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ABSTRACT: Climate warming is expected to disproportionately affect crop
yields in the southern United States due to excessive heat stress, while pre-
senting new farming opportunities through a longer growing season farther
north. Few studies have investigated the impact of this warming on agro-climate
indices that link meteorological data with important field dates in northern
regions. This study employs regional dynamical downscaling using the Weather
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Research and Forecasting (WRF) Model to assess changes in growing season
length (GSL), spring planting dates, and occurrences of plant heat stress (PHS)
for five regions in Alaska. Differences between future representative concen-
tration pathway 8.5 (RCP8.5; 2011–40, 2041–70, 2071–2100) and historical
(1981–2010) periods are obtained using boundary forcing from the Geophysical
Fluid Dynamics Laboratory Climate Model, version 3, and the NCAR Com-
munity Climate System Model, version 4. The model output is bias corrected
using ERA-Interim. Median GSL shows increases of 48–87 days by 2071–
2100, with the largest changes in northern Alaska. Similarly, by 2071–2100,
planting dates advance 2–4 weeks, and PHS days increase from near 0 to 5–10
instances per summer in the hottest areas. The largest GSL changes occur in the
mid- (2041–70) and late century (2071–2100), when a warming signal emerges
from the historical interannual variability. These periods coincide with the
greatest divergence of the RCPs, suggesting that near-term decision-making may
affect substantial future changes. Early-century (2011–40) projections show
median GSL increases of 8–27 days, which is close to the historical standard
deviation of GSL. Thus, internal variability will remain an important source of
uncertainty into the midcentury, despite a trend for longer growing seasons.

KEYWORDS: Arctic; Climate prediction; Regional models; Agriculture

1. Introduction

1.1. Agronomic considerations in the context of warming

Climate change, largely influenced by anthropogenic emissions, is expected to
disrupt agricultural production, globally and within the United States, due to
changes in temperature, precipitation, and the resultant alterations to water avail-
ability (IPCC 2014). In 2016, over 800 million people globally were considered
undernourished—an increase from the year before—and extreme drought and
flooding were identified as key factors (FAO 2017). The anticipated global agro-
nomic impacts of a warming climate suggest that higher atmospheric CO2 will
support plant fertilization through increased photosynthesis, but these benefits will
be offset by greater plant heat stress and declining yields (Tripathi et al. 2016).

The effects of high temperatures on agriculture are particularly notable. In the
contiguous United States (CONUS), Hsiang et al. (2017) found an average pro-
jected decrease of 9.1% in agricultural yield per 18C of warming for maize, wheat,
soybeans, and cotton; however, locations in the Northwest displayed increases
greater than 30%. These findings represent average values, but excessive heat
results in negative yield impacts that are nonlinear (Schlenker and Roberts 2009).
Above a high temperature threshold, a plant must adapt by producing heat shock
proteins that promote thermal tolerance; if the heat is too severe, the plant cells lose
viability (Krishnan et al. 1989). Typical threshold values—expressed as daily mean
temperature—for corn, rice, wheat, and grain legumes are 388, 348, 268, and 258C,
respectively (Wahid et al. 2007). Awarming climate will disproportionately affect
agriculture in locations where these thresholds are exceeded, while the reduction of
freezing temperatures will provide new opportunities to colder regions.

Amid increasing atmospheric CO2 concentrations that now exceed 400 ppm
(NOAA/ESRL 2017), no place in the United States is expected to warm at a greater
rate than Alaska. The observed rate of warming in the Arctic is approximately
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twice that of the global average (AMAP 2017), and the 12-month period from
September 2015 to October 2016 was the warmest since records began in 1900
(Overland et al. 2016). Over mainland Alaska, 38% of the land is estimated to
contain near-surface permafrost, and this is expected to reduce to 10%–18% by the
end of the century, depending on emissions scenario; the greatest reductions are
expected for the Seward Peninsula and Interior Alaska (Pastick et al. 2015). For
land areas poleward of 458N, growing season length increased 2.6 days decade21

from 1982 to 2014, but substantial spatiotemporal variability was observed (Park
et al. 2016).

1.2. Study area

Given its harsh climate, less than 0.5% of Alaska’s land area comprises farm-
land; however, the total cropland in Alaska increased by 55%, or approximately
30 000 acres, from 1982 to 2012, with over one-quarter of this area for hay and
green silage (USDA/NASS 2014a). The vast majority of this and the lesser-grown
barley, oat, and wheat crops are located in the valley locations between Anchorage
and Fairbanks (Figure 1a). These Interior valleys exhibit an extreme annual
temperature cycle, often marking the coldest and hottest parts of Alaska with
temperatures as low as 2508C in winter and up to 358C during summer. Largely
protected from extreme precipitation by surrounding mountains, these valleys re-
ceive adequate rainfall and long hours of solar radiation, conducive for plant
growth. Outside of field crops in this zone, the state’s remaining agricultural
production is in berries, fruits, vegetables, and floriculture. Small-scale green-
houses are common in the shoulder seasons to extend activities. Most coastal
areas are too cool, cloudy, and wet during the summer months for extensive production.

