 ºC. The soil temperature boundary was modified for each climate scenario 

coincident with the air temperature changes (the baseline soil temperature boundary condition 

was modified with the air temperature changes by -4 ºC to +4 ºC).  

We also modified plant growth parameters based on latitude. As corn is the dominant 

agricultural product grown in both Wisconsin and Illinois, we chose SHAW model plant 

parameters that best described agricultural corn fields. Planting date (day of the year) was 

calculated as a function of latitude as in Long et al. (2017). 

Plants were assumed to emerge 10 days after the planting date and to reach maturity 

(height = 1 m; leaf area index [LAI] = 1) 60 days after the planting date. To account for 
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variability in harvest date, senescence, and in the amount of cornstalk removed from fields, a 

reduction in plant size and productivity was assumed on October 1 (height = 0.5 m; LAI = 0.5), 

with the exception of the Central Illinois site, where a reduction in plant size and productivity 

was assumed on October 7. All plants were assumed harvested (height = 0.01 m; and LAI = 0) 

on November 1.  

Soil hydraulic parameters for the Brooks-Corey water retention curve model were based 

on soil texture and obtained from Rawls et al. (1982). Model parameterizations used in the 

climate and soil texture scenarios are shown in Appendix B.1 (Tables B1 and B2).  

We also performed a sensitivity analysis using the mid-range latitudes (Northern IL and 

Central WI) and mid-range soil textures (sandy loam and silt loam) and varied other model 

parameters to determine whether the patterns observed and our overarching interpretations where 

dependent on model parameterization. We varied the water retention curve model, soil texture 

parameters, soil temperature boundary conditions, residue, ponding depth, plant parameters, and 

other model parameters.  

 

3.3 Results 

3.3.1 Validation  

Model performance metrics of the best fitting model for Freeport, IL are shown in Table 

3.2. The model performed well in matching winter-spring and monthly minimum soil 

temperature from measured site data (NS = 0.81 and NS = 0.93, respectively) and reasonably 

well in maximum SWE (winter-spring: NS = 0.45; monthly: NS = 0.75) from the reanalysis data. 

The model performed less well in matching estimated recharge (winter-spring: NS = 0.21, R2 = 
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0.67; monthly: NS = 0.33, R2 = 0.46), measured soil moisture (monthly: NS = 0.39, R2 = 0.62), 

and maximum snow depth from reanalysis data (winter-spring: NS = 0.15, monthly: NS = 0.70). 

Appendix B.2, Figures B2-B5 show plots of modeled and measured (or reanalysis data for snow) 

data.  

Metric NS R2 RMSE 

Winter-Spring    

Recharge (cm) 0.21 0.67 5.42 

Mean soil temperature (˚C) 0.28 0.54 0.68 

Min soil temperature (˚C) 0.81 0.34 1.98 

Max SWE (cm) 0.45 0.50 2.03 
Max snow depth (cm) 0.15 0.62 8.18 

Monthly    

Recharge (cm) 0.33 0.46 1.91 

Mean soil temperature (˚C) 0.97 0.98 0.68 

Min soil temperature (˚C) 0.93 0.97 1.98 

Mean soil moisture (cm3/cm3) 
(5, 10, 20, 50 cm) 

0.39 0.62 0.017 

Max SWE (cm) 0.75 0.81 1.17 

Max snow depth (cm) 0.70 0.83 4.93 

Table 3.2. Model performance metrics (NS, R2, and RMSE) at the winter-spring and month-

scale.  

 

 

Although we did not have frost depth data available for the validation site, we obtained 

frost depth data for DeKalb, IL (located 84 km from Freeport, IL) (DeGaetano et al., 2001). We 

modified the calibrated Freeport, IL model using meteorological forcings for DeKalb, IL. The 

modeled frost depth closely resembled measured frost depth (Appendix B.2, Figure B6).  

Of note, different model parameterizations performed better for different performance 

metrics, and the calibrated model chosen was the one that performed best across all metrics. 

Additionally, while model fit was generally acceptable for annual and monthly performance 

metrics, we observed that the timing of model recharge frequently lagged behind historical 

recharge events (observed water level peaks).  
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3.3.2 Warming Scenarios 

Figure 3.2a shows the mean SWE, minimum and maximum soil temperature, ET, 

recharge, and runoff, over 30 winters across the -4 ºC to +4 ºC air temperature scenarios for the 

above calibrated model at Freeport, IL (Northern IL; silty clay loam soils). With warming air 

temperatures, SWE decreased while ET (which includes sublimation) and average soil 

temperature increased in an approximately linearly fashion.  

Relationships between air temperature scenarios and mean recharge, runoff, and 

minimum soil temperature were not linear. From the -4 ºC scenario, recharge increased with 

warming air temperatures, peaking at the -1 ºC scenario, and then decreasing until the +0.5 ºC 

case, when recharge began to increase again with warming temperatures. Runoff generally 

decreased with warmer climate scenarios, but it also increased when recharge decreased. A local 

maximum runoff occurred at the +0.5 ºC air temperature scenario case and then runoff decreased 

again with warmer temperatures. Runoff decreased at a faster rate than recharge increased from 

the +0.5 ºC scenario and warmer, likely due to corresponding increases in ET. We observed the 

coldest minimum soil temperatures in the -2 ºC and +2 ºC scenarios, with higher minimum soil 

temperatures in between these scenarios and at the extremes.  

Although change in mean recharge between scenarios over the 30 model years was not 

large (Figure 3.2a), changes in recharge in individual model years was highly variable and 

episodic (Figures 3.2b and 3.2c). For example, while most years showed small changes in 

recharge between the baseline case (+0 ºC) and the +1 ºC air temperature scenario, two years 

(2007 and 2009) showed dramatic declines in recharge.  
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Figure 3.2. Warming and cooling scenario results for the calibrated model (Freeport IL; 

silty clay loam soils). Baseline air temperatures were modified by -4 ºC to +4 ºC in 0.5 ºC 

increments. a. Mean SWE, average soil temperature, total ET, mean recharge, mean 

runoff, and minimum soil temperature values averaged over 30 winters/springs for each 

climate scenario (-4 ºC to +4 ºC in 0.5 ºC increments). b. Total recharge for the baseline 

scenario (blue) and the +1 ºC air temperature scenario (red) for each winter-spring in the 

30-year model period. c. Change in recharge from the baseline scenario to the +1 ºC air 

temperature scenario for each winter-spring in the 30-year model period. While most 

years showed small changes in recharge, two years (2007 and 2009) showed large 

decreases in recharge with 1 ºC warming.  

 

To understand what mechanisms cause these dramatic declines in recharge in the +1 ºC 

case in these two years (2007 and 2009), here we compare the temporal evolution of 

precipitation, air temperature, snow depth, snowmelt, frost and thaw depth, recharge, and runoff 

(Figures 3.3 and 3.5) and frozen (ice) soil moisture content and total (liquid and frozen) soil 
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moisture content (Figures 3.4 and 3.6) in the baseline and +1 ºC scenarios. Note that decreases in 

snow depth occur over time due to compaction and sublimation, in addition to melt.  

In model year 2007, a similar snowpack developed initially in both scenarios (Figure 

3.3). Frost depth was initially deeper in the baseline case, forming before the snowpack 

developed. In both scenarios, a midwinter melt event occurred in January (Melt A). However, in 

the +1 ºC case, melt was complete, leading to exposed bare ground in the +1 ºC case only. In 

both scenarios, this early midwinter melt created a discrete recharge event (Event 1), with more 

recharge in the warmer case due to increased melt. Following the midwinter melt, the ground 

was exposed to cold periods, and without the insulating effects of snow, deeper frost developed 

in the +1 ºC case. Additionally, significantly more ice (frozen soil moisture content) developed 

in the +1 ºC case (Figure 3.4). A subsequent midwinter melt event occurred in late January, with 

more melt in the +1 ºC case (Melt B). This snow melted onto frozen soil, creating runoff. In mid-

February, a precipitation event fell as snow in the baseline case, increasing the snowpack, but 

precipitation mostly fell as rain in the +1 ºC case, creating melt and rain onto frozen soil, leading 

to another runoff event in the warmer case (Melt C). In March, in the baseline case, the spring 

snowmelt occurred later and onto thawed soil, creating mostly groundwater recharge, with only 

minor runoff (Melt D, Event 2). However, in the +1 ºC case, the spring snowmelt occurred 

earlier and onto frozen soil, leading exclusively to runoff. Rain events in late March and April 

after all soil thawed infiltrated into the soil in both scenarios (Event 3), but due to the reduced 

soil moisture content in the deeper soil of the +1 ºC case, these initial rain events created much 

less recharge than in the baseline case; instead replenishing depleted soil moisture, since ice had 

prevented infiltration in the winter and more ET occurred in the spring (Figure 3.4).  



 

 

70 

 

Figure 3.3. Temporal evolution of precipitation, air temperature, snow depth, snowmelt, 

frost and thaw depth, recharge, and runoff for the calibrated baseline scenario (blue) and 

the +1 ºC air temperature scenario (red) in model winter-spring 2007.  
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Figure 3.4. Temporal evolution of frozen and total soil moisture content for 0 m to 2 m 

soil depths for baseline (+0 ºC) and +1 ºC scenarios for winter-spring 2007. a. Frozen 

(ice) soil moisture content for the baseline scenario. Red indicates unfrozen areas. b. 

Total (liquid + frozen) soil moisture content for the baseline scenario. c. Frozen (ice) soil 

moisture content for the +1 ºC air temperature scenario. d. Total (liquid + frozen) soil 

moisture content for the +1 ºC air temperature scenario.  

 

Model year 2009 (Figures 3.5 and 3.6) showed similar mechanisms for decreased 

recharge in the +1 ºC case, although the scenarios did not develop similar initial snowpacks in 

2009. An early December precipitation event led to snowfall in the baseline case and rain and 
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snowmelt in the +1 ºC case, leading to runoff in the +1 ºC case (Melt A). From this period 

onward, there was a dramatic departure in frost depth between the two scenarios, with much 

deeper frost depth in +1 ºC case. Additionally, much greater frozen ice content developed in the 

+1 ºC case (Figure 3.6). In a late December midwinter melt event that occurred under both 

scenarios (Melt B), the warm air thawed the soil in the baseline case, and melt infiltrated into the 

soil and created recharge (Event 1). In the +1 ºC case, rain and snowmelt occurred onto frozen 

soil, leading to runoff. Another midwinter melt event in late January had similar outcomes (Melt 

C), with recharge in the baseline case and runoff in the +1 ºC case (Event 2). After each of these 

melt events, frost depth and ice content increased in both scenarios, but it increased much more 

in the +1 ºC case, ultimately creating much deeper frost and higher ice content in the upper 

layers of the soil in the +1 ºC case. By March, a relatively large snowpack melted onto thawed 

soil in the baseline case, creating recharge (Melt D, Event 3). The small snowpack that still 

existed in the +1 ºC case melted onto frozen soil, again creating runoff. Rain events in late 

March and April, after all soil thawed, infiltrated into the soil in both scenarios (Event 4), but due 

to decreased soil moisture content in deeper soil layers of the +1 ºC case, these initial rain events 

created much less recharge than in the baseline case; instead making up for diminished soil 

moisture content, since ice had prevented infiltration through the winter and more ET occurred in 

the spring.    
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Figure 3.5. Temporal evolution of precipitation, air temperature, snow depth, snowmelt, 

frost and thaw depth, recharge, and runoff for the calibrated baseline scenario (blue) and 

the +1 ºC air temperature scenario (red) in model winter-spring 2009.  
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Figure 3.6. Temporal evolution of frozen and total soil moisture content for 0 m to 2 m 

soil depths for baseline (+0 ºC) and +1 ºC scenarios for winter-spring 2009. a. Frozen 

(ice) soil moisture content for the baseline scenario. Red indicates unfrozen areas. b. 

