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in greenhouse gas emissions, our study suggests that years 
like 2012 in the US could become normal by mid-century.

Keywords Climate variability · Seasonal dynamics · 
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1 Introduction

The timing of spring governs the activity of ecosystems and 
agriculture (e.g., Lieth 1974; Schwartz et al. 2006; Parme-
san 2006; IPCC 2007; Schwartz et al. 2012), as well as the 
dynamics of the physical climate system (e.g., Schwartz 
1992; Pielke 2001) across much of the Northern Hemi-
sphere. Recent work has demonstrated that variations in 
the timing of spring occur at interannual to multidecadal 
timescales, are coherent across large spatial scales, and can 
outpace long-term trends from climate change (Ault et al. 
2011; McCabe et al. 2011; Schwartz et al. 2013; Ault et al. 
2015a).

Changes in the timing of spring due to climate change 
are likely to alter ecosystem function and agricultural 
activities. Such changes will present new opportunities 
and challenges to natural resource managers, growers, and 
farmers. For example, a longer growing season at higher 
latitudes could mean that new varieties of crops could be 
planted in those areas. The year of 2012 presents a sali-
ent example of some potential consequences of an earlier 
spring. Unusually warm temperatures early in the spring of 
2012 led to the warmest March for which instrumental data 
is available, breaking records at over 15,000 sites across the 
continental United States (Blunden and Arndt 2013). The 
warmest temperature anomalies occurred across the Great 
Lakes. Locations such as Chicago, IL recorded nine con-
secutive days exceeding or tying high temperature records 

Abstract Seasonal transitions from winter to spring 
impact a wide variety of ecological and physical systems. 
While the effects of early springs across North America are 
widely documented, changes in their frequency and likeli-
hood under the combined influences of climate change and 
natural variability are poorly understood. Extremely early 
springs, such as March 2012, can lead to severe economi-
cal losses and agricultural damage when these are followed 
by hard freeze events. Here we use the new Community 
Earth System Model Large Ensemble project and Extended 
Spring Indices to simulate historical and future spring 
onsets across the United States and in the particular the 
Great Lakes region. We found a marked increase in the fre-
quency of March 2012-like springs by midcentury in addi-
tion to an overall trend towards earlier spring onsets, which 
nearly doubles that of observational records. However, 
changes in the date of last freeze do not occur at the same 
rate, therefore, causing a potential increase in the threat of 
plant tissue damage. Although large-scale climate modes, 
such as the Pacific Decadal Oscillation, have previously 
dominated decadal to multidecadal spring onset trends, our 
results indicate a decreased role in natural climate variabil-
ity and hence a greater forced response by the end of the 
century for modulating trends. Without a major reduction 
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with an overall +8.7
◦
C mean temperature departure for the 

entire month (US Department 29 of Commerce, NOAA 
2012). The summer-like weather brought many agricultural 
crops out of dormancy including fruit trees and other plants 
(Knudson 2012; Ellwood et al. 2013). Meteorological indi-
ces and remote sensing products characterized March 2012 
as the earliest spring since at least 1900 (Ault et al. 2013). 
However, having been brought out of winter dormancy pre-
maturely by this “false spring,” many crops faced severe 
risks of frost damage when temperatures returned to their 
climatological values in April. Economic losses occurred 
across a large expanse of the Midwest and Northeast as a 
response to the early season warmth. The state of Michi-
gan, for example, reported nearly $500 million in agricul-
tural damages (Knudson 2012).

Phenological events have been highlighted as a poten-
tially useful integrator of climate information with high 
societal relevance (Schwartz et al. 2012; Ault et al. 2013; 
IPCC 2007; Rosemartin et al. 2015), but they are seldom 
available across large spatial scales or over long periods of 
time. That is, data from remote sensing provides extensive 
spatial coverage of land surface phenology, but is limited 
by the short length of the satellite record. In situ obser-
vations are available from a few select sites and in some 
cases cover many decades, but are not spatially complete or 
homogeneous (White et al. 2009; Cook et al. 2012; Zurita-
Milla et al. 2013). Characterizing the risk of events like 
the false spring of 2012 into the future requires a defini-
tion of “spring onset” that is consistent from one year to 
the next year, and from one location to another. A number 
of weather-based indices at the start of the growing season 