Rapid warming in Alaska could affect these historical conditions, and threshold-
based agro-climate indices represent a way to link meteorological data with important
field dates and thermal accumulation units. Matthews et al. (2008) codeveloped a
set of indicators with stakeholders in Scotland’s agriculture industry that include
the start-of-field operations date, growing season length, first and last air frost,
and plant heat stress. Regional climate model projections of these indices across
the United Kingdom from 2061 to 2090 show an increased growing season length
of approximately 2 months, with the largest changes occurring in the coldest
locations (Harding et al. 2015). Applying these metrics to the CONUS, Monier
et al. (2016) found an increased growing season length in excess of 3 months for
parts of the Northwest and Northeast under the business-as-usual scenario
(RCP8.5). It is also noted that mitigation of greenhouse gas emissions could
greatly reduce the negative impacts of excessive heat, decreased water avail-
ability, and subsequent lower yields (Beach et al. 2015), although mitigation of
emissions would also reduce the increase of growing season length.

The present study builds on this previous research and assesses projected agri-
cultural opportunity for Alaska to 2100, producing a set of agro-climate variations
using downscaled climate model simulations and reanalysis. These indices include
1) growing season length, defined as the difference in days between the last frost on
or before 30 June and the first frost on or after 1 July; 2) start-of-field operations
(SFO), which represents the calendar date when the thermal accumulation of daily
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Figure 1. (a) Model terrain height (m) and (b) USDA Alaska census areas. Black
hatching denotes nonsoil grid cells. The latitude and longitude coordi-
nates for the cities are as follows: Anchorage (61.178, 150.028W), Barrow
(71.308N, 156.788W), Bethel (60.788N, 161.808W), Fairbanks (64.808N, 147.888W),
Juneau (58.308N, 134.418W), King Salmon (58.688N, 156.658W), McGrath
(62.978N, 155.628W), and Nome (64.508N, 165.438W).
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average temperature Tavg reaches 2008C; and 3) plant heat stress (PHS), defined as
the number of days with a Tavg that exceeds 258C. The resulting information on
these metrics helps to inform the following questions:

1) How is Alaska’s growing season length (GSL) projected to change this
century, both spatially and in terms of differences between the last spring
air frost (LF) and first autumn air frost (FF)?

2) Can the SFO index, derived from the downscaled data, be used as a proxy
for planting date?

2. Data and methods

2.1. Observed growing season trends

The GSL in Alaska, defined as the period between the last air frost (hereafter
frost; minimum temperature Tmin � 08C) in the first half of the year (i.e., no later
than 30 June) and the first frost in the second half (i.e., on 1 July or later), ranges
from over 5 months in the southeast to effectively zero from the Brooks Range
northward. Trends were calculated via linear regression of the annual GSL time
series of station observations [Menne et al. (2012); https://www.ncdc.noaa.gov/
ghcn-daily-references], and statistical significance of the regression coefficients
was tested using the two-tailed t test. Station observations during the historical
period (1981–2010) show mixed, but primarily increasing, GSL trends that range
from 29.1 days decade21 at Juneau to 6.3 days decade21 at Fairbanks (Figure 2).
Both of these values are statistically significant at the 95% confidence level. The
trend of GSL at Fairbanks compares well with results from a 100-yr record, be-
ginning in 1906, which show a 45% increase in growing season (Wendler and
Shulski 2009).

Over the longest available period of record for each station, GSL trends are
generally 1–3 days decade21 (Figure 2). These trends (in days decade21) are
significant at the 95% confidence level at Anchorage (1.9), Barrow (now known as
Utqia _gvik; 1.2), Bethel (2.7), Fairbanks (2.7), Juneau (3.4), and Nome (3.1). Only
King Salmon (22.0) shows a decreased GSL. These trends are smaller than for the
historical period, but are in the same direction, with the exception of Juneau. The
opposing rates of change at Juneau highlight an issue with calculating trends over
short time intervals when outliers and the starting point used can exert a greater
influence. The 10-yr running-mean results in Figure 2, presented to reduce noisi-
ness for illustration, show that these trends are affected by high interannual and
decadal variability. At Juneau, several of the longest growing seasons occurred in
the mid-1980s, at the beginning of the historical period.