Total (liquid + frozen) soil moisture content for the baseline scenario. c. Frozen (ice) soil 

moisture content for the +1 ºC air temperature scenario. d. Total (liquid + frozen) soil 

moisture content for the +1 ºC air temperature scenario.  

 

For some model years, recharge increased slightly in the +1 ºC scenario from baseline, 

although in general, these changes were small relative to negative recharge anomaly years 

(Figure 3.2). We observed this most often occurred in years with similar snowpack and snow 
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depth in both scenarios. Increased recharge in the +1 ºC scenario was most often due to 

decreased frost depths developing and faster rates of soil thaw in the +1 ºC scenario. For 

example, in model year 2005, frost depth was similar in both scenarios, but the soil thawed faster 

and earlier in the +1 ºC case, allowing for increased snowmelt infiltration (Appendix B.3, Figure 

B8). In model year 2001, no snow existed at the beginning of the winter in either scenario, so 

frost developed deeper in the cooler, baseline case (Appendix B.3, Figure B7). A late February 

melt thawed soil completely in the +1 ºC scenario, allowing for a rain event to infiltrate the soil. 

However, the baseline scenario did not thaw completely, so increased runoff occurred from the 

rain. Notably, years with modest changes in recharge between warming/cooling lacked 

substantial changes in the frozen ground regime, whereas large contrasts in recharge were 

observed when frozen ground characteristics changed, usually due to warmer temperatures 

leaving exposed ground that was vulnerable to freezing during winter cold snaps.   

We recognized that there is equifinality in our model and multiple parameterizations and 

calibrations give a reasonable validation. To explore the sensitivity of our overall findings and 

trends to the specific model parameterization, we modeled climate scenarios for 8 additional 

baseline parameterizations and found that in all cases, we observed a threshold of frozen ground 

that resulted in reduced recharge in 2007 and 2009 in the +1 ºC case (Appendix B.4, Figure B9). 

In many parameterizations, we also observed large (greater than 5 cm) reductions in recharge in 

additional years, including model year 2000 (in 7 out of 9 parameterizations), 2018 (2 out of 9 

parameterizations), and 1992 (1 out of 9 parameterizations) (Appendix B.4, Figures B10 through 

B12). In all of these model years, we observed midwinter melt events that reduced snowpack and 

resulted in deeper frost and higher frozen soil moisture content in the +1 ºC case, reducing 

infiltration and recharge in the +1 ºC case relative to baseline.  
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3.3.3 Ensemble of Climate and Soil Texture Scenarios 

To test the extent to which groundwater recharge is sensitive to climate warming/cooling 

across a range of soil types and a gradient in base climatic conditions, we developed baseline 

models for a range of locations and soil textures found throughout the Midwest. Figure 3.7 

shows mean recharge and runoff, along with the 10th and 90th percentiles, over the 30-year model 

period (with individual model years plotted as well) from the ensemble of 272 model runs 

(meteorological data from 4 climates, 4 soil textures, and 17 air temperature change scenarios 

ranging from -4 ºC to +4 ºC at 0.5 ºC increments). Note that the Northern IL silty clay loam 

model shown in Figure 3.7 is identical to the calibrated Freeport, IL model shown in Figure 3.2 

except no ponding was assumed for the ensemble of climate scenarios due to numerical 

instabilities associated with ponding in coarser soil textures. While including ponding in the 

model slightly increased overall recharge, it did not change trends [Figure B13].  

At the Wisconsin sites, we observed a maximum in mean recharge occurring under air 

temperatures near baseline (approximately -2 ºC to +1 ºC), and then a decrease in recharge at 

cooler and warmer temperatures from this maximum. Similarly, although trends were muted, in 

Northern Illinois, we observed a maximum (coarser soil textures) or local maximum (finer soil 

textures) in mean recharge occurring under air temperatures slightly colder than baseline 

(approximately -2 ºC to -1 ºC), and then a decrease in recharge at cooler and warmer 

temperatures from this maximum or local maximum. While 1 ºC of warming from baseline air 

temperatures resulted in large (greater than 5 cm) decreases in recharge in 2 of the 30 model 

years in the Northern IL silty clay loam model (Figure 3.2c), this occurred more frequently for 

other soil textures and locations. For example, 1 ºC of warming resulted large (greater than 5 cm) 
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decreases in recharge in 7 of the 30 model years in Northern IL loamy sand and sandy loam soils 

and in 8 model years in Central WI loamy sand and sandy loam soils, with decreases in winter-

spring recharge ranging from 5 cm to nearly 20 cm.  

Although our model of sites with loamy sand showed increased recharge and decreased 

runoff compared with the silty clay loam case as expected due to the higher saturated hydraulic 

conductivity of sand, patterns (shapes of trends) were remarkably similar across the different soil 

textures. 

Across the different latitudes, maxima (or local maxima in the case of finer soil textures 

in Northern Illinois) in mean recharge shifted toward cooler scenarios from north to south 

consistently across all soil texture scenarios, with maxima in recharge shifting from warmer air 

temperature scenarios in Northern WI to lower air temperature scenarios in Northern IL. This is 

consistent with overall air temperature conditions; mean air temperature in the -0.5 ºC scenario in 

Northern WI is similar to the -1.5 ºC scenario in Northern IL, although other metrological input 

data, such as precipitation and solar radiation, vary. This trend, however, was not observed at the 

Central IL location. To examine this further, we modeled additional climate scenarios out to -8 

ºC for the Central IL site (Appendix B.5, Figure B14). Mean recharge still generally decreased 

with cooler temperatures, although we observed local maximum recharge occurring in cooler air 

temperatures for individual model years.  

Runoff generally decreased across all locations and soil textures from colder to warmer 

air temperature scenarios, with peak mean runoff occurring in the coldest air temperature 

scenario case (-4 ºC). However, a local minimum in mean runoff typically correlated with timing 

of maximum or local maximum recharge, with mean runoff increasing again with warmer air 

temperature scenarios until decreasing again with even warmer air temperature scenarios. This 



 

 

78 

trend is more pronounced in the 10th and 90th percentiles. For some soil textures and locations 

(e.g. all soil textures in Central WI and loamy sand in Northern IL), mean runoff increased with 

warming from baseline air temperature scenarios, ultimately decreasing again under much 

warmer scenarios. The general decrease in mean runoff with warmer air temperature scenarios 

correlated with increasing ET.  
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Figure 3.7. Ensemble of climate scenarios across a range of latitudes and soil textures 

showing winter-spring recharge and runoff. Baseline air temperatures were modified by -

4 ºC to +4 ºC in 0.5 ºC increments. Thick black lines show mean recharge and runoff 

over the 30 modeled winters and thinner black lines show the 90th and 10th percentiles 

over the 30 modeled winters. Colored lines show recharge and runoff over all 30 winters 

across the range of climate scenarios. Asterisks denote maximum (black) and minimum 

(gray) recharge and runoff.  
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The range in the 30-year mean winter-spring recharge across warming or cooling 

scenarios varied from 2.5 cm in Northern IL loamy sand soils to 9.8 cm in Northern WI loamy 

sand soils (Table 3.3). Percent change in 30-yr mean recharge (as a percent of maximum 30-year 

mean recharge simulated) with warming or cooling ranged from 10% change in Central IL loamy 

sand soils to 56% in Central WI silty clay loam soils. Winter-spring recharge in individual model 

years changed by as much as 32 cm (Central WI sandy loam), with maximum percent change in 

recharge in individual model years of approximately 85% across all sites and soil textures. From 

baseline air temperature scenarios with warming, maximum percent decrease in 30-year mean 

winter-spring recharge ranged from 2% (Northern IL silty clay loam) to 16% (Northern WI 

sandy loam). Furthermore, across individual model years, total maximum decrease in winter-

spring recharge from baseline air temperatures with warming ranged from 3.7 cm (Central IL silt 

loam) to as much as 22 cm (Northern WI sandy loam) in an individual winter-spring model year. 

Maximum percent decrease in winter-spring recharge from baseline air temperature scenarios 

with warming across individual model years ranged from 35% (Central IL finer soil textures) to 

93% decrease (Central WI silty clay loam soils) (Table 3.3).
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Range in 30-yr mean winter-spring 
recharge across warming or cooling 
scenarios (cm) 9.8 9.0 5.2 6.8 8.8 8.0 5.1 6.5 2.5 3.7 3.5 4.9 2.8 3.5 4.7 4.6 

% change in 30-yr mean recharge (as 
a percent of maximum 30-yr mean 
recharge simulated) (%) 52 55 44 56 43 47 45 54 10 17 21 28 10 15 25 23 

Range in recharge across individual 
model years (cm) 29.4 28.0 24.8 22.9 27.1 31.9 25.7 26.5 20.7 22.8 24.5 19.4 21.4 21.7 19.4 19.2 

Max % change in recharge across 
individual model years (%) 89 89 90 91 91 92 89 93 72 80 87 78 81 87 87 85 

Range in 30-yr mean recharge from 
baseline air temp with warming (cm) 2.9 2.4 0.4 0.8 2.2 2.6 1.1 1.1 1.6 1.0 0.7 0.4 0.8 0.1 0.6 0.7 

% change in 30-yr mean recharge 
from baseline air temp with warming 
(as a percent of baseline 30-yr mean 
recharge) (%) 16 15 -4 6 12 16 10 10 7 5 4 2 3 0 -4 -4 

Range in recharge from baseline with 
warming across individual model 
years (cm) 21.2 22.0 19.5 13.9 14.4 13.6 16.2 12.2 14.1 16.1 14.2 14.8 11.4 10.0 3.7 3.9 

Max % change in recharge from 
baseline with warming across 
individual model years (%) 74 80 86 74 91 91 89 93 69 79 47 49 40 45 35 35 

Table 3.3. Range and percent change in winter-spring recharge across the ensemble of climate scenarios for each location and soil 

texture modeled.  
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3.4 Discussion 

3.4.1 Model Validation/Calibration 

In this study, we calibrated and validated the model to available regional data in order to 

build confidence that the model is properly simulating melt processes in the Midwest, although 

the SHAW model has been successfully applied in many studies of frozen ground with minimal 

to no calibration (Flerchinger & Hanson, 1989; Flerchinger & Pierson, 1991; Hayhoe, 1994; 

Kahimba et al., 2009; Kang et al., 2005). The model performed well in matching SWE and soil 

temperature and less well in matching recharge, soil moisture, and snow depth (discussed further 

in Appendix B.2). While the magnitude of fit for some of these metrics was lacking (as measured 

by NS), the coefficient of determination (R2) was high for most metrics of fit, and since our 

analysis is dependent on relative changes in recharge, these discrepancies should not change 

overall trends and conclusions. Extensive calibration/validation and reproducing wintertime 

hydrologic response at specific sites was not the focus of this study. Our findings are based on 

comparisons between model scenarios, and our aim was to conduct broadly applicable numerical 

experiments; therefore, as discussed below in the sensitivity analysis (Section 3.4.11), we 

ensured our findings were consistent across a range of model parameterizations rather than 

simply the parameterization that best fit measured data.  

 

3.4.2 Climate Warming Scenarios: Changes in Recharge 

From the ensemble of climate scenarios modeled (Figure 3.7), we observe that at the two 

Wisconsin sites, maximum mean recharge occurs under air temperatures near baseline 

(approximately -2 ºC to +1 ºC). Recharge then decreases with warmer air temperatures. This 
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pattern is observed across all soil textures tested at the Wisconsin sites. At the Northern Illinois 

site, a similar – but muted and shifted – pattern is observed. A maximum (coarser soil textures) 

or local maximum (finer soil textures) in mean recharge occurs under air temperatures slightly 

colder than baseline (approximately -2 ºC to -1 ºC), and recharge decreases with warmer 

temperature scenarios. Factors contributing to decreased recharge in warmer scenarios are 

discussed below.  