Fig. 1  The SI-x gridded indices are used to calculate the first leaf 
and last freeze indices from 1920–2013 in the BEST data set (Muel-
ler 2013) over the Great Lakes region. A simple least squares regres-
sion is additionally plotted to note the trend in earlier than normal 
spring onset over the post-industrialization era

Fig. 2  (Top) The average first leaf index composite map is plotted 
using the BEST gridded data set (Mueller 2013) over the 1981–2010 
climatological period. (Bottom) The 2012 first leaf index anomalies 
are calculated in their difference from the climatological mean in 
units of days with negative values denoting earlier onset. The outlined 
black box denotes the restricted geographic domain used in further 
calculations (37.5◦N–50.5◦N and −101.5

◦
W to −75.5

◦
W)

Fig. 3  Mean leaf out for March 2012 across the central United States 
was approximately March 26 (DOY = 86). Average 200 mb geo-
potential heights and the zonal mean wind are plotted of the three 
preceding days. (Top) Vectors are plotted for u/v wind components 
and filled contours represent the zonal mean wind speed. (Bottom) 
Contours indicate geopotential heights in meters. Maps are derived 
from the NCEP-DOE Reanalysis II project (Kanamitsu et al. 2002)



3951Identifying anomalously early spring onsets in the CESM large ensemble project

1 3

have been introduced and used to study continental and 
global scale environmental change (e.g., Jolly et al. 2005; 
Schwartz et al. 2006). One such product, the “extended 
spring indices” (Schwartz et al. 2013; Ault et al. 2015b) has 
become particularly widely used in this regard, with recent 
studies employing it to understand sources of potential pre-
dictability on interannual to decadal timescales (McCabe 
and Ma 2006), long-term historical trends (Schwartz 
et al. 2006, 2013; McCabe and Ma 2006; McCabe et al. 
2013; Ault et al. 2015a), and future climate model projec-
tions (Allstadt et al. 2015). These indices have also been 
recently adopted as part of the national indicators efforts to 
understand and monitor climate change in North America 
(http://www.globalchange.gov/sites/globalchange/files/
Pilot-Indicator-System-Report_final).

A deeper understanding of the competing roles of natural 
climatic variability and forced change is required to make 
meaningful interpretations about how spring transitions 

will play out in coming decades. Using, for instance, the 
Climate Model Inter-comparison Project 5 (CMIP5) 
archive would make it difficult to distinguish model spread 
arising from model-dependent forced responses or internal 
climatic fluctuations produced by the individual climate 
simulations themselves as a result of the limited available 
number of model ensemble members. We therefore focus 
the present study on a recently developed single-model 
“large ensemble” (LENS) experiment, allowing us to rigor-
ously investigate the competing roles of natural variability 
and climate change in modulating the likelihood of events 
like the spring of 2012 in unforced, historical, and anthro-
pogenic warming scenarios.

The analysis and results in this study are organized 
as is follows. Section 3.1 describes the observational 
spring onset record. Section 3.2 describes the LENS con-
trol run with pre-industrial forcings. Sections 3.3 and 3.4 
describe spring onset under the LENS historical and future 

Fig. 4  First leaf and last freeze (LSTFRZ) indices 30 year trends are calculated from the CESM control simulation for three periods from years 
500–599. A long-term trend is also calculated for each index over the entire century. Least-squares regressions are calculated in days/decade

http://www.globalchange.gov/sites/globalchange/files/Pilot-Indicator-System-Report%5ffinal
http://www.globalchange.gov/sites/globalchange/files/Pilot-Indicator-System-Report%5ffinal
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simulations respectively. We focus our analysis over the 
Great Lakes as a result of using March 2012 as an example 
of an anomalously early spring in the historical record.