2.2. Downscaled reanalysis and climate model data

This study includes multiple regional dynamically downscaled variables
obtained using the Advanced Research core of the Weather Research and Fore-
casting Model (WRF; Skamarock et al. 2008) over the Alaska domain (Figure 1a).
The model simulations were driven by ERA-Interim (Dee et al. 2011) from 1981
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to 2010; the Geophysical Fluid Dynamics Laboratory Climate Model version 3
(GFDL-CM3; Donner et al. 2011) from 1981 to 2100; and the National Center for
Atmospheric Research Community Climate System Model, version 4 (CCSM4),
from 1981 to 2100. The future data come from the business-as-usual representative
concentration pathway (RCP8.5; Riahi et al. 2011) of phase 5 of the Coupled
Model Intercomparison Project (CMIP5; Taylor et al. 2012). Because of the
sparseness of station observations in Alaska, the downscaled reanalysis data are
considered as gridded observations; however, in situ information is used when
available for comparison.

The downscaling produced gridded fields at 20-km spatial and hourly time
resolution and was conducted in 2-day segments, each reinitialized to the driving
reanalysis or model. In addition, spectral nudging constrained the simulations to
the original forcing data. A complete description of the WRF configuration is
included in Bieniek et al. (2016). A few of the key physics options used here
include the microphysics (Morrison two-moment; Morrison et al. 2009), radiation
(Rapid Radiative Transfer Model; Iacono et al. 2008), the Noah land surface

Figure 2. Observed 10-yr running mean of annual GSL for eight cities in Alaska. The
points represent the last year of the 10-yr sliding window used for aver-
aging (e.g., 1917 signifies 1908–17). Vertical dashed lines demarcate the
historical period in this study (1981–2010). The linear trend (days decade21)
is shown with significance at the 95% confidence level, indicated in bold-
face for both periods.
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module, and coupling to a thermodynamic sea ice model (Zhang and Zhang 2001).
Bieniek et al. (2016) show that the dynamical downscaling reduces temperature
and precipitation bias across Alaska when compared to coarse forcing data, and
this was particularly true for locations with significant topography.

2.3. Bias-correction methodology

The agro-climate analysis in this study utilizes the five operational census areas
of the United States Department of Agriculture (USDA) to demonstrate the spatial
variability that is characteristic of Alaska and to highlight regional differences with
regard to projected changes. Additionally, a layer that separates soil and nonsoil is
superimposed atop the census areas (Figure 1b). The geographic information for
these regions is available from the National Agricultural Statistics Service (USDA/
NASS 2014b) and the soil layer from the Natural Resources Conservation Service
(Soil Survey Staff 2017). The nonsoil grid cells, which are either coastal or
mountainous, are not included in any of the indices described by this research.
Projected changes to the agro-climate indices are presented in 30-yr time intervals
(i.e., 2011–40, 2041–70, and 2071–2100) from both the CCSM4 and GFDL-CM3.
These changes have been bias corrected according to the observation-based ERA-
Interim (1981–2010). ERA-Interim is among the top-performing reanalyses with
regard to surface temperature and precipitation for Alaska, frequently exhibiting
the lowest root-mean-square error (RMSE) relative to station observations (Lader
et al. 2016).

The projections were bias corrected using quantile mapping or the delta method,
depending on the variable. For GSL, LF, and FF, the historical climate model
distribution (1981–2010) is sorted in ascending order and is subtracted from the
corresponding sorted 30-yr future distribution at each grid cell. These differences
are then added to the sorted ERA-Interim distribution (1981–2010). For example,
the nth-longest growing season modeled by CCSM4 during 1981–2010 is sub-
tracted from the nth-longest projected growing season by CCSM4 during 2011–40.
This difference, exclusively according to the climate model (i.e., CCSM4), is
then added to the nth-longest observed growing season from ERA-Interim.
Since 30-yr time intervals are used, n 5 30. All changes are relative to the
1981–2010 historical period. By applying this quantile-based bias correction to
each point of the 30-yr distributions, changes to the mean and variability of
GSL, LF, and FF are captured. This delineation between time periods also
allows investigation into if and when the projected change signal dominates the
interannual variability.

The 30-yr projected changes in the SFO and PHS indices are presented as dis-
tributional means. The same delta method (Hayhoe 2010) is applied as before to
bias correct the climate model output, but rather than subtracting at all n 5 30
points of the respective distributions, the 30-yr mean is used instead. For example,
the 30-yr historical (1981–2010) mean SFO date from CCSM4 is subtracted from
the 2011–40 mean CCSM4 SFO date and added to the ERA-Interim (1981–2010)
mean SFO date at each grid cell. For all of the agro-climate indices, the resulting
gridcell values are further aggregated and averaged by the aforementioned census
areas (Figure 1b).
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3. Results

3.1. Temperature and precipitation climatology and projections

The seasonal ERA-Interim average surface temperature climatology (Figure 3,
left), derived from daily data, shows a north-to-south gradient for all periods except
for summer, when the highest temperatures are found across Interior lowlands,
such as the Yukon Flats and Tanana Valley. Late-century temperatures (2071–
2100) are projected to warm by 8.18, 4.98, 5.28, and 5.78C for winter (DJF), spring
(MAM), summer (JJA), and autumn (SON), respectively, according to the CCSM4
(Figure 3, center). Larger increases of 10.28, 7.78, 7.08, and 7.78C are projected
for the GFDL-CM3 (Figure 3, right). The future results indicate that the largest
changes occur during DJF when the coldest temperatures are found across the
Interior; concurrently, Arctic waters adjacent to Alaska stay close to freezing. The
average temperature across Alaska transitions from below to above freezing for
MAM and SON.