We did not observe these patterns at the most southern (Central Illinois) site. We believe 

this is because the effect of frozen ground diminishes at this latitude and climate. Although we 

modeled air temperature scenarios to -8 ºC at this site (Appendix B.4, Figure B14), we still did 

not observe significant changes in mean recharge. Changing air temperature alone cannot 

account for all controls on frozen ground, such as solar radiation (which remained unchanged in 

our climate scenarios) and precipitation (the Central Illinois site also experienced the greatest 

winter precipitation of all sites tested [Table 3.1]). Thus, these results suggest there is a threshold 

climate at which frozen ground becomes a significant control on groundwater recharge.  

Winter-spring recharge is highly sensitive to changes in air temperature, and the 

relationship between air temperature and recharge is highly non-linear. Recharge varied 

significantly from year-to-year, and slight increases in air temperature created anomalous 

decreases in recharge for particular model years. These changes were episodic, demonstrating 

that once a threshold temperature was exceeded for a given winter, dramatic declines (greater 

than 5 cm) in recharge occurred, as observed with only 1 ºC warming from baseline air 

temperatures in two years at the calibrated Northern IL site (Figure 3.2c) and in eight years at the 

Central WI site.  
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3.4.3 Factors Causing Decreased Recharge in Warmer Climates 

We observed decreased recharge in warmer climate scenarios due to a number of 

interrelated factors, including (1) increased rain and decreased snowfall out of total precipitation, 

(2) lower snowpack accumulation, (3) increased and more complete midwinter melt events, (4) 

increased frost depth and frozen soil moisture content, (5) increased incidences of snowmelt and 

rain onto frozen ground, (6) higher rate of snowmelt and earlier spring snowmelt, and (7) 

increased ET/sublimation. Although these factors are discussed individually below, it is their 

combined and often sequential effects which can result in significantly reduced recharge. 

Through close inspection of timeseries from the ensemble of climate and soil texture scenarios, 

we observed that the years with the largest reductions in groundwater recharge in the warmer 

scenarios were years with midwinter snowmelts. Midwinter melt events expose bare or 

minimally snow-covered ground and, if followed by a subsequent cold period, increase frost 

depth and frozen soil moisture content (also known as a freezeback). Snowmelt and winter 

precipitation partitioning between groundwater recharge and runoff were largely controlled by 

frozen soil moisture content and soil frost. In particular, in scenarios when the spring snowmelt 

occurred on frozen ground, we observed the largest reduction in recharge, resulting in 

anomalously low recharge. These findings support Ala-aho et al.’s (2021) hypothesis that the 

“key factor determining the fate of [seasonally frozen ground] presence at its southernly fringes 

is the interplay between snowpack development and ground freezing.” We further assert that 

midwinter snowmelts and subsequent freezebacks specifically are key drivers of this interplay.  

3.4.3.1 Increased Rain and Decreased Snowfall 

In instances where precipitation fell as rain in warmer climate scenarios but snow in 

cooler climate scenarios, we observed increased runoff from rain. Regardless of frozen ground 
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conditions, rain is more likely to exceed soil infiltration capacity because it typically falls faster 

than snow melts (Price & Hendrie, 1983). The importance of this phenomenon likely varies 

based on the soil infiltration characteristics, slope, and land cover (Jury & Horton, 2004).  

3.4.3.2 Lower Snowpack Accumulation 

We observed lower snowpack accumulation in warmer climate scenarios due to 

decreased snowfall and increased, more complete, midwinter melt events. Snow cover alters heat 

exchange with the atmosphere, insulating the ground from cold winter temperatures (Flerchinger, 

1991; Halim & Thomas, 2018). The insulating properties the snowpack vary by snow depth and 

snow thermal conductivity, which is controlled by snow density (specifically air content) and 

snow structure (DeWalle & Rango, 2008).  

3.4.3.3 Increased More Complete Midwinter Melt Events  

We observed increased, more complete midwinter melt events in warmer scenarios. Field 

studies have also observed increased midwinter melt events in warmer air temperatures (Henry, 

2008; Rasmus, 2005b). In addition to reducing or eliminating snowpack, these midwinter melt 

events provide a source of moisture, increasing soil moisture content in the upper layers, as 

observed in our model scenarios and previously observed in field experiments (Iwata et al., 2011; 

Xiuqing & Flerchinger, 2001).  

3.4.3.4 Increased Frost Depth and Frozen Soil Moisture Content  

A key feature of our modeled scenarios is that a reduced snowpack, which can result 

from the above three mechanisms, provides less insulation from cold winter temperatures, 

increasing frost depth and frozen soil moisture. Though their studies were of soil temperatures 

and not hydrologic partitioning, Halim and Thomas (2018) and Brown and DeGaetano (2011) 
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also observed colder soil in warmer climates due to reduced snowpack. However, although soil 

temperature and frost depth are measures of frozen ground, they do not determine how 

impermeable frozen ground is. For example, Post and Dreibelbis (1943) classified four types of 

soil frost; while granular and honeycomb frost are highly permeable and stalactite frost is 

relatively permeable, concrete frost can be nearly impermeable because it consists of thin ice 

lenses. We observed that, if low-insulation cold periods are preceded by a midwinter melt, the 

high soil moisture content from the midwinter melt can freeze, increasing ice content of the soil 

and clogging soil pores, also known as a freezeback. This result is supported by field studies and 

field experiments that have observed that infiltration capacity of frozen ground is largely a 

function of frozen ice content (Bayard et al., 2005; Dunne & Black, 1971; Harms & Chanasyk, 

1998; Iwata et al., 2011; Price & Hendrie, 1983; Xiuqing & Flerchinger, 2001) and that concrete 

frost most often forms after a freeze/thaw event or after a rain event (Post & Dreibelbis, 1943; 

Shanley & Chalmers, 1999).   

3.4.3.5 Increased Snowmelt and Rain onto Frozen Ground 

Because warmer scenarios were more likely to have increased frost depth and frozen soil 

moisture content, they were also more likely to have increased snowmelt and rain fall onto 

frozen ground, reducing recharge and increasing runoff. In particular, warmer years with 

increased number and magnitude of midwinter melts and subsequent freezeback events resulted 

in the greatest reductions in groundwater recharge. This is because midwinter melt and 

freezeback led to high ice content in the upper layers of the soil, as mentioned above, which can 

prevent or reduce infiltration and increase runoff instead. While other field studies have found 

that pore ice in wetter soils is more likely to prevent infiltration than pore ice in drier soils 

(Granger et al., 1984; He et al., 2015) and ice lenses on or near the ground surface formed from 



 

 

87 

frozen snowmelt were more likely to prevent infiltration than soil frost deeper in the soil (Iwata 

et al., 2011; Kane & Stein, 1983), this phenomenon has not previously been clearly linked to 

warmer climates.  

In addition to higher ice content, warmer scenarios that developed deeper frost took 

longer to thaw than cooler scenarios with shallower frost, which also increased likelihood of melt 

onto frozen ground in these years. Furthermore, as discussed below, earlier snowmelt in warmer 

cases led to increased likelihood of melt on frozen ground.  

3.4.3.6 Increased Rate of Snowmelt and Earlier Spring Snowmelt 

Additionally, the spring snowmelt was typically earlier (due to warmer temperatures) and 

smaller (due to the reduced snowpack) in the warmer scenarios, such that snow melted onto 

frozen ground in warmer scenarios and thawed ground in the cooler scenarios. Rate of 

snowmelts is also a factor, melting faster in warmer scenarios and, therefore, more likely to 

exceed infiltration capacity of the soil, regardless of frozen ground conditions, consistent with 

field observations by Price & Hendrie (1985) and flood frequency analysis by Yu et al., (2020). 

3.4.3.7 Increased Evapotranspiration/Sublimation  

Lastly, warmer scenarios also had increased ET, which includes sublimation (Figure 

3.2a). This relationship is well-established in the literature (Hu et al., 2019), and reductions in 

recharge due to increased ET is a direct consequence of the water budget in which increases in 

one loss term must be compensated for by decreases in another. 
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3.4.4 Factors Causing Increased Recharge in Warmer Climates 

Although mean recharge decreased in warmer climate scenarios for most sites, some 

model years exhibited an increase in recharge despite the increase in temperature, although these 

increases in recharge were generally lower magnitude than observed decreases (e.g. Figure 3.2c). 

In scenarios close to existing air temperatures, this appears to be mainly due to two factors: (1) 

decreased frost depth and (2) more rapid and earlier thawing of the soil. These circumstances 

typically occurred when snowpack and snow cover were similar in both the warmer and cooler 

scenarios. With similar snowpacks, shallower frost depth typically developed in warmer 

scenarios, leading to more rapid and earlier thaws, allowing for increased infiltration in these 

warmer climate scenarios (consistent with other studies observing earlier thaws with decreased 

frost depths (Flerchinger & Seyfried, 1997; Harada et al., 2009). Even in model years with 

similar frost depths, warmer air temperatures typically thawed soil faster and sooner, increasing 

infiltration and recharge in these warmer scenario examples.  

For large warming anomalies, the trend reverses and recharge begins to increase with 

increased temperature. (Figures 3.2a, 3.7). In these scenarios, air temperatures are sufficiently 

warm such that, though snow cover is greatly reduced, frost and frozen soil moisture content are 

also reduced and, if frozen ground does develop, it thaws quickly. However, these much warmer 

scenarios also correlate with increased ET and decreased snowfall, which contribute to 

reductions in recharge, regardless of frozen ground conditions.  

 

3.4.5 Soil Texture 

Patterns were remarkably similar across soil textures. Although we observed increased 

mean recharge at sites with coarser soil textures, as expected, we did not observe evidence of 
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increased incidence of impermeable frozen ground at finer-textured sites. Similarly, although 

total change in recharge was typically higher for coarser soil textures, percent change in recharge 

was higher for finer soil textures (Table 3.3). This supports the findings of Ala-aho et al. (2021), 

which in a review of 143 studies of seasonally frozen ground’s impact on hydrologic response 

(predominately infiltration and overland flow generation), found that evidence for soil frost 

affecting hydrological partitioning is broadly the same, regardless of soil type. These patterns 

were also similar across the three different soil retention curve models available in SHAW 

(Brooks and Corey, Campbell, and van Genuchten) (Appendix B.5, Figure B15).  

 

3.4.6 Implications for the “Colder Soils in a Warmer Climate” Debate 

Although soil temperature and frost depth were not the focus of this study, our findings of 

nonlinear trends between air temperature and recharge may provide insights into conflicting 

results between previous studies, particularly the debate over whether increased air temperature 

will increase or decrease soil temperature and soil frost. Similar to how we frequently observed 

increased frost depth due to decreased snow cover in warmer scenarios, through snow 

manipulation studies (Groffman et al., 2001), proxy year analysis (Halim & Thomas, 2018), and 

soil temperature modeling (Brown & DeGaetano, 2011) studies have predicted colder soil 

temperatures in a warmer climate, also attributing these trends to decreased snowpack in warmer 

climates. However, through evaluation of long-term soil temperature trends in Russia 

(Frauenfeld et al., 2004) and Tibet (Zhao et al., 2004) warmer soil temperatures have been 

observed with warmer air temperatures. We explain this discrepancy through the lack of 

correlation between increased air temperatures and decreased snow cover in these studies. In 

fact, Frauenfeld et al. (2004) observed increasing snow depth with increasing air temperatures in 
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Russia, which our model indicates would increase snow insulation and increase soil temperature 

as well. Similarly, Zhao et al. (2004) noted that very little snow cover exists in their study region 

due to dry winters and strong winds, which would also explain why decreased soil temperature 

was not observed there. Campbell et al. (2010) used the SHAW model to study how climate 

change may affect annual snow cover, soil frost depth, and freeze-thaw events at a forested site 

in New Hampshire from 1979-2099. Over climate scenarios that increased mean air temperature 

by 1.8 ºC to 8.1 ºC and mean precipitation by 1.8 cm to 29.7 cm, they observed decreased annual 

snow cover, increased number of freeze-thaw events, and little change in annual soil frost depth. 