2  Data and methods

2.1  Data

The extended spring indices (SI-x) were computed from 
both observational data and climate model output. The 
underlying assumptions, code and algorithm are docu-
mented elsewhere (Ault et al. 2015b), but briefly, the 
SI-x are derived from averaging outputs from pheno-
logical models for three different plant species using 
only Tmin, Tmax, and latitude as input. For a given location 
and year, the SI-x provide a day of year (DOY) estimate 
for the timing of both “first leaf,” “first bloom,” and “last 
freeze.” Because the same algorithm is used across space 
and through time to model these events, the SI-x present 

Fig. 5  The nine closest March 2012-like matches are plotted from 
the CESM control run for years 402–999. Control years are listed per 
spatial grid. Anomalies are calculated from leaf index climatologies 

calculated over the entire control simulation. Negative values again 
indicate earlier than average spring onset

Fig. 6  Time series of first leaf indices computed over CESM con-
trol (years 402–999) against the normalized 2012 threshold of minus 
three standard deviations. Units again assume the day of the year 
beginning with January 1. Indices are averaged over the defined Great 
Lakes region
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a consistent metric of the timing of spring across a wide 
range of climate zones and even future changes. Moreover, 
a number of other recent studies have linked these dates to 
both observer-based phenological changes (Schwartz et al. 
1997, 2006, 2013) as well as large-scale fluctuations in 
the timing of spring green-up observable from space (e.g., 
White et al. 2009). Phenological coefficients have been 
optimized from the dates of lilac and honeysuckle leaf-out 
and bloom (Schwartz 1993) and provide a proxy for spring 
phenology due to their close similarity to other plant spe-
cies (Schwartz et al. 2006, 2013).

Three different experiments performed as part of the 
LENS project (Kay et al. 2014) by the National Center for 
Atmospheric Research (NCAR) using Community Earth 
System Model (CESM) were also used to calculate SI-x 
(Table 1). These included: (1) a 1500-year control simula-
tion with no externally varying forcings; (2) 30 historical 
simulations from 1920–2005; and (3) 30 climate change 

simulations from 2006–2080 following the representative 
concentration pathway 8.5 (RCP8.5) scenario (Moss et al. 
2010). As described in Kay et al. (2014), the CESM fully 
coupled land and atmosphere model based control run 
was spun up assuming 1850 land, ocean, and atmosphere 
boundary conditions (Kay et al. 2014). A single ensemble 
member was initialized from the pre-industrial forcings of 
an arbitrary date in the control (January 1, 402) and run 
through until January 1, 1920; thereafter, thirty ensembles 
were branched off using the same initial conditions other 
than a small temperature round-off error leading to model 
spread (Kay et al. 2014). The ensembles were run until the 
year 2005 representing the historical forcing of the post-
industrial era for greenhouse gases and temperature rises. 
During the period from 2006 to 2100, each of the histori-
cal ensemble members were forced using the Representa-
tive Concentration Pathway 8.5 (RCP8.5) (Meinshausen 
et al. 2011) to account for modeled twentyfirst century 

Fig. 7  First leaf index trends are calculated from 1920–2005 from 
the LENS project (Kay et al. 2014). The average first leaf index 
trends (1880–2013) from the BEST data set (Mueller 2013) are 

shown in the top left subplot for comparison. Least-squares regres-
sions are calculated in days/decade
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warming with average global surface temperature increases 
of around 5 ◦

C in the ensembles by the end of the simula-
tion (Kay et al. 2014).

The Pacific Decadal Oscillation (PDO) global climate 
mode was compared through the historical and future 
LENS to understand the forcing of natural climate variabil-
ity. PDO indices are computed from the sea surface temper-
ature variability in the Pacific Ocean north of 20◦N (Man-
tua et al. 1997; Mantua and Hare 2002). These indices were 
obtained from the Climate Variability Diagnostics Package 
(CVDP) (Phillips et al. 2014) for each run of the CESM 
LENS project including the control and future simulations. 
Although other indices have similar spatial patterns and 
correlations with the spring indices [e.g., ENSO and the 
PNA, (Ault et al. 2011)], we focus on the PDO because its 
long timescale of variability could allow it to mask short 
term (30 year) trends. Indeed, this appears to have been the 
case for at least part of the twentieth century (Ault et al. 
2015a).

2.2  Methods

For the purposes of this study, “first leaf” index was 
selected as the primary metric to characterize the onset of 
spring, whereas the “last freeze” index is defined as the 
final day of any given year when Tmin values are less than 
−2.2

◦
C (Schwartz 1993; Schwartz et al. 2006; Ault et al. 

