1. Chill Hour/Chill Portion Calculation Methods
The first “Simple Method” measures chill hours based on hourly temperatures, with values between 0 and 7.2°C receiving one chill hour and temperatures outside of this range receiving no hours (Weinberger, 1950). The Simple Method is only additive and therefore anomalously high or low winter temperatures do not subtract from the cumulative total from the previous days. 
The second method is a weighted temperature model known as the “Utah Method” (Richardson et al. 1974; Linvill, 1990), which accounts for both the decreased efficacy of chill accumulation outside of an ideal temperature range and the potential deteriorative effects of anomalously high temperatures to chill accumulation. The Utah Method assigns 1 chill hour to an hourly temperature between 2.5 and 9.1°C, 0.5 chill hour to temperatures between 1.5-2.4°C or between 9.2-12.4°C, and 0 hours to temperatures either less than 1.4°C or between 12.5-15.9°C. We use the modified Utah Method of Linvill (1990), which removes previously accumulated chill hours when hourly air temperature exceeds 16°C, specifically removing 0.5 chill hours when temperatures are between 16-18°C, and 1 chill hour when temperatures exceed 18°C. 
The third chill hour model is the “Dynamic Method”, (Erez and Fishman, 1997), which accumulates chill portions instead of hours in a two-step process. The method assumes the creation of an intermediate product by cold temperatures, and the product can either be destroyed by subsequent warmer temperatures or deposited as a chill portion if a certain amount of the product has been created. The Dynamic Method is sensitive to parameter selection, including the threshold temperature at which product is created or destroyed, and the time over which product accumulates before it is deposited as a chill portion (Darbyshire et al. 2011). We adopt the Dynamic Method parameter values from Luedling et al. (2009) to calculate the number of chill portions at time  such that: 






chill portions = 
The derived constants took the following values:
,  = 277, , , , 4153.5, and  is the hourly temperature (Kelvin), and  is the time during the season in hours with  representing the start of the chill accumulation in the season. 
2. NEX-GDDP-CMIP6 Projections
The NEX-GDDP-CMIP6 dataset is a collection of global, high-resolution (~25 km) statistically downscaled climate scenarios derived from global climate simulations in the Coupled Model Intercomparison Project Phase 6 (CMIP6, O’Neill et al. 2016; Thrasher et al. 2022). Studies have used the NEX-GDDP-CMIP6 datasets to quantify projected changes in temperature and temperature impacts in various global regions (Tang et al. 2022; Murali et al. 2023; Colelli et al. 2023). In this study, we use daily surface air temperature from historical simulations (1951-2014) and future projections (2015-2100) based on 24 climate models that are part of the NEX-GDDP-CMIP6 dataset. The SSP245 and SSP585 future scenarios are used to represent moderate and high emissions pathways, respectively, which produce 4.5 and 8.5 Wm-2 of radiative forcing by 2100.
2. Chill Hour Time Series Comparison
We use the idealized temperature curve from Linvill (1990) to estimate an hourly temperature time series from daily maximum and minimum values. The method uses a sine curve for daytime temperatures and a logarithmic decline curve for nighttime temperatures. We followed the method of Darbyshire et al. (2011) to set the daily high temperature two hours after solar noon and the daily minimum temperature set to occur at sunrise each day. This method has shown good results when applied to chill hour studies (e.g., Luedeling and Brown, 2011; Ghrab et al. 2014). To test the method’s performance in the Midwest, we calculated season-total chill hours using the Modified Utah Method between 1951 and 2022. Chill hours were calculated using both daily maximum and minimum temperatures and hourly temperatures from the same Automated Surface Observing System (ASOS) stations in three Midwest locations: (1) Columbus, Ohio, (2) Chicago, Illinois, and (3) Fargo, North Dakota. We then compared the distributions of season-total chill hours at each station based on the hourly observed and hourly estimated temperature series (Figure S2). The 10th percentile, median, and 90th percentile of each distribution are shown in Figure S2 as well. Chill hours derived from the estimated hourly temperature time series match well with those derived from direct hourly observations. The largest differences are in the extreme high chill hour seasons, for which the estimated hourly series tends to underestimate the season total chill hours in Chicago and Fargo and overestimate total chill hours in Columbus. The maximum difference of season total chill hours between estimated and observed hourly temperature series was 15% in Fargo, 11% in Chicago, and 8% in Columbus, with no systematic bias. 