It is notable that with such extreme increases in air temperature alongside increased precipitation, 

Campbell et al. (2010) still observed that annual soil frost depth remained constant, and this is 

compatible with our findings (e.g. Figure 3.2a).   

 

3.4.7 Implications for the Effect of Climate Change on Recharge 

Differences in mean winter-spring recharge between climate scenarios over the 30-year 

model period ranged across the climate scenarios (-4 ºC to +4 ºC) from 2.5 cm or 10% change at 

the southern sites to 10 cm or 56% change at the northern sites (Table 3.3). The combined effects 

of decreased snowpack, increased ET, and increased likelihood of frozen ground during 

snowmelt under warming scenarios decreased mean winter-spring groundwater recharge from 

baseline air temperatures by 2% to 16% and, in particular model years, decreased recharge by 

more than 90%, or 22 cm. These changes are cumulative, and over many years, even a slight 

decline in mean annual recharge could decrease groundwater supplies in the near future. 

Additionally, variation in recharge from year-to-year was significant. With only 1 ºC warming 

from baseline air temperatures, total winter-spring recharge decreased by more than 5 cm in two 
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years at the calibrated Northern IL site (Figure 3.2c) and in eight years at the Central WI site. In 

model year 2009 at the calibrated site, a 1 ºC increase in air temperature reduced recharge by 15 

cm from baseline. Thus, substantial variation from year-to-year should be expected in the future, 

with frozen ground acting as a key driver of anomalously low recharge in certain years. These 

effects were most pronounced at the Wisconsin sites, which have experienced mean winter air 

temperatures of -5 ºC (Table 3.1) over the past 30 years. Therefore, we expect reductions in 

recharge due to changes in frozen ground to be most pronounced at sites with winter 

temperatures that currently remain below freezing all winter, but with climate warming, will 

cross the threshold above freezing multiple times during future winters. However, if warming is 

sufficiently extreme that winters rarely see below-freezing conditions for extended periods, 

frozen ground becomes less important and, if it develops at all, thaws rapidly enough such that it 

does not affect hydrological partitioning.  

In addition to increased air temperatures, climate change projections predict increased 

variability in temperature (Tamarin-Brodsky et al., 2020), including midlatitude winter 

temperatures (Cohen, 2016). Even if mean winter air temperatures were to remain constant, 

increased variability in air temperature would likely lead to increased number of midwinter melt 

and subsequent freezeback events, leading to increased frozen ground and decreased 

groundwater recharge. This “winter weather whiplash” effect (Casson et al., 2019) of unusually 

warm winter air temperatures followed by extreme cold conditions could increase the extent and 

effect of frozen ground, further decreasing groundwater recharge. 

In addition to changes in the magnitude of recharge, we also observe shifts in the timing 

of recharge under warming scenarios due to the occurrence of midwinter melts and earlier spring 

melts. Even if magnitude of recharge were to remain constant under warmer climates, earlier 
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snowmelt and shifting of recharge events to earlier in the year has important implications for 

seasonal groundwater availability and baseflow in rivers into the late spring and summer months. 

Our analysis only accounted for changing air temperatures and not changing precipitation 

so as to isolate the effects of air temperature on recharge and runoff. In some areas, such as the 

Midwest, climate change may increase winter precipitation, including snowfall (Pryor et al., 

2014). An increase in snow cover and snowpack could increase winter soil insulation, decreasing 

frozen soil content. However, if periods of high snowpack are followed by midwinter melt events 

and subsequent freezebacks, the increased snowpack may still create the conditions for increased 

frozen ground, increasing runoff instead. Increased precipitation in other seasons could also 

make up for decreased recharge from winter months. While a more complete study of the effects 

of climate change on total annual recharge is needed, our study reveals the largely unrecognized 

role of changing frozen ground regimes in driving recharge variability in areas with seasonally 

frozen ground. 

 

3.4.8 Implications for Runoff, Streamflow, ET, and Soil Moisture 

In some locations and soil textures, slight increases in air temperature led to increased 

mean runoff (e.g. all soil textures in Central WI and loamy sand in Northern IL), although most 

often mean runoff decreased with warming temperatures. However, for particular model winters, 

runoff increased significantly in a slightly warmer climate. This could have important 

implications for winter and spring flooding, as increased midwinter melt events and frozen 

ground conditions increase incidences of melt and rain onto frozen ground, observed in our 

simulations and supported by previous field observations (Bayard et al., 2005; Dunne & Black, 

1971).   
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As streamflow is a combination of direct runoff and baseflow from recharge, we would 

expect greater peak streamflow in years with higher winter-spring runoff and lower recharge. 

Overall, with increased ET and reduced snowfall, we may expect decreased streamflow in a 

warmer climate, assuming no change in precipitation. The observed decreases in mean winter-

spring recharge of 2% to 16% from baseline air temperatures with warmer scenarios could lead 

to a decrease in summer baseflow of a similar magnitude. This percent decrease in baseflow 

could be exacerbated if human use of groundwater is not reduced in proportion to decreases in 

recharge. These findings are supported by other studies; Berghuijs et al. (2014) found that 

reduced snowfall, given similar amounts of precipitation, significantly reduced mean streamflow, 

although did not propose mechanistic reasons. Similarly, using SHAW to model a site in Idaho, 

Marshall et al. (2019) found that 3.5 ºC of warming decreased streamflow significantly, 

attributing these effects to increased watershed homogenization from lower amounts of snow and 

snow drift.   

Consistent with climate change projections, increased air temperatures will likely 

increase winter and spring ET (Pryor et al., 2014), which could decrease overall water available 

for spring recharge and runoff. Additionally, as mentioned above, increased frozen soil content 

can prevent infiltration throughout the winter, leading to a soil moisture deficit in the spring. 

This could have implications for spring soil moisture available for ecosystems and agriculture.    

 

3.4.9 Land Use and Spatial Variability  

We focused our simulations on agricultural sites, since these are dominant throughout the 

Midwest. We would not necessarily expect these trends to exist, or have the same magnitude, in 

forested areas with significant leaf litter (Post & Dreibelbis, 1943) or canopies to warm the soil 
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and increase longwave radiation (Lundquist et al., 2013). As Ala-aho et al. (2021) found in their 

review of sites showing incidences of frozen ground, we expect these effects to be most 

prevalent at agricultural sites and least prevalent in forested areas, although additional studies 

should focus on a range of land cover. 

Our findings have implications for land management, particularly in agricultural areas. 

We modeled the effects of frozen ground on agricultural fields assuming 3 cm tall crop stubble 

and significant residue throughout the winter (2 cm thick residue over 90% of the ground 

surface). We would expect the extent and depth of frozen ground to be greater in fields with bare 

soil and decreased amount and cover of residue. Conversely, we may expect reduced frozen 

ground in fields with increased crop stubble, cover crops, and residue. Field experiments of 

different field treatments under frozen ground conditions conducted by Xiuquing and Flerchinger 

(2001) in China did not yield significant differences in infiltration characteristics of frozen soil in 

fields with crop stubble versus cover crops (winter wheat); frozen ground prevented infiltration 

regardless of field treatment. However, in periods without frozen ground, infiltration was 

significantly greater for fields with cover crops versus crop stubble (Xiuqing & Flerchinger, 

2001). Thus, established agricultural and land use practices that are known to increase infiltration 

in non-frozen soil conditions would likely increase infiltration and recharge overall in areas with 

seasonally frozen ground. Such practices include planting winter cover crops, maintaining 

residue and crop stubble, use of perennial crops, increasing organic matter of the soil, and 

planting field buffers (Magdoff & van Es, 2009; U.S. EPA, 2020). If tillage is used, practices that 

increase soil porosity, surface roughness, microtopography, and ponding depth could also 

increase overall infiltration (Xiuquing and Flerchinger, 2001).  
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We simulated winter recharge and runoff processes using a 1D model; therefore 

interpretation of spatial patterns is limited. Although we simulated the effects of ponding, which 

increased recharge but did not change overall patterns of local maxima in recharge, we could not 

simulate spatial patterns of snow cover, overland flow, or groundwater. In a prairie pothole 

region of Minnesota, Daniel & Staricka (2000) observed that frozen ground prohibited 

infiltration and recharge in upland areas but increased depressional recharge in lowland areas via 

macropore flow, bypassing the soil frost layer in these areas. Using a 2D coupled flow and heat 

transport model, Evans et al., (2018) observed that changes in frozen ground due to climate 

change altered the location of groundwater discharge but did not change the magnitude of 

groundwater recharge to an Rocky Mountain watershed. More research is needed to understand 

how spatial variability in snow, midwinter melts, frozen ground, topography, and land use will 

affect groundwater recharge and runoff in the future.  

 

3.4.10 Macropore Flow 

The SHAW model does not account for macropore or preferential flow, which could 

account for lags in recharge observed in some years when compared with calibration data 

(Douglas, 2007; Flerchinger et al., 2012; Zhang et al., 2016). Through field experiments 

(Mohammed et al., 2019), laboratory experiments (Pittman et al., 2020) and numerical modeling 

(Mohammed et al., 2021), the importance of preferential flow paths in snowmelt partitioning and 

groundwater recharge have been demonstrated, suggesting that when macropores remain air-

filled but frozen, rapid groundwater recharge can occur; however, in conditions with high 

antecedent soil moisture, pore ice can block macropores, enhancing runoff instead. Larger pores 

are less likely to freeze in a saturated state; therefore, in situations where they remain unblocked 
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by ice, we may expect infiltration in macropores to occur regardless of whether soil is frozen 

(Douglas, 2007; Flerchinger et al., 2012; Zhang et al., 2016). In these situations, accounting for 

the effects of macropore flow could diminish the magnitude of some of the trends we observed; 

however we would expect the overall trend to be similar, even if muted. However, in situations 

where pore ice blocks macropores, which is more likely following midwinter melt due to high 

antecedent soil moisture (Pittman et al., 2020), we could potentially see amplified increases in 

runoff and decreases in recharge, since when preferential flow paths are not blocked by ice, they 

typically lead to significant recharge.  

 

3.4.11 Sensitivity Analysis 

We performed a sensitivity analysis using the mid-range latitudes (Northern IL and 

Central WI) and mid-range soil textures (sandy loam and silt loam) and varied other model 

parameters to determine whether the patterns observed in Figure 3.7 and our overarching 

interpretations where dependent on model parameterization. We varied the water retention curve 

model, soil texture parameters, soil temperature boundary conditions, residue, ponding depth, 

plant parameters, and other model parameters (shown in Appendix B.5, Figure B15). While 

some parameterizations shifted trends (e.g., increasing ponding depth increased recharge and 

decreased runoff), the general pattern of observed maxima or local maxima in recharge and of 

decreasing recharge in slightly warmer temperature scenarios from baseline were consistent. 