2015b). This temperature threshold has been used through 
a variety of ecological studies to determine the date of 
the last potentially damaging frost (Schwartz et al. 2006; 
Marino et al. 2011; Peterson and Abatzoglou 2014). To 
resolve the possible ecological risks from an early spring 
the “damage index” was calculated. This tracks the anoma-
lous amount of time between the first leaf and last freeze 
index. In this method negative values indicate a higher risk 
of frost damage because an anomalously long period of 
time will have passed between when a plant starts grow-
ing and when the final freeze event occurs (Schwartz 1993; 
Schwartz et al. 2006). The timing of last freeze is important 
for spring phenology, however, we have only preliminarily 
analyzed changes in future last freezes largely in response 
to their noisier and more stochastic events and large 
regional variation (Schwartz 1993; Schwartz et al. 2006; 
Allstadt et al. 2015).

Mean onset dates and trends in SI-x were computed from 
observational Tmin/Tmax gridded data for comparison with 
climate model experiments. As in Ault et al. (2015a), this 
temperature data originates from the new 1◦ × 1

◦ Berke-
ley Earth Surface Temperature (BEST) project (Mueller 
2013). The underlying Tmin/Tmax product is derived from 
from the Global Historical Climate Network (GHCN) and 
other observational temperature records. Although most of 
our analysis encompasses the coterminous US, we focus 

on the region that was most severely affected by the March 
2012 spring anomalies (37.5◦N–50.5◦N and −101.5

◦
W to 

−75.5
◦
W) (Dole et al. 2014). This area includes the upper 

Great Lakes and particularly around portions of Wisconsin, 
Minnesota, and the upper peninsula of Michigan. Thirty 
year averages for SI-x (Ault et al. 2015a) were calculated 
from the BEST dataset over the period from 1981–2010 for 
comparison with the LENS experiments. Trends in spring 
onset, reported in days/decade, were calculated over the 
entire North American domain as well as for this particu-
lar region. We focused on the short term trends from 1981–
2010, because of their relevance to phenological observa-
tions made from remote sensing over the satellite era, and 
longer-term trends (1920–2013) to characterize long-term 
changes.

Two different approaches were used to characterize 
similarities between March 2012 and springs in the LENS 
experiments. Pattern correlations were used to identify 
“2012-like” years in the LENS control and members. Spe-
cifically, we regridded the BEST data to the CESM grid, 
then correlated the 2012 anomalies with the SI-x anomaly 
years in the control. The nine earliest springs over the cen-
tral United States were highlighted for further analysis. 
We also identified springs in the CESM control with sim-
ilar relative magnitude to 2012 by averaging the first leaf 
index values over the focus region, then normalizing this 
time series. That is, the average first leaf index time series 
saw a −3 standard deviation anomaly during 2012 over 

Fig. 8  Mean ensemble first leaf and last freeze (LSTFRZ) index 
trends are calculated from 1920–2005 from the LENS project (Kay 
et al. 2014). Least-squares regressions are calculated in days/decade
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the Great Lakes. We therefore take “−3” as a threshold for 
identifying an extremely early spring in the time series of 
LENS experiments averaged over the same region. With 
stationary, Gaussian statistics, years with spring onset at 
or below this threshold would only have a 0.135% likeli-
hood of occurring. If we had multiple realizations of 1000 
year control runs we might therefore expect to see, on aver-
age, one or two such events per run. Therefore, we extend 
the terminology of “March 2012-like” springs to indicate 
our threshold for anomalously early leaf-out years in the 
CESM ensemble simulations.

For comparing relative anomalies in the Great Lakes 
region from LENS future experiments to the historical 
observations (and runs), we construct modified z-scores for 
the first leaf index. These are developed by first estimating 
the control mean (µcontrol) and standard deviation (σcontrol ) 
for the averages from the study region. Modified z-scores 
for the Great Lakes region are then calculated from each 

ensemble member in the historical and RCP8.5 experi-
ments by subtracting this reference mean (µcontrol) and 
dividing by the reference standard deviation (σcontrol). That 
is, for a given ensemble member of a given experiment 
(xLENS), the modified z-score is defined as:

Using these modified z-scores, early spring onset frequency 
was analyzed through the LENS historical (1920–2005) 
and future (2006–2080) periods by identifying years with 
values below the −2 and −3 standard deviation thresholds. 
Pearson correlations were computed between each LENS 
member’s first leaf and the overall ensemble mean for the 
select time periods to understand the variability in spring 
onset for each run.