The seasonal ERA-Interim total precipitation climatology (Figure 4, left), also
derived from daily data, shows that MAM is the driest season, and JJA is the wettest
for Alaska when convective precipitation occurs. In all seasons, total precipitation
is projected to increase; the largest changes with respect to magnitude and per-
centage for CCSM4 occur in DJF, and they occur in SON for GFDL-CM3. The
CCSM4 (Figure 4, center) shows increases that are approximately half of those
depicted by the GFDL-CM3 (Figure 4, right). For CCSM4, the smallest percentage
change (17.1%) is in SON, while for GFDL-CM3, the smallest increases are in
MAM (34.8%). The smallest change in actual magnitude for both models is during
MAM.

3.2. Growing season length projections for Alaska

The widespread observed increases in GSL are projected to continue, and the
rate is expected to accelerate across Alaska. The late-century (2071–2100) median
increase in CCSM4 ranges from 48 days for the Fairbanks census area up to 63
days for the Aleutian Islands. Increases driven by the warmer GFDL-CM3 range
from 67 to 87 days for the same census areas (Table 1). The future (2071–2100) and
historical (1981–2010) periods are separated by 90 years, meaning that the mod-
eled increases yield approximate trends of 5–10 days decade21. The lower end of
this range compares well with historical trends (days decade21) at Anchorage
(5.1), Barrow (4.4), Bethel (5.7), Fairbanks (6.3), and Nome (4.4), but is consid-
erably higher than those from the full period of record (Figure 2). The projected
changes indicate that the shortest late-century growing season is outside (i.e.,
longer) the historical interquartile growing season range for all census areas (Figure 5).
The GSL distributions, including the median value and the extremes, become suc-
cessively longer with each 30-yr time period. However, despite these large GSL in-
creases, the projected census area GSL minima continue to exhibit overlap with the
historical distributions in the CCSM4 results.

Projections from CCSM4 for the early-century period (2011–40) show increases
to median GSL, depending on census area, that range from 8 (Fairbanks) to 15
(Juneau) days when compared to the historical period (Table 1). Greater changes
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are found for the absolute minima and first quartile of the 30-yr distributions, but
not necessarily for the third quartiles and maxima. For GFDL-CM3, median GSL
increases from 17 (Juneau) to 27 (Aleutians) days. Similar to CCSM4, larger increases
are found for the minima and first quartiles, while mixed results are shown for the
upper points of the distributions. These changes have the effect of lowering the
standard deviation of annual GSL for all census areas, according to CCSM4, and all
regions except for the Juneau census area in GFDL-CM3.

For the midcentury period (2041–70), CCSM4 shows further median GSL in-
creases, relative to the 2011–40 period, that vary between 18 (Fairbanks) and 23

Figure 3. Seasonal 2-m temperature climatology (8C) from (left) ERA-Interim (1981–
2010), (center) CCSM4 projected change (2071–2100 minus 1981–2010)
added to ERA-Interim, and (right) GFDL-CM3 projected change (2071–
2100 minus 1981–2010) added to ERA-Interim. The land gridcell average
for Alaska is indicated in the bottom-right corner of each panel.
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(Aleutians) days (Table 1). These increases are more pronounced for GFDL-CM3,
which shows increases of 27–37 days for the Fairbanks and Anchorage census
areas, respectively. One notable difference between the two models when com-
paring the midcentury with the early-century periods is their interannual varia-
bility. For CCSM4, each census area has a higher standard deviation of annual GSL
from 2041–70 than during the 2011–40 period; the opposite is true for GFDL-
CM3. This is reflected visually in Figure 5 by comparing the changes between the
red and green box-and-whisker diagrams.

The late-century period (2071–2100) shows the greatest GSL increases for
CCSM4, ranging from 19 to 27 days longer than the midcentury period for the Juneau
and Aleutian Islands census areas, respectively; the range of increases according to
GFDL-CM3 is comparable at 18–27 days for the Fairbanks and Aleutian Islands

Figure 4. As in Figure 3, but for total seasonal precipitation (mm).
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census areas, respectively (Table 1). The projected variability of GSL for Alaska again
shows considerable spatial variations. Relative to the historical period, both models
indicate a decreased late-century standard deviation of up to 1 week across much of
the Interior and increases of up to 1 week from 608N and points southward (Figure 6).
The CCSM4 shows increases in variability (standard deviation) of up to 10 days along
parts of the North Slope (Figure 6, top), while the GFDL-CM3 has decreased GSL
variability exceeding 10 days for a large swath of this area (Figure 6, bottom). This is
likely due to differences in the model sea ice state. From 2071 to 2100, the GFDL-
CM3 shows essentially no sea ice in the study domain, producing more of a maritime
climate for Arctic Alaska; however, the CCSM4 depicts high interannual sea ice
variability during this period. These differences are evident in the GSL boxplots for
the Aleutian Islands census area in Figure 5.