Similarly, some parameterizations shifted maxima or local maxima in mean recharge to warmer 

climate scenarios (e.g. warming bottom soil temperature boundary conditions by an additional 4 

ºC) or cooler climate scenarios (e.g. decreasing percent cover of residue), but overall patterns 

were consistent. This suggests that our findings are robust and likely broadly applicable to areas 
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that experience seasonally frozen ground where reduced snowpack and increased midwinter melt 

events are expected with climate change.  

 

3.5 Conclusions 

We conducted numerical experiments to explore how variations in air temperature affect 

winter and spring groundwater recharge and runoff. We found that in areas with seasonal snow 

cover and frozen ground, particularly areas that experience below but near freezing winter 

temperatures, warmer temperatures may decrease groundwater recharge. Model results show that 

midwinter snowmelts were key drivers of decreased groundwater recharge in warmer climates. 

Midwinter snowmelts reduce snowpack, exposing bare or minimally snow-covered ground to 

subsequent cold periods, playing a major role in increasing soil frost depth and ice content, and 

increasing runoff and decreasing recharge in subsequent melt events. Although the individual 

processes described act to decrease recharge, years in which these events (midwinter melt, 

freezeback, subsequent melt) occur in sequence exhibit the most dramatic reductions in winter-

spring recharge. Differences in mean winter-spring recharge ranged from 10% change at the 

southern sites to 56% at the northern sites. The combined effects of decreased snowpack, 

increased ET, and increased likelihood of frozen ground during snowmelt under warming 

scenarios decreased mean winter-spring groundwater recharge from baseline air temperatures by 

2% to 16% and, in particular model years, decreased recharge by more than 90%, or 22 cm. 

Moreover, variation in recharge year-to-year was significant, with frozen ground acting as a key 

driver of anomalously low recharge in certain years. Future work should explore how these 

trends vary across landscapes, topography, and climates.  
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4 Conclusions 

The work detailed in this thesis addresses a critical knowledge gap in the relationship 

between frozen ground regimes and winter and spring (winter-spring) groundwater recharge. 

Although previous studies have shown that frozen ground plays a role in the hydrological 

partitioning of snowmelt into runoff and infiltration, few studies have examined the impacts of 

frozen ground on groundwater recharge. Although previous studies have found that midwinter 

snowmelt events are expected to increase with climate change and separate studies have shown 

that freeze/thaw cycles increase incidences of impermeable frozen ground, to our knowledge, no 

study has specifically examined the role of midwinter snowmelt and subsequent freezeback in 

reducing groundwater recharge. Furthermore, no previous study has tied these processes together 

to demonstrate how climate change may change snow cover, midwinter melt, and frozen ground 

regimes to affect groundwater recharge. This thesis addressed these knowledge gaps using two 

complementary approaches: retrospective statistical analysis and numerical modeling. Chapter 2 

presented a retrospective statistical analysis of groundwater, meteorological, and soil 

observations, demonstrating the principal factors contributing to variation in winter-spring 

recharge. Chapter 3 employed a physical model of heat and water transfer in the vadose zone to 

quantify the effects of warming air temperatures and resulting changing frozen ground regimes 

on recharge. Together, these complementary approaches elucidate the complex relationships 

between snow cover, midwinter melt events, frozen ground, and groundwater recharge. Taken as 

a whole, this work provides a framework for predicting the extent to which climate change may 

lead to increased midwinter snowmelt events and subsequent freezebacks, changing the timing 

and magnitude of winter and spring groundwater recharge. 
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Using both approaches, I show that midwinter snowmelt and subsequent freezeback 

events significantly reduce winter-spring groundwater recharge. In Chapter 2, I found that, of 65 

variables tested, one of the top three most consistently significant predictors of reduced recharge, 

given similar amounts of precipitation, was the number of freezeback events (midwinter melt 

followed by freezeback and subsequent melt) in a winter. Here, freezeback events were defined 

and measured as part of a sequence: midwinter melt events followed by a subsequent cold period 

with minimal to no snow cover and also followed by a subsequent melt event. In examining data 

from 10 sites throughout Wisconsin and Illinois for a combined 131 site-years, I found that 

winters with this sequence had less recharge than expected, given the amount of precipitation 

that winter-spring. Other unordered variables measuring midwinter melts and frozen ground 

were not as important as the ordered variables, highlighting the sensitivity of hydrological 

partitioning to the sequence of events. To our knowledge, we are the first to quantify the 

occurrence of this sequence of events (snowmelt followed by a freezeback and another melt) and 

demonstrate its significance in reducing winter-spring groundwater recharge in a comprehensive 

statistical analysis. Similarly, in Chapter 3, I observed that years with anomalously low 

groundwater recharge were years with this sequence of events: midwinter melt events followed 

by freezeback and subsequent melt. Using simulations, I controlled for all other variables, only 

changing air temperature. Model scenarios with increased air temperature often had increased 

and more complete midwinter melt and subsequent freezeback events compared with otherwise 

identical but cooler scenarios, and I observed that these situations led to the most significant 

reductions in groundwater recharge.   

In both chapters, I clarify the mechanisms by which reduction in groundwater recharge 

occurs due to midwinter melt and subsequent freezeback events. In Chapter 2, I demonstrate that 
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reduction in recharge occurs when midwinter melt events are followed by a subsequent cold 

period with minimal to no snow cover and also followed by a subsequent melt event. Other 

variables measuring midwinter melt or frozen ground occurrence were not as predictive as this 

sequence of events, demonstrating that low snowpack, high soil moisture content, and frozen 

soils all contribute to reductions in recharge and highlighting the sensitivity of hydrological 

partitioning to the sequence of events. In Chapter 3, I demonstrate how midwinter melt events 

reduce snowpack and expose the soil to subsequent cold periods, increasing frost depth. 

Critically, I demonstrate how midwinter melts also increase soil moisture, which during 

freezeback, leads to increased ice content in the upper layers of the soil, clogging soil pores and 

preventing infiltration and recharge during subsequent melt events. These model results show 

that midwinter snowmelt and subsequent freezeback events are key drivers of decreased 

groundwater recharge. Collectively, these findings support our conceptual model of how 

reduction in recharge occurs: midwinter snowmelts reduce snowpack exposing bare or minimally 

snow-covered ground to subsequent cold periods, playing a major role in increasing soil frost 

depth and ice content and increasing the likelihood of impermeable frozen ground during 

snowmelt, ultimately decreasing groundwater recharge.  

In addition to the effects of midwinter melt and subsequent freezeback, both chapters 

reveal other factors that reduce groundwater recharge, specifically reduction in snowfall and 

snowpack, increases in evapotranspiration (ET), and increases in air temperature. In Chapter 2, I 

found that, in addition to the number of freezeback events, the other three principal predictors of 

decreased recharge in a given winter-spring were decreased amount and cover of snow, increased 

ET (which includes sublimation), and increased air temperatures. Similarly, in Chapter 3, I 

observed that increased air temperatures contribute to reduced snowfall and snow cover and 
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increased ET, further contributing to reductions in groundwater recharge in warmer scenarios. In 

many locations, climate change is projected to reduce snowpack and increase ET, which, even 

without changes in frozen ground, could reduce recharge in the future. 

All of these findings combined present important implications for climate change impacts 

on groundwater recharge and groundwater supply. In Chapter 2, I show that increased mean 

winter-spring air temperatures correlate with decreased winter-spring recharge. In Chapter 3, I 

show that under some climatic conditions with seasonally frozen ground, warmer temperatures 

decrease groundwater recharge. The combined effects of decreased snowpack, increased ET, and 

increased likelihood of frozen ground during snowmelt under warming scenarios decreased mean 

winter-spring groundwater recharge from current conditions (winter-springs 1990 through 2020) 

by 2% to 16% and, in particular model years, decreased recharge by more than 90%, or 22 cm.  

Warmer years with the most significant reductions in groundwater recharge compared with 

cooler years were those with midwinter melt events followed by freezeback. As midwinter 

snowmelts and subsequent freezeback increase with warmer winter temperatures, these findings 

suggest climate change could decrease groundwater recharge in some locations and climactic 

conditions if accompanied by changes in snowpack and the frozen ground regime. These changes 

in the frozen ground regime, combined with the reductions in snowfall and increases in ET 

discussed above, could have significant consequences for groundwater supply in the future. 

Furthermore, climate change projections predict increased variability in winter air temperatures, 

in addition to increased mean air temperatures, which would likely further contribute to 

increased number and extent of midwinter melt and subsequent freezeback events, further 

increasing frozen ground and decreasing groundwater recharge in the future. Although mean 

winter-spring recharge may not change dramatically, changes are cumulative, and over many 
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years a slight decline in mean annual recharge could decrease groundwater supplies in the near 

future. Furthermore, decreases in mean winter-spring recharge of 2% to 16% could lead to 

similar decreases in summer baseflow. Summer baseflow would also decrease due to shifts in the 

timing of peak winter-spring groundwater recharge to earlier in the winter. These effects would 

be exacerbated if human use of groundwater is not reduced commensurate with declines in 

recharge. Moreover, significant variation year-to-year should be expected, with frozen ground 

acting as a key driver of anomalously low recharge in certain years. Additionally, this is 

anticipated to have important implications for winter and spring flooding, as increased midwinter 

melt events and frozen ground conditions increase incidences of melt and rain onto frozen 

ground, leading to runoff. I expect reductions in recharge to be most pronounced at sites with 

winter temperatures that hover below but near freezing, increasing incidences of midwinter melts 

and subsequent freezeback. If warming is sufficiently extreme that winters rarely see below-

freezing conditions for extended periods, frozen ground becomes less important and, if it 

develops at all, thaws rapidly enough such that it does not affect hydrological partitioning. While 

a more complete study of the effects of climate change on total annual recharge is needed, 

through these two studies, this thesis reveals the largely unrecognized role of changing frozen 

ground regimes in driving recharge variability in areas with seasonally frozen ground, 

specifically demonstrating how increased midwinter melt and freezeback events may reduce 

groundwater recharge in warming climates, providing a scientific basis for predicting how inputs 

to aquifers may change in the future. As climates continue to warm and groundwater extraction 

for human consumption continues to strain aquifers, understanding one of the most vital 

processes by which aquifers are replenished – groundwater recharge from the spring snowmelt – 
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and how this process may change in the future, is imperative for successful assessment and 

management of this essential resource.  

Future work should explore how frozen ground regimes vary across landscapes, 

topography, and climates to understand how spatial variability in surface hydrologic and thermal 

inputs affect groundwater recharge and runoff, and their respective flow paths. Additionally, 

research should be conducted on whether and how much increases in precipitation can counter 

the effects of increased midwinter melt events, percent rainfall, and ET on decreased recharge 

from climate warming. Furthermore, complete studies of the effects of climate change on total 

annual recharge are needed; however, as this work demonstrates, it is imperative that such 

studies incorporate the effects of frozen ground in the winter and spring. Lastly, our focus was on 

direct changes to groundwater recharge, but these findings have important implications for 

terrestrial and aquatic ecosystems, agriculture, baseflow in rivers, and drinking water supply, 

which are all dependent on groundwater. More research is needed to understand how these 

resources may be affected by frozen ground and variability in recharge under future climate 

change.  
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Appendix A: Chapter 2 Supplemental Materials 

Appendix A.1: Additional Methods 

A.1.1 Water Table Fluctuation Method 

Antecedent and Sequent Recession Curves and Automated WTFM Approach 

In many instances across sites, individual recharge events were not distinct and occurred 

over extended time periods when groundwater recession could not be neglected. Additionally, 

across many sites, sharp (high and rapid) rises and declines in water level were observed. 