To investigate the advancement of spring onset in the in 
the CESM control, short (30-year) and long-term 

(2.1)zmod =
xLENS − µcontrol

σcontrol

.

Fig. 9  Last freeze index (LSTFRZ) trends are calculated over 1920–
2005 from the LENS project (Kay et al. 2014). The average last 
freeze index trends (1880–2013) from the BEST data set (Mueller 

2013) are shown in the top left subplot for comparison. Least-squares 
regressions are calculated in days/decade
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(100-year) trends were computed for first leaf and last 
freeze beginning with model year 402.1 Additionally, for 
the historical and future LENS scenarios we computed the 
trends in first leaf and last freeze through short (1970–
2005, 2006–2040) and long (1920–2005, 2006–2080) 
model year time horizons. Damage index values were cal-
culated for all control and LENS members to account for 
potentially damaging freezes during early spring years. It is 
expected that a longer time period between first leaf and 
last freeze will likely lead to an increase in the damage 
threat for plants (Schwartz et al. 2006; Marino et al. 2011; 
Peterson and Abatzoglou 2014).

Lastly, gridded first leaf values in the LENS scenarios 
were correlated to the PDO index time series to understand 
the influence of its variability on decadal to multidecadal 
trends in spring onset. Previous studies (e.g., Ault et al. 

1 SI-x were calculated from daily Tmax and Tmin over the CESM con-
trol simulation. Arbitrary model years from January 1st, year 402 
through December 31st, year 999 were used for analysis in the CESM 
control. Similar results are produced through the rest of the control 
simulation (years 1000–1500) as a result of the pre-industrial forcing 
being constant and internal climate variability dominating SI-x.

2011, 2015a; McCabe et al. 2013) have identified the PDO 
as an important mechanism for explaining through the his-
torical record and effects such as the “warming hole” in the 
Southeast (Ga et al. 2012) and unequal short-term trends 
in spring onset. Therefore, we focus on the potential cli-
mate driver from the PDO in modulating early springs over 
the Great Lakes region in the LENS historical and future 
simulations.

3  Results

3.1  BEST observational record

Average SI-x values using the BEST gridded data network 
are calculated for the Great Lakes over the 1981–2010 ref-
erence period. Indices are generally elevation and latitude 
dependent across the United States as a result of mean 
climatic conditions (Ault et al. 2015a). Trends in first leaf 
from 1920–2013 are approximately 0.5 days/decade earlier 
than normal across the Great Lakes, however, this trend 
increases to nearly 1 day/decade earlier over the 1981–
2010 reference period. For last freeze dates the mean trend 

Fig. 10  Frequency of March 2012-like early springs (per century) 
are plotted in the CESM control (a) and historical (b) and future 
LENS members 2–30 (c). Thresholds for early springs assume a −2 

and −3 standard deviation. Z-scores are normalized for the historical 
and future ensemble members. The dates of early springs are identi-
fied from the SI-x first leaf index
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is approximately 0.3 days/decade earlier from 1920-2013. 
We see this trend increase to nearly 2 days/decade earlier 
than normal over the shorter time horizon of 1981–2010. 
These averaged trends and SI-x for the Great Lakes are 
plotted in Fig. 1.

March 2012 first leaf index anomalies are largest across 
the Great Lakes and upper Midwest, with values nearly 40 
days earlier than normal in this region (Fig. 2). Z-scores for 
first leaf in March 2012 are approximately −3σ. However, 
earlier than normal first leaf dates were not uniform over 
North America as areas across the Pacific northwest aver-
aged later than usual.

Using NCEP-DOE Reanalysis II (Kanamitsu et al. 
2002) for March 2012 in Fig. 3, we see a hint of the 
dynamics linked to the early season warmth with the aver-
age 500 mb geopotential heights and zonal mean winds for 
the three days preceding the average leaf out (DOY = 86 ) 

across the Great Lakes and Midwest. A deep trough axis 
is positioned along the West Coast with an amplified ridge 
across the center of the continental United States allow-
ing for an anomalous poleward transfer of heat (Dole et al. 
2014).

3.2  CESM pre‑industrial control

Leaf dates for the time series of the Great Lakes region in 
the CESM LENS control run are show in Fig. 4. Although 
there is no significant long-term trend spanning the entirety 
of this simulation (consistent with an unforced climate), 
short-term 30 year trends for a randomly selected