Analysis of the components that determine GSL, namely, the LF (Figure 7) and
the FF (Figure 8), demonstrates that with each successive 30-yr period, the median
date of LF is earlier, and the median date of FF is later. For CCSM4, the relative
advances to median LF by census area range from 1 to 7 (2011–40), 10 to 13
(2041–70), and 8 to 12 (2071–2100) days when compared to the preceding 30-yr
period. For GFDL-CM3, these values are generally larger: from 9 to 12 (2011–40),
12 to 19 (2041–70), and 7 to 14 (2071–2100) days (Table 2). The relative delays to
median FF by census area range from 6 to 10 (2011–40), 4 to 11 (2041–70), and
8 to 12 (2071–2100) days for CCSM4 and from 8 to 17 (2011–40), 4 to 20 (2041–
70), and 10 to 17 (2071–2100) days for GFDL-CM3 (Table 3).

Table 1. Minimum (Min), lower quartile (Q1), median (Med), upper quartile (Q3),
and maximum (Max) GSL (days) averaged over USDA census areas for ERA-Interim
(1981–2010) and bias-corrected scenarios for CCSM4 and GFDL-CM3. The greatest
relative changes from successive periods for each census area and statistical point
are indicated with the ending period in boldface.

CCSM4 GFDL-CM3

Area Period Min Q1 Med Q3 Max Min Q1 Med Q3 Max

Aleutians 1981–2010 59 88 101 114 141 59 88 101 114 141
2011–40 80 103 114 127 153 90 114 128 139 158
2041–70 84 117 137 153 181 129 151 161 170 183
2071–2100 124 153 164 175 198 157 177 188 198 217

Anchorage 1981–2010 57 87 99 110 133 57 87 99 110 133
2011–40 71 101 112 123 150 97 117 125 137 157
2041–70 81 118 133 146 171 134 154 162 170 181
2071–2100 123 151 160 169 195 162 178 185 194 209

Fairbanks 1981–2010 77 104 118 129 150 77 104 118 129 150
2011–40 91 115 126 137 152 105 128 140 151 168
2041–70 102 130 144 156 168 141 157 167 177 189
2071–2100 138 155 166 174 183 158 175 185 194 207

Juneau 1981–2010 140 165 176 188 213 140 165 176 188 213
2011–40 171 181 191 204 236 160 182 193 206 245
2041–70 184 199 210 222 264 194 213 223 236 261
2071–2100 205 219 229 244 303 211 235 246 265 300

Kenai 1981–2010 104 132 142 151 176 104 132 142 151 176
2011–40 131 146 154 163 197 140 153 163 172 196
2041–70 138 162 174 186 214 167 183 191 197 218
2071–2100 169 185 195 206 234 186 204 214 224 254
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When comparing the late-century period (2071–2100) with the historical
reference period (1981–2010), there is a tendency for larger changes to occur
with the FF, indicating that the lengthening GSL is due more to later autumn frost
than to earlier spring thaws. The primary exception to this is for the Juneau
census area, where the change in the LF is about 1 week greater (i.e., earlier) than
the change to later FF. It is speculated that the dearth of late-century snow cover
in this southern region is the main reason for this difference. Much of the solar
energy in the spring currently goes into melting snow and is projected to continue
to do so to a lesser extent in northern regions, but not in the south. The late-
century (2071–2100) CCSM4 shows an earlier date of LF, compared to the
historical period, ranging from an advance of 19 (Fairbanks) to 31 (Juneau) days.
For FF, the geographical range of values is larger: 23 (Juneau) to 40 (Aleutians)
days later. The analogous ranges from the GFDL-CM3 for LF are 30 (Fairbanks)
to 45 (Anchorage) days earlier than historical and 31 (Juneau) to 53 (Aleutians)
days later for FF.