Traditional implementation of the WTFM yielded a volume of water estimated that was, in some 

cases, higher than could be accounted for based on the change in head and estimated Sy of the 

soil. Available literature on this topic suggests these effects are due to potential air entrapment in 

the vadose zone explained by the “Lisse effect” (Hooghoudt, 1947) or the “reverse 

Wieringermeer effect” (RWE) (Gillham, 1984) and could not be neglected (Miyazaki et al., 

2012; Weeks, 2002). To account for both the effects of water level recession and air entrapment, 

we developed a master recession curve (MRC) at each site and calculated an antecedent and 

sequent recession curve preceding and postceding each water level peak, which were used to 

infer the head value for calculation of the peak water level rise, discussed below (Figure A1). 
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Figure A1. Recharge is calculated using the water table fluctuation method (Healy, 

2010), using extrapolated antecedent and sequent recession curves to account for water 

table recession and air entrapment. Recharge is calculated as specific yield (Sy) 

multiplied by ∆H, the difference between recession curves at the time of peak.  

 

Master Recession Curve 

A master recession curve (MRC) determines the rate of groundwater recession at a given 

site as a function of groundwater depth during times when there is little to no recharge or other 

disturbances to the groundwater, such as pumping. Advantages include the ability to identify 

extensive dry periods throughout the available groundwater record to estimate baseline recession 

more accurately and to make recharge calculations consistent from event-to-event and year-to-

year (Heppner & Nimmo, 2005). We developed MRCs for each site using the USGS’s MRC 

Fitting Program MRCfit in R (Nimmo & Mitchell, 2017), which uses water level and cumulative 

precipitation timeseries as inputs, along with a number of fitting options, to calculate a MRC 

(Figure A2) (Heppner & Nimmo, 2005). Periods with no precipitation are considered potential 

recession periods while periods with precipitation are excluded.  
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Figure A2. The site-specific master recession curve was calculated using the USGS 

MRCfit program (Heppner and Nimmo, 2005). The algorithm uses timeseries of water 

level and cumulative precipitation to identify periods of water table recession (left) and 

calculate a MRC (right).  

 

Because we were adapting the MRCfit program for winter use in agricultural areas, in 

addition to excluding periods with precipitation for consideration as recession periods, we also 

excluded periods in which groundwater pumping may have occurred (June-August) and periods 

in which snowmelt likely occurred (days above freezing in December-April). Furthermore, 

because precipitation in the form of snow does not initially contribute to recharge and, rather, 

remains as storage on the ground surface until it melts, we added periods in which precipitation 

likely fell as snow back into consideration for recession periods (days below freezing in 

December-April). We also excluded periods when water levels were increasing by more than 0.5 

cm/day and periods when water level reached the ground surface for consideration as recession 

periods.   
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MRCs and fit parameters for each site are shown in Table A1 (Appendix A.1). Our criteria 

for an adequate MRC included: 

• MRC was a straight single line;  

• Recession periods occurred during a representative range of groundwater elevations; 

• Few recession period datapoints included periods with increasing water levels;  

• MRC asymptote was near or below the deepest consistent groundwater depths in the 

winter record;  

• At least three recession periods comprised the MRC; and 

• Upon examination of each individual year of winter-spring water levels, the MRC 

generally aligned with observed water table recession for most years.  

When multiple parameterizations of the MRC fit the above criteria, the MRC that yielded the 

middle-range of asymptote and slope was chosen.  

Automated WTFM 

An automated WTFM algorithm for detecting recharge events and calculating change in head 

using antecedent and sequent recessions from the above MRCs was developed based on a 

modified version of the USGS’s Episodic Master Recession (EMR) method (Nimmo et al., 

2015). In general, the algorithm does the following:  

1. Detects water table peaks, troughs, and plateaus (with a minimum peak distance of 3 days 

and a minimum peak prominence of 0.45 cm). 

2. At each peak or plateau, uses the MRC to develop an antecedent recession curve that 

projects forward from the previous trough to the date of the peak/plateau to determine the 

low head for each recharge event (to account for water table recession). 
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3. At each peak, uses the MRC to develop a sequent recession curve that projects backward 

from the first date after the peak when the actual water table recession became as steep or 

less than within one standard deviation of the MRC (a function of head) to determine the 

high head for each recharge event (to remove any potential air entrapment). If the sequent 

recession curve yielded a higher high head than the water table on that date, the water 

table head was used.  

4. Automatically calculates recharge from delta H (high head minus low head) and Sy at 

each water table peak and plateau.  

 

Figure A3. Automated WTFM master recession curve recession lines and change in head 

for Freeport, IL winter-spring 2019-2020. An example recharge calculation for a water 

table peak is shown, in addition to the annual site-specific winter end date.  

 

Comparison with Hand-calculated WTFM  

Recharge estimates using the automated WTFM were compared with recharge estimates 

using the hand calculated WTFM for at Hancock, WI. While some minor differences in results 

were observed, and in some cases the automated program identified more recharge peaks than 
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were identified by hand, winter recharge estimates were similar, which gives us confidence that 

the automated method is a reasonable representation of the hand-calculated method.  

 

A.1.2 Site Metadata 
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Site 
Wabeno, 
WI 

Hancock, 
WI 

Arlington, 
WI 

Spring 
Green, WI 

Kalamazoo 
1, MI 

Kalamazoo 
2, MI 

Freeport, 
IL 

Big Bend, 
IL 

Monmouth
, IL 

Carbondal
e, IL 

Data source information 

Soil source 

NRCS 
NWCC, 
2020 

UW-
Madison, 
2010/ANO
N, 2020 

UW-
Madison, 
2010 

UW-
Madison, 
2010 

ANON, 
2020 

ANON, 
2020 

WARM, 
2020a 

WARM, 
2020a 

WARM, 
2020a 

WARM, 
2020a 

GW source USGS, n.d. USGS, n.d. USGS, n.d. USGS, n.d. USGS, n.d. USGS, n.d. 
WARM, 
2020b 

WARM, 
2020b 

WARM, 
2020b 

WARM, 
2020b 

Soil source ID 2003 
Hancock/ 
HCK Arlington 

Spring 
Green KZO 

KZO and 
LAW FRE BBC MON SIU 

GW source ID 
452726088
434401 

440713089
320801 

431233089
103201 

431312089
475301 

421918085
283801 

421435085
353701 FRE BBC MON SIU 

Site characteristics 

Soil temp 
latitude 45.47 44.119 43.31 43.18 42.354 

Two sites: 
42.161 and 
42.354 42.28 41.634 40.933 37.7 

Soil temp 
longitude 88.58 89.533 89.384 89.91 85.586 

85.832 and 
85.586 89.673 90.039 90.724 89.244 

GW latitude 45.457 44.12 43.209 43.223 42.322 42.243 42.28 41.634 40.933 37.7 

GW 
longitude 88.729 89.536 89.176 89.8 85.477 85.594 89.673 90.039 90.724 89.244 

Distance 
between GW 
and soil temp 
data (km) 11.7 0.5 20.3 10.1 9.6 

Ave: 17 
(12.3 from 
KZO and 
21.7 from 
LAW) 0 0 0 0 

Well depth 
(ft) 34 n/a 70 146 n/a 36 26 34 27 25 

Deepest GW 
level (cm) -552.9 -484.3 -855.3 -483.4 -177.4 -508.1 -738.2 -712 -525 -402.9 

NRCS soil 
type Sandy loam Sand Silt loam 

Loamy 
sand Muck Urban Silt Loam Sandy loam Silt Loam Silt Loam 
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Sy 0.24 0.24 0.05 

0.1 
(Joachim et 
al., 2011) 0.17 0.075 0.037 0.26 0.037 0.037 

Land use 
deciduous 
forest agricultural agricultural agricultural 

deciduous 
forest 

urban/gras
sland agricultural agricultural agricultural agricultural 

LAI 5.06 3.62 3.62 3.62 5.06 1.71 3.62 3.62 3.62 3.62 

Years used 

2011, 
2014:2015, 
2017, 2019 

1989, 
1994:1997, 
2002:2006, 
2008:2014, 
2016:2018 

1990:1992, 
1996,2001, 
2003,2004, 
2006, 
2009:2013 

1991,1993, 
1995, 
1997, 
2001:2010 

2008:2015, 
2017:2019 

2008:2010, 
2012:2014, 
2016:2017, 
2019 2004:2019 

2008, 
2011:2019 2001:2019 

2001:2003, 
2005:2013,
2015,2019 

Master Recession Curve (MRC) Information 

MRC min dry 
time 4 4 4 3 3 3 2 3 3 3 

MRC 
duration 
segments 20 20 15 6 9 8 5 7 7 7 

MRC P0 

-
0.6897738
12 

-
0.4668678
98 -3.35E+00 -3.85E+00 

-
0.3772949
08 -4.238736 

-
6.6053700
9 

-
0.6317222
54 

-
2.8548339
69 -3.633187 

MRC P1 

-
0.0010460
69 

-
0.0005892
55 -3.68E-03 -1.03E-02 

-
0.0014432
76 

-
0.0099353
87 

-
0.0084331
46 

-
0.0009421
59 

-
0.0052015
86 

-
0.0064007
63 

Asymptote 
approached 
by MRC -659.396 -792.3014 -909.8114 -375.0059 -261.4156 -426.6302 -783.2629 -670.505 -548.8391 -567.6178 

MRC P0 
sigma 2.00E-01 1.32E-01 5.20E-01 4.63E-01 1.99E-01 1.378005 6.57E-01 3.85E-01 7.67E-01 0.4838072 

MRC P1 
sigma 4.15E-04 3.76E-04 7.08E-04 1.39E-03 1.81E-03 

0.0039588
32 1.13E-03 8.81E-04 2.16E-03 

0.0018310
93 

MRC 
covariance 8.31E-05 4.88E-05 3.67E-04 6.42E-04 3.55E-04 

0.0054342
17 7.28E-04 3.39E-04 1.61E-03 

0.0008230
98 

Table A1. Site data sources, location, soil texture, estimated specific yield, land use, years ultimately used in the analysis, master 

recession curve fit parameters, and other information for each of the 10 sites analyzed.   
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A.1.3 Predictor Variable Descriptions 

Variable Units Description Source* 

snowfall total cm Total snowfall (calculated from positive daily change in UA SWE) UA  

snowmelt total cm 
Total snowmelt (calculated from negative daily change in UA 
SWE) UA  

rain total cm 
Total rainfall (calculated from total precipitation minus calculated 
snowfall) NLDAS, UA 

% rain % 

Percentage of rain, as opposed to snowmelt, out of total 
precipitation or rain-plus-snowmelt at the month and event 
timescales (calculated from total precipitation minus calculated 
snowfall, divided by total precipitation [or rain-plus-snowmelt at 
the month and event scales]) NLDAS, UA 

% snowmelt % 

Percentage of snowmelt, as opposed to rain, out of total 
precipitation or rain-plus-snowmelt at the month and event 
timescales (calculated from negative daily change in UA SWE) UA  

snow depth max cm Maximum snow depth UA  

SWE total cm Total SWE UA  

SWE max cm Maximum SWE UA  

theta total kg/m3 Total soil moisture content (0 - 200 cm depth) NARR 

theta initial kg/m3 Initial soil moisture content (0 - 200 cm depth) NARR 

theta ave kg/m3 Average soil moisture content (0 - 200 cm depth) NARR 

theta on date 
recharge kg/m3 

Soil moisture content (0 - 200 cm depth) on date of the recharge 
event peak (average across all events at the month and winter-
spring-scale) NARR 

ET total kg/m3 

Total daily evapotranspiration, including evaporation from the 
soil, transpiration from the vegetation canopy, evaporation of 
dew/frost, canopy-intercepted precipitation, and snow 
sublimation NARR 

ET ave kg/m3 

Average daily evapotranspiration, including evaporation from the 
soil, transpiration from the vegetation canopy, evaporation of 
dew/frost, canopy-intercepted precipitation, and snow 
sublimation NARR 

GW level initial cm 
Initial groundwater level (at beginning of year, month, or event), 
measured as depth below ground level GW 

GW level ave cm 
Average groundwater level, measured as depth below ground 
level GW 

soil temp mean ˚C Mean soil temperature at 10 cm depth Temp 
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soil temp min ˚C 
Minimum soil temperature at 10 cm depth over the entire period 
(year, month, or event) Temp 

soil temp max ˚C 
Maximum soil temperature at 10 cm depth, calculated for 
January/February at the winter-spring scale Temp 

soil temp initial ˚C Initial soil temperature (at beginning of year, month, or event) Temp 

soil temp on date 
recharge ˚C 

Soil temperature on date of the recharge event peak (average 
across all events at the month and winter-spring-scale) Temp 

soil temp date 
before recharge ˚C 

Soil temperature the day before the date of the recharge event 
peak (average across all events at the month and winter-spring-
scale) Temp 

days soil temp < 
freezing days 

Number of days mean soil temperature was below the freezing 
soil temperature thresholds  Temp 

% days soil temp 
> freezing % 

Percentage of days soil temperature was above the freezing soil 
temperature threshold Temp 

% days soil temp 
<= freezing % 

Percentage of days soil temperature was less than or equal to the 
freezing soil temperature threshold Temp 

freezing soil on 
date recharge 

unitless 
(binary 
or 0:1) 

Binary: 1 = soil temperature was less than or equal to the freezing 
soil temperature threshold on the date of recharge event. 0 = soil 
temperature was not frozen on the date of the recharge event. 
(For monthly and winter-spring scale, events were averaged such 
that values fell between 0 and 1) Temp 

theta saturated & 
freezing soil on 
date recharge 

unitless 
(binary 
or 0:1) 

Binary: 1 = soil was less or equal to the freezing soil temperature 
threshold on the date of the recharge event and soil moisture 
was higher than mean soil moisture on date of recharge event. 0 
= not frozen and saturated. (For monthly and event scale, events 
were averaged such that values fell between 0 and 1.)  

NARR, 
Temp 

air temp ave ˚C Average air temperature  Temp 

% days air temp > 
0 % Percentage of days air temperature was above 0 ˚C Temp 

days air temp > 0 days Number of days air temperature was above 0 ˚C Temp 

bare ground days Number of days with no snow on the ground UA 

days >= 80% of 
SWE melted days 

Number of days snow either melted completely or 80% of SWE 
melted UA 

% days >= 80% of 
SWE melted % 

Percentage of days snow either melted completely or 80% of 
snow melted UA 

days it rained or 
>= 80% of SWE 
melted days 

Number of days snow either melted completely or 80% of snow 
melted or it rained UA, NLDAS 

% days it rained 
or >= 80% of SWE 
melted % 

Percentage of days snow either melted completely or 80% of 
snow melted or it rained UA, NLDAS 



 

 

134 

days air temp > 0 
& soil temp  < 0 days 

Number days when average air temperature exceeded 0 ˚C while 
average soil temperature was below 0 Temp 

air temp - soil 
temp if air temp > 
0 & soil temp  < 0 ˚C 

Total difference in air temperature minus soil temperature on 
days with melt on frozen soil Temp, UA 

freezing degree 
days ˚C Sum of daily air temperature degrees below freezing (0 ˚C) Temp 

melting degree 
days ˚C Sum of daily air temperature degrees above freezing (0 ˚C) Temp 

freezing soil 
degree days ˚C Sum of daily soil temperature degrees below 0 ˚C Temp 

melting soil 
degree days ˚C Sum of daily soil temperature degrees above 0 ˚C Temp 

melting degree 
days if freezing 
soil ˚C 

Sum of melting degree days when the soil is frozen and air 
temperature is not Temp 

total rain plus 
snowmelt on 
freezing soil cm 

Total cumulative rain-plus-snowmelt on days with soil 
temperature below the freezing soil temperature threshold 

NLDAS, UA, 
Temp 

% rain plus 
snowmelt on 
freezing soil % 

Total cumulative rain-plus-snowmelt on days with soil 
temperature below the freezing soil temperature threshold 
divided by total rain-plus-snowmelt 

NLDAS, UA, 
Temp 

total snowmelt on 
freezing soil cm 

Total cumulative snowmelt on days with soil temperature below 
the freezing soil temperature threshold UA, Temp 

% snowmelt on 
freezing soil % 

Total cumulative snowmelt on days with soil temperature below 
the freezing soil temperature threshold divided by total rain-plus-
snowmelt UA, Temp 

latitude 
decimal 
degrees Latitude of site groundwater well location Temp 

longitude 
decimal 
degrees Longitude of site groundwater well location Temp 

sy 

cm3/ 

cm3 Specific yield (estimated from soil texture) 
Loheide et 
al., 2005 

theta at 
saturation 

dimensi
onless 

Water content of the soil at saturation (constant across a given 
site) (estimated from soil texture) 

Loheide et 
al., 2005 

theta residual 
dimensi
onless 

Residual water content of the soil (constant across a given site) 
(estimated from soil texture) 

Loheide et 
al., 2005 

k sat m/day 
Saturated hydraulic conductivity of the soil (constant across a 
given site) (estimated from soil texture) 

Loheide et 
al., 2005 

specific storage 1/m 

Volume of water released from an aquifer per volume of aquifer, 
per unit change in head (constant across a given site) (estimated 
from soil texture) 

Loheide et 
al., 2005 
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alpha 1/m 
Empirical van Genuchten coefficient (constant across a given site) 
(estimated from soil texture) 

Loheide et 
al., 2005 

n 
dimensi
onless 

Empirical van Genuchten coefficient (constant across a given site) 
(estimated from soil texture) 

Loheide et 
al., 2005 

LAI m2/m2 

Leaf area index (leaf area per unit soil area) typical of the main 
land use in a 1 km radius surrounding the site groundwater well 
location (constant across a given site)  

Scurlock et 
al., 2002 

SWE 2 weeks 
before end winter cm 

Total SWE 2 weeks before the end of winter (not calculated at the 
month or event scales) UA 

SWE 4 weeks 
before end winter cm 

Total SWE 4 weeks before the end of winter (not calculated at the 
month or event scales) UA 

soil temp Jan/Feb 
mean C 

Mean January/February soil temperature at 10 cm depth (not 
calculated at the month or event scales) Temp 

freezeback days days 

Number of days that satisfied the following conditions: days with 
snow depth less than 3 cm and air temperature less than 0 ˚C that 
fell after a midwinter melt (more than 0.25 cm SWE melted in 
one day) and before the final snowmelt (more than 0.25 cm SWE 
melted in one day) (not calculated at the month or event scales) UA, Temp 

subsequent melt 
days days 

Number of unique instances of potential frozen ground days 
preceding a unique melt event (i.e. if potential frozen ground 
days had the same closest snowmelt following the events, they 
were considered the same potential frozen ground event) (not 
calculated at the month or event scales) UA, Temp 

total subsequent 
snowmelt cm 

Amount of snowmelt occurring on unique melt days (defined 
above) (not calculated at the month or event scales) UA, Temp 

frozen soil index days 

Number of potential frozen ground days (defined above) with soil 
temperature less than the freezing soil temperature threshold 
plus the number of subsequent melt events with soil temperature 
less than the freezing soil temperature threshold (not calculated 
at the month or event scales) UA, Temp 

frozen soil index 
unique C 

Number of subsequent melt events with soil temperature less 
than the freezing soil temperature threshold (not calculated at 
the month or event scales) UA, Temp 

month 
month 
number Month number (1-12) (not calculated at the winter-spring scale) Temp 

event length days 
Number of days the recharge event consisted of (not calculated 
at the winter-spring or month scales) GW 

*Sources Key: 
UA:  Broxton et al., 2019 
GW: USGS, n.d.; WARM, 2020b 
Temp: ANON, 2020; NRCS NWCC, 2020; UW-Madison, 2010; WARM, 2020a 
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NLDAS:  Xia et al., 2009 & Xia et al., 2012 
NARR:  Mesinger et al., 2006 

Table A2. Descriptions and sources of the 65 predictor variables used in the analysis, including 

hydrological variables (blue), soil temperature variables (red), frozen ground phenology 

variables (yellow), frozen ground phenology sequence variables (purple), and time-related 

variables (white). 

 

Appendix A.2: Additional Results 

A.2.1 Additional Examples of Snowpack and Frozen Ground Evolution 

 

Figure A4. Example of multiple midwinter melts followed by multiple freezeback events 

at Spring Green, WI for winter-spring 2002.  
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Figure A5. Example of a year with consistently deep snowpack and above-zero soil 

temperatures from Spring Green, WI for winter-spring 2007-2008.  

 

A.2.2 Month and Event-scale P-R Relationships  

 

Figure A6. Month-scale P-R relationships for all 10 sites. Best fit (solid red) with 

uncertainty (dashed red) are also shown. 
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Figure A7. Event-scale P-R relationships for all 10 sites. Best fit (solid red) with 

uncertainty (dashed red) are also shown. 
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A.2.3 Site-specific Predictors 

 

Table A3: Correlation coefficients between predictor variables and winter-spring 

residuals from the P-R relationship each of the 10 sites. 
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Table A4: Correlation coefficients between predictor variables and percent recharge for 

each of the 10 sites. 

 



 

 

141 

 

Table A5: Correlation coefficients between predictor variables and month-scale residuals 

from the P-R relationship each of the 10 sites. 
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Table A6: Correlation coefficients between predictor variables and event-scale residuals 

from the P-R relationship each of the 10 sites. 
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A.2.4 Month and Event-Scale PLSR Models 

 

Figure A8: Month-scale cross-validated PLSR results. PLSR weights in the final PLSR 

model of monthly residuals. PLSR model only had one component. 
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Figure A9: Event-scale cross-validated PLSR results. PLSR weights in the final PLSR 

model of event-scale residuals. PLSR model has 8 components. 

 

Appendix A.3: Additional Discussion 

Additional Predictors of Winter-Spring Recharge 

Additional variables such as depth to groundwater and site-specific variables were 

important for one metric but not the other. We believe this discrepancy occurred because we did 

not normalize percent recharge by site as was done for the residuals from P-R relationships. 
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Depth to Groundwater 

Increased depth to groundwater correlated with decreased percent recharge, although it 

was not a significant predictor of residuals from the P-R relationship. This is consistent with 

other studies (Healy & Scanlon, 2010) and makes intuitive sense, because increased depth to 

groundwater is associated with a thicker vadose zone; therefore water has farther to percolate 

downward through the soil and recharge the water table. Wetting fronts moving through the 

vadose zone tend to slow with depth, and much of the water is taken up by the soil, which may 

later be taken up by plants via root water uptake (Healy and Scanlon, 2010).  

Site-specific Variables  

Site-specific variables were important in explaining percent recharge but not in 

explaining residuals from the P-R relationship. This is because we did not normalize percent 

recharge by site as was done for the residuals from P-R relationships. Without normalizing by 

site, sites with higher recharge overall were weighted higher (e.g. Figure 9b). Increased latitude 

and increased LAI were two site-specific variables that correlated with decreased percent 

recharge. Increased latitude may be associated with lower recharge because these sites are more 

likely to experience colder temperatures and frozen ground conditions. Increased LAI may be 

associated with reduced recharge due to the correlation between LAI and increased ET (Running 

& Coughlan, 1988). However, because we only had 10 sites, these variables may have been 

identified as important due to collinearity between site variables. For example, lower latitude 

sites were also more likely to be agricultural and, therefore, lower LAI. Therefore, although these 

variables were identified as important, we cannot draw conclusions from site-specific variables 

due to the low number of samples and collinearity.   