3. Sequential Model for Spring Freeze Risk
Chill hour accumulation is only one component of the risk of spring freeze injury to perennial crops. Spring freeze risk is also dependent on the air temperature following the fulfillment of the plant’s chill requirement and the likelihood of temperatures that can cause injury at various phenological stages. Following the methods of DeGaetano (2018), chill hours were first accumulated using the Utah Method until the requisite 800 chill hours were accumulated. The threshold of 800 hours was selected to represent the best estimate of chill hour requirements for both Gala and Fuji apple varieties, based on Illinois Extension and Illinois apple grower input. Once the 800-hour threshold was reached, we used accumulated base 6.1°C development growth units to estimate spring phenology. Specifically, the first day that development growth units exceeded 235.6 was marked as the full bloom stage in apple. Spring freeze injury can occur in earlier phenological stages than full bloom; however, we focus solely on full bloom in this study to reduce the potentially compounding effects of uncertainty in (1) development growth units needed to advance to each phenological stage and (2) the air temperature at which injury occurs in each phenological stage. Potential spring freeze injury was noted in any year, historical or future, in which the daily low temperature fell below 3.9°C after the estimated date of full bloom. It is estimated that temperatures lower than the 3.9°C threshold often cause 90% or greater kill in many apple varieties (Michigan State University Extension, 2014). 
4. CMIP6 Model Comparison with Observations
We compare CMIP6 estimated season-total chill hours to the nClimGrid observations over the mutual historical period 1984-2014 (Figure S3). The multi-model ensemble mean of season-total chill hour accumulation has a similar spatial pattern as the observations, with relative maxima in the eastern and central Midwest and relative minima in the far southern and northwest Midwest. More CMIP6 ensemble comparison details are in the Supplemental Material.  
The model ensemble mean underestimates chill hour accumulation in the southern Midwest and slightly overestimates accumulation in parts of the upper Midwest. The Taylor Diagram in Figure S3 based on the 30-year average season-total chill hour accumulation shows most of the models cluster in error space, with no models substantially over- or under-performing relative to the others. The models have a spatial correlation with the observations ranging from 0.58 to 0.81, and a root mean square difference ranging from 110 to 175 hours (i.e., 8-13% difference, relative to the observation mean). The models generally span the standard deviation of season-total chill hour accumulation across the region, between 140 and 180 hours. As much as can be inferred from model performance during the historical period, we are confident using the entire 24-model ensemble to assess potential future changes in Midwest chill hour accumulation. 
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Figure S1. Distributions of season total chill hours in Columbus, Ohio, Chicago, Illinois, and Fargo, North Dakota. The red and blue distributions show winter chill hour totals from estimated and observed hourly temperature time series, respectively. The solid lines and dashed lines show the 10th percentile, 90th percentile, and median chill hour total values based on observed and estimated hourly temperature series, respectively. 
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Figure S2. (a) Trends in the (left) 10th percentile, (middle) median, and (right) 90th percentile of daily average October-April minimum temperatures between 1951 and 2021. (b) trends in (left) annual number of days with positive chill accumulation and (right) average number of hours per day during the chill accumulation season, calculated between 1951 and 2021. The black contour in trend maps indicate statistical significance (p-value > 0.95). 
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Figure S3. (Top) Average season-total chill hour accumulation from (left) observations and (right) the CMIP6 model ensemble mean, calculated over the period 1984-2014. (Bottom) Taylor Diagram from comparison of average season-total chill hour accumulation from each model with observations. 
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Figure S4. Map shows the 1991-2020 average growing season length (days) by county across the Midwest United States. Growing season length is the number of days elapsed between the first and last 0C freeze observed in each county. The growing season length graphic is taken from the Midwestern Regional Climate Center’s Freeze Date Tool: https://mrcc.purdue.edu/freeze/freezedatetool.  
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Figure S5. Maps show the projected change in total chill hour interannual variability, relative to the model historical period. Hatching indicates at least 75% of the models agree on the sign of projected change.
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Figure S6. Maps in panel (a) show the historical and projected first day reaching the Gala Apple requirement of 900 chill hours. Maps show the 30-year average over the historical period and projected periods by mid- and late-century under SSP245 and SSP585 pathways. Maps in panel (b) show the historical and projected percent of years in the 30-year historical and projected periods that meet the Gala Apple requirement of 900 chill hours by May 1st. The black contour denotes areas meeting that requirement in at least 90% of years. 
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Figure S7. Scatter plot of observed and estimated date of apple full bloom in southern Illinois between 1991 and 2022. Bloom observations were made by a commercial grower in southern Illinois.
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Figure S8. Left panels show the historical average and variability of estimated date of full bloom in Gala and Fuji apple varieties between 1951 and 2021. Right panels show the average and variability of the last spring (-3.9°C) freeze date over the same 1951-2021 period.
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Figure S9. Top maps show the projected change in interannual variability in (left) apple full bloom dates and (right) last spring freeze dates, relative to historical. Bottom maps show the coefficient of variability of spring freeze injury risk between individual CMIP6 models relative to the multi-model ensemble mean. 
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