Figure 5. GSL (days year21) across five USDA census areas for (a) CCSM4 and (b)
GFDL-CM3. Boxes represent the interquartile range, andwhiskers show the
extremes. Projected change, relative to model climatology, for 2011–40
(red), 2041–70 (green), and 2071–2100 (black) has been bias corrected
with ERA-Interim (1981–2010; blue).
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3.3. Start-of-field operations date

Amore robust measure for the start of the agricultural season than the last spring
frost is the SFO index, which represents the date when the thermal accumulation
(beginning 1 January) of daily Tavg reaches 2008C. When compared to the visually

Figure 6. Projected changes (2071–2100), relative to climatology (1981–2010), of
detrended standard deviation of GSL (days) for (top) CCSM4 and (bot-
tom) GFDL-CM3. Black hatching denotes nonsoil grid cells. The latitude
and longitude are identical to Figure 1.
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observed ‘‘green up’’ time series at Fairbanks (Figure 9), the independent time
series of SFO derived from Fairbanks International Airport data and the nearest
ERA-Interim grid cell have correlation coefficients of 0.91 and 0.90, respectively.
Green-up refers to the period when deciduous plants leaf out in the spring. The
photoperiod characteristic of Interior Alaska during the spring allows this change
to occur over the course of 1 day, and it is striking to the visual observer as the
landscape hue transitions from brown to green. Fathauer (2012) notes a con-
current relationship between green-up and grass pollen release. Because of its
phenological importance, the onset of green-up in the Interior was statistically
tested with daily maximum temperature as the primary predictor (Thoman and
Fathauer 1998).

With the assumption that this temperature–green-up relationship can be ex-
trapolated beyond Fairbanks, historical SFO dates range from late April over
Southeast Alaska to late May across most of the Interior to late June for the North
Slope. The CCSM4 projects earlier SFO dates, with changes ranging from less than
1 week (2011–40) to 1–2 weeks (2041–70) to about 2–4 weeks across Alaska
(2071–2100; Figures 10a–c), while GFDL-CM3 shows earlier start dates of 1 week,
2 weeks, and approximately 1 month, respectively (Figures 10d–f).

Figure 7. As in Figure 5, but for average last date of spring frost.
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3.4. Plant heat stress

Higher precipitation and a longer growing season are conducive to greater ag-
ricultural opportunity, but warmer temperatures pose a risk of increased PHS.
Exposure to extremely high daily maximum temperature (e.g.,.358C) disrupts the
carbon cycle in plants by reducing photosynthesis and increasing respiration
(Barnabás et al. 2008). Wheat, a primary field crop currently grown in Alaska,
shows cell deterioration with maximum temperatures above 258C, and anthesis
(i.e., flowering) is stunted above 328C (Sánchez et al. 2014). Excessive heat causes
plants to use energy to mitigate structural damage, and this lost energy can no
longer be used for growth.

Following the results of Wahid et al. (2007), a typical metric used to indicate
PHS for cool season crops that are common to Alaska is the number of days with
Tavg greater than 258C. Using Tavg instead of daily maximum temperature means
that the plants have sustained prolonged exposure to high temperatures. No lo-
cation in Alaska currently averages one PHS day per year (figure not shown);
however, Alaska’s Interior occasionally experiences this level of heat during a hot
summer. Future projections indicate an increased number of heat stress days per
year in the Interior and an introduction of such days to places that previously had
none. The CCSM4 shows greater increases (Figures 11a–c), compared to the

Figure 8. As in Figure 5, but for average first date of autumn frost.
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GFDL-CM3 (Figures 11d–f), with maximum frequencies exceeding 7 days yr21

in parts of the Yukon Flats and Tanana Valley by 2071–2100. Each 30-yr pro-
jected period shows a slight increase in PHS days, compared to the previous
30 years.

Table 2. As in Table 1, but for date of last spring frost (Julian day).

CCSM4 GFDL-CM3

Area Period Min Q1 Med Q3 Max Min Q1 Med Q3 Max

Aleutians 1981–2010 128 141 147 155 168 128 141 147 155 168
2011–40 125 138 144 149 163 121 133 138 145 159
2041–70 111 124 133 142 164 110 120 126 132 144
2071–2100 104 118 124 130 149 91 109 116 123 137

Anchorage 1981–2010 129 144 150 156 170 129 144 150 156 170
2011–40 120 138 146 152 167 116 129 138 146 166
2041–70 103 125 133 144 168 97 110 119 127 146
2071–2100 97 114 121 129 151 81 96 105 114 138

Fairbanks 1981–2010 118 130 138 145 161 118 130 138 145 161
2011–40 113 128 137 142 155 107 120 128 135 148
2041–70 108 118 127 135 161 100 109 115 122 135
2071–2100 102 113 119 125 142 88 101 108 116 131

Juneau 1981–2010 92 109 117 124 139 92 109 117 124 139
2011–40 81 103 110 116 129 85 99 106 114 131
2041–70 51 88 97 106 123 67 77 89 98 117
2071–2100 45 77 86 94 109 37 63 77 90 112

Kenai 1981–2010 106 122 130 137 151 106 122 130 137 151
2011–40 98 117 124 130 138 97 112 119 127 140
2041–70 84 104 112 119 135 82 97 106 111 124
2071–2100 73 94 102 109 122 62 84 96 104 121

Table 3. As in Table 1, but for date of first autumn frost (Julian day).