 

 

146 

Appendix B: Chapter 3 Supplemental Materials 

Appendix B.1 Additional Methods  

 

Figure B1. Physical system described by the SHAW model. The 1D model takes 

meteorological inputs including precipitation (i), temperature (Ta), solar radiation (St), 

windspeed (u), relative humidity (hr) and models water and heat transfer within the 

canopy, snowpack, and soil. (T = soil temperature; θ = soil water content) (Figure 

modified from Flerchinger, 2017).  
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Site Latitude Longitude 
Altitude 
(m) 

Mean 
annual 
air 
temp 
(°C) 

Observed 
mean 
annual 
soil temp 
(°C) 

Difference 
between 
mean air temp 
and soil temp 
(°C) 

Bottom 
soil temp 
boundary 
condition 
(°C) 

Date of 
planting 
(day of 
year) 

Northern 
WI 46.08 89.98 480 5.38 5.49 0.11 7.42 125 

Central 
WI 44.12 89.54 330 7.33 10.94 3.61 9.37 124 

Northern 
IL 42.28 89.67 265 9.31 11.91 2.60 11.35 123 

Central 
IL 40.71 89.51 207 11.52 13.36 1.84 13.56 117 

Table B1. Site locations and model parameters used in the different model scenarios (in addition 

to the 30 years of NLDAS-2 meteorological input data used for each location).    

 

 

Soil 
type 

Sand 
(%)  

Silt 
(%) 

Clay 
(%) 

Organic 
(%) Porosity 

Bulk 
Density 
(g/cm3) 

Sat 
water 
conten
t 

Residual 
water 
content 

Ksat 
(cm/hr
) 

Air 
entry 
(m) Lambda 

Loamy 
sand 85.0 10 5.0 1.0 0.437 1.49 0.401 0.035 6.11 -0.087 0.47 

Sandy 
loam 65.0 25 10.0 1.0 0.453 1.45 0.412 0.041 2.59 -0.147 0.32 

Silt 
loam 16.6 

64.
9 18.5 1.0 0.501 1.32 0.486 0.015 0.68 -0.208 0.21 

Silty 
clay 
loam 7.6 

59.
2 33.2 1.0 0.471 1.40 0.432 0.04 0.15 -0.326 0.15 

Table B2. Soil texture parameters used in the different model scenarios (using Brooks-Corey 

water retention curve model).   
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Appendix B.2 Additional Calibration/Validation Results 

 
Figure B2. Example timeseries of modeled and measured (or reanalysis) data from winter-spring 

2018-2019 at Freeport, IL (black = measured or reanalysis data, blue = modeled data). 

 

 

Figure B3. Measured/calculated recharge vs. modeled recharge (left) and calculated 

snowmelt from UA SWE vs. modeled snowmelt (right).  
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Figure B4. UA maximum SWE vs. modeled maximum SWE (left) and UA maximum 

snow depth vs. modeled snow depth (right).  

 

 

Figure B5. Measured mean 10 cm soil temperature vs. modeled mean 10 cm soil 

temperature (left) and measured minimum 10 cm soil temperature vs. modeled minimum 

10 cm soil temperature (right).  
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Figure B6. Frost depth validation using data from DeKalb, IL. Left: Modeled, 

uncalibrated, frost depths (solid blue lines), thaw depths (dashed blue lines), and snow 

depth (pink lines) for winter 1998-1999 at DeKalb, IL using NLDAS-2 meteorological 

input data from DeKalb, IL and the calibrated model developed for Freeport, IL. Right: 

Historical measured (points with error bars) frost depths from DeKalb, IL in winter 1998-

1999 (DeGaetano et al., 2001). Degaetano et al. (2001) also modeled frost depth (solid 

black lines), thaw depth (dashed lines) and snow depth (gray lines) using the SHAW 

model. 

 

Additional Discussion of Model Validation/Calibration 

We observed poorest model fit in soil moisture, recharge, and maximum snow depth. 

Calibrating a model to measured winter soil moisture data is challenging because soil moisture 

sensors are not accurate when soil is frozen. Although we removed all datapoints from when 

mean soil temperatures were below 2 ºC, this may not have excluded all inaccurate 

measurements. We observed poorest soil moisture fit at deeper depths (150 to 200 cm). We 

believe this is because the site has a shallow groundwater table which, through capillary action, 

can act as a reservoir of water, accounting for the increased soil moisture found in deeper 

measured depths. Since we did not model the water table in SHAW and instead used gravity 

drainage, the model did not have a commiserate source of moisture. This may have also 
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contributed to the observed lags in recharge, since decreased soil moisture can lower rates of 

gravity drainage.    

Additional causes of poor recharge fit likely include (1) the assumption that model 

percolation is comparable to recharge – actual recharge would vary by water table depth, among 

other factors; (2) historical recharge was calculated using the water table fluctuation method and, 

therefore, susceptible to error from estimates of specific yield, master recession curve, or other 

measurement error (discussed in Chapter 2); (3) historical recharge was measured at discrete 

peaks in the water table, as opposed to the continuous model percolation output; therefore, 

monthly binning of observed recharge can be inaccurate (discussed in Chapter 2); and (4) the 

model does not account for macropore flow, which could also account for lags in recharge, as 

noted in previous studies (Douglas, 2007; Flerchinger et al., 2012; Zhang et al., 2016). Using 

streamflow data from southwestern Wisconsin, Douglas (2007) found that warmer winters with 

more midwinter melts resulted in less spring baseflow than colder winters with few midwinter 

melts. Field studies collecting infiltration data confirmed that ice lenses and the formation of 

nearly impermeable “concrete ground” were likely the cause of these differences. Douglas 

(2007) analyzed these trends using the SHAW model. Although model calibration using inverse 

parameter estimation software (PEST) resulted in similar seasonal total infiltration and runoff to 

field data, model calibration was unable to accurately simulate the timing of observed infiltration 

events. Douglas (2007) concluded this was due to the absence of a way to simulate macropore 

flow in the SHAW model.  

Snow depth comparison data was from UA reanalysis and not site-validated; therefore 

comparisons are limited. The model matched maximum monthly and annual UA SWE and 

monthly UA snow depth better than maximum annual snow depth. Although snowmelt was 
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calculated from changes in SWE and therefore not used as an official calibration metric, fit was 

better than UA snow depth. Soil temperature is highly sensitive to snow cover; we observed 

years with the poorest soil temperature fit were years with the poorest snow depth fit. Any 

inaccuracies in snow accumulation, snow depth, snowmelt, or timing of these events can have a 

direct effect on inaccuracy of soil temperature, as noted in previous studies (Flerchinger, 1991; 

Link et al., 2004). 

 

Appendix B.3 Additional Timeseries from the Calibrated Model 

Warming Scenarios 

2001 and 2005 are two examples of model years when recharge increased from the 

baseline scenario to the +1 ºC scenario (Figure 2c). Evolution of snowpack, frozen ground, and 

hydrological partitioning for these years are shown below in Figures A7 (2001) and A8 (2005).  
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Figure B7. Temporal evolution of meteorological inputs, snowpack, frozen ground, and 

hydrological partitioning for the calibrated model baseline scenario (blue) and the +1 ºC 

air temperature scenario (red) for winter-spring of model year 2001.  
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Figure B8. Temporal evolution of meteorological inputs, snowpack, frozen ground, and 

hydrological partitioning for the calibrated model baseline scenario (blue) and the +1 ºC 

air temperature scenario (red) for winter-spring of model year 2005. 

 

Appendix B.4 Warming Scenarios for 8 Additional Calibrated 

Model Parameterizations  

Because multiple parameterizations and calibrations gave a reasonable validation for 

Freeport, IL, we modeled climate scenarios for 8 additional baseline model parameterizations 

and found that in all cases, we observed a threshold of frozen ground that resulted in reduced 

recharge in 2007 and 2009 in the +1 ºC case (Figure A8). In many parameterizations, we also 

observed significant (greater than 5 cm) reductions in recharge in additional years, including 

model year 2000 (in 7 out of 9 parameterizations), 2018 (2 out of 9 parameterizations), and 1992 
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(1 out of 9 parameterizations). Evolution of meteorological inputs, snowpack, frozen ground, and 

hydrological partitioning for 2000, 2018, and 1992 are shown below (Figures A11-A13). In all of 

these model years, we observed midwinter melt events that reduced snowpack and resulted in 

deeper frost and higher soil moisture content in the +1 ºC case, reducing infiltration and recharge 

in the +1 ºC case relative to baseline.  

 

 

Figure B9. Change in recharge from the base case to the +1 ºC case over the 30-year 

model period for 8 different model parameterizations. 
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Figure B10. Temporal evolution of meteorological inputs, snowpack, frozen ground, and 

hydrological partitioning for the alternate calibration baseline scenario (blue) and the +1 

ºC air temperature scenario (red) for model winter-spring 2000.  
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Figure B11. Evolution of meteorological inputs, snowpack, frozen ground, and 

hydrological partitioning for the alternate calibration baseline scenario (blue) and the +1 

ºC air temperature scenario (red) for model winter-spring 2018.  
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Figure B12. Evolution of meteorological inputs, snowpack, frozen ground, and 

hydrological partitioning for alternate calibration baseline scenario (blue) and the +1 ºC 

air temperature scenario (red) for model winter-spring 1992.  

 

 

 

Appendix B.5 Additional Ensembles of Climate and Soil Texture 

Scenarios  
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Figure B13. Climate scenario results at Freeport, IL (Northern Illinois) silty clay loam 

soils for (left) the calibrated model, which included a 0.5 cm maximum depth of ponding 

for rainfall or snowmelt and (right) the model shown in the ensemble of climate and soil 

texture scenarios results (Figure 7), which assumed 0 cm ponding. For consistency across 

soil textures, ponding was assumed 0 cm across the ensemble of climate and soil texture 

scenarios due to numerical instabilities associated with ponding at coarser soil textures 

(sandy loam and loamy sand). Other than ponding depth, the two models are identical.  

 

 

Figure B14. Additional (colder) climate scenarios for the Central, Illinois (most 

southern) location across a range soil textures showing winter-spring recharge and runoff. 

Baseline air temperatures were modified by -8ºC to +4 ºC in 0.5 ºC increments. Thick 

black lines show mean recharge and runoff over the 30 modeled winters and thinner 

black lines show the 90th and 10th percentiles over the 30 modeled winters. Colored lines 

show recharge and runoff over all 30 winters across the range of climate scenarios. 

Asterisks denote maximum (black) and minimum (gray) recharge and runoff.   
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Figure B15. To test whether patterns observed in Figure 7 were specific to the initial 

parameterizations included in the model, we used the mid-range latitudes (Northern IL 

and Central WI) and mid-range soil textures (sandy loam and silt loam) (outlined in red) 

and varied other model parameters to see if findings changed. Plots show results from 

varying water retention curve model, other soil texture parameters, soil temperature 

boundary conditions, residue, ponding depth, plant parameters, and additional model 

parameters. Baseline air temperatures were modified by -4ºC to +4 ºC in 0.5 ºC 

increments. Thick black lines show mean recharge and runoff over the 30 modeled 

winters and thinner black lines show the 90th and 10th percentiles over the 30 modeled 

winters. Colored lines show recharge and runoff over all 30 winters across the range of 

climate scenarios. Water retention curve parameters were based on soil texture; van 

Genuchten model parameters were obtained from Rosetta3 (Zhang & Schaap, 2017) and 

Campbell model parameters were obtained from Flerchinger (2017). 
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