CCSM4 GFDL-CM3

Area Period Min Q1 Med Q3 Max Min Q1 Med Q3 Max

Aleutians 1981–2010 217 238 249 259 278 217 238 249 259 278
2011–40 228 247 259 269 290 237 255 266 275 291
2041–70 233 255 270 283 301 262 278 286 293 306
2071–2100 256 281 289 296 311 281 295 303 310 325

Anchorage 1981–2010 219 239 249 258 271 219 239 249 258 271
2011–40 227 248 257 266 282 247 260 265 272 280
2041–70 237 260 267 274 287 263 277 281 284 290
2071–2100 257 277 282 288 298 275 289 292 294 300

Fairbanks 1981–2010 225 245 256 264 276 225 245 256 264 276
2011–40 230 250 263 272 283 246 260 269 275 284
2041–70 239 261 272 281 290 267 275 283 290 298
2071–2100 264 276 286 293 298 276 286 293 299 309

Juneau 1981–2010 264 284 293 302 320 264 284 293 302 320
2011–40 280 294 302 312 335 277 291 301 310 329
2041–70 289 299 306 316 339 290 305 312 319 336
2071–2100 297 309 316 327 351 307 319 324 332 346

Kenai 1981–2010 246 264 271 278 293 246 264 271 278 293
2011–40 262 269 277 286 307 269 278 283 287 303
2041–70 266 277 286 293 312 280 291 295 300 318
2071–2100 283 290 296 303 319 293 304 309 313 337
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4. Discussion
This study depicts changes in 30-yr segments beyond the historical period of

1981–2010 to allow for a climate change signal to emerge from the natural vari-
ability. Table 1 identifies the greatest relative GSL changes from successive periods
in boldface for each of the 5 census areas and for each of the 5 statistical points, for
a total of 25 per model. By adding these instances together and binning them into
each of the three projected periods, it is found that the greatest GSL changes
according to CCSM4 occur in the late-century period and in the midcentury for the
GFDL-CM3. Similarly, for LF (Table 2), the greatest changes occur in the mid-
century period for both models, and none of the highest relative changes occur in
the early century (2011–40). For FF (Table 3), both models indicate that the
greatest changes occur during the late century.

The relative increases in median GSL from the historical period to the early
century are comparable to the historical standard deviation of GSL, meaning that
internal variability will continue to be as important as the underlying trend into the
midcentury. However, the signal of increased GSL largely emerges in all five
census areas (Figure 5), such that most late-century growing seasons (2071–2100)
will be reliably longer than currently observed, even in a relatively cold year. This
is important for long-term planning, but highlights an ongoing problem. That is,
despite rapid warming in the high latitudes, the economic risk of a failed crop
due to a cold summer is an impediment to changing agricultural practices. The
RCP8.5 emissions scenario used in this study shows the current trajectory of agro-
climate indices for Alaska, but mitigation efforts could result in smaller observed
changes.

Figure 9. Annual time series (1981–2010) of visually observed green-up date
(green), SFO date for Fairbanks International Airport (blue), and the SFO
for the nearest grid cell from the downscaled ERA-Interim (red). The
correlation coefficient r of each SFO time series compared to green-up is
indicated.
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Field sites near Fairbanks show a close relationship between planting date and
green-up. The average planting date from 1978 to 2002 was 10 May (Van
Veldhuizen and Knight 2004), and the average green-up date from 1981 to 2010
was 9 May (Figure 9). The average last frost at Fairbanks from 1978 to 2002 was
16 May (NOAA/NWS 2017), which coincides with the average SFO date from
the Fairbanks International Airport and the nearest downscaled ERA-Interim grid
cell (Figure 9). Given the statistically significant correlation between green-up
and the SFO, these findings imply that the model output can provide a proxy for
planting date. Heat accumulation metrics are commonly used to anticipate plant
growth and maturation, usually measured in growing degree-days (GDD; Miller
et al. 2001); the SFO uses heat units to estimate when the planting process can
begin.

This study delineated soil versus nonsoil areas. A defining characteristic for
much of the soil in Alaska is the presence of permafrost beneath the surface, which
drains poorly and is classified by the gelisol taxonomic order (Soil Survey Staff

Figure 10. Average SFO date for (a)–(c) CCSM4 and (d)–(f) GFDL-CM3 by 30-yr
period. Modeled change has been bias corrected with ERA-Interim
(1981–2010). Black hatching denotes nonsoil grid cells. The latitude and
longitude are identical to Figure 1.
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2014). Given the observed and projected rates of warming for Alaska, near-surface
permafrost is expected to thaw over much of mainland Alaska. Thawing permafrost
facilitates drainage of surface water, but in a climatologically dry area like
mainland Alaska, the amount of soil water necessary for farming is a delicate
balance that can rapidly transition from saturated to too dry. Thawing permafrost
often leads to irregular subsidence and irregular surfaces (gullies and ridges)
known as thermokarst, especially where the near-surface layers have high ice
content. In such cases, extreme surface roughness can preclude agriculture. Fur-
thermore, while the dynamically downscaled data used here provide a better rep-
resentation of temperature and precipitation than the coarser forcing data (Bieniek
et al. 2016; Lader et al. 2017), the 20-km resolution does not resolve the landscape
at the individual field level. The feasibility of particular crop varieties can vary
widely with small changes in elevation and prevailing meteorological quantities
(Van Veldhuizen and Knight 2004).

Figure 11. As in Figure 10, but for number of PHS days per year (Tavg > 258C).
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One potential indicator of the changing feasibility of agriculture is the preva-
lence of biomass. While summer warming has been linked to higher biomass
across the Arctic, several locations in Alaska have shown decreases in recent de-
cades, pointing to a role of internal variability in complicating a warming climate.
For example, southwest Alaska saw a reduction of biomass (i.e., browning) from
1982 to 2011 (Bhatt et al. 2013). Later spring snowmelt that delayed green-up has
been suggested as a plausible reason for this finding (Bieniek et al. 2015). This is
consistent with a pan-Arctic study of snow showing that while the region has
decreasing snow-cover duration and snow water equivalent (SWE) in general,
southwest Alaska represents one area with increased SWE and later snowmelt
dates from 1979 to 2009 (Liston and Hiemstra 2011). Conversely, increased winter
snow acts to insulate the soil underneath, keeping it warmer and more vulnerable to
thawing in the summer. Surface water from permafrost thawing reduces the re-
motely sensed normalized difference vegetation index (NDVI), which is sensitive
to soil moisture and water, thus potentially leading trends suggesting vegetation
browning (Raynolds and Walker 2016). Parent and Verbyla (2010) suggest that an
area of vegetation browning in eastern Interior Alaska resulted from drought stress
and insect infestation, which, together with warming temperatures and thawing
permafrost, overwhelmed any precipitation changes.

Greater agricultural opportunity has been noted for other high-latitude regions,
but with a few causes for concern. Winter and spring wheat yields are projected to
increase by an average of 37% and 70%, respectively, across western Canada from
2040 to 2069, but there are concerns about pests and new diseases (Smith et al.
2013). The potential for longer growing seasons has been recognized in Sweden
and Finland, although the integration of transformational practices such as changing
land usage for farming has been limited by short-term economic and regulatory
concerns (Juhola et al. 2017). Uncertainty about changes in water stress at northern
locations remains high, too. While precipitation is projected to increase, higher
temperatures and longer summers will increase evapotranspiration. However, there is
evidence that higher CO2 will decrease stomatal conductance in plants, helping them
to retain water (Yu et al. 2004).

5. Conclusions
This study investigates projected changes (2011–40, 2041–70, and 2071–2100)

to agro-climate indices for Alaska using downscaled regional climate model
simulations under the RCP8.5 emissions scenario, together with observed meteo-
rological and reanalysis data. The average GSL is projected to increase by 48–87
days yr21 when comparing the late century (2071–2100) with the historical ref-
erence period (1981–2010), with the largest changes in the coldest locations. Most
areas exhibit more change to the first autumn frost than to the last spring frost.
Southern Alaska is the exception to this, which could implicate the lack of seasonal
snowpack here at the end of winter. The heat-unit-based SFO index exhibits a
significant correlation with the independently observed green-up date at Fairbanks,
which is subsequently related to observed planting date. These relationships in-
dicate, by means of projections of the SFO across Alaska, the feasibility of earlier
spring cultivation by 2–4 weeks. Increasing heat is also expected to result in greater
PHS for field crops. Interior sites rarely have days with Tavg . 258C at present, but
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these events are anticipated to occur 5–10 times per year in the hottest valleys at the
end of this century.

The most pronounced GSL changes are projected to occur in the mid- and late-
century periods, which also coincides with when the RCPs diverge the most
(Kunreuther et al. 2014) and when the choice of scenario represents the highest
source of uncertainty, compared to model spread and internal variability (Hodson
et al. 2013). Utilizing a forcing scenario lower than RCP8.5 would reduce the
anticipated late-century increases to temperature and precipitation. This would sub-
sequently reduce the GSL, changes to the SFO, and PHS, while acting to preserve
the current landscape of Alaska. Without land-use alterations and transforma-
tional changes to infrastructure, water management, and soil treatment, it is
plausible that much of Alaska will remain untilled, despite the more favorable
climate described here. However, the projections indicate far fewer days with
freezing temperatures in Alaska. Thus, plants will be less susceptible to lethal
cold temperatures, allowing for both an expansion in the acreage of crops that are
currently grown and the introduction of new crops (e.g., maize) that require more
growing degree-days. Additional investigation into the changing soil water bal-
ance and other effects of permafrost thaw would greatly improve further agri-
culture feasibility studies for Alaska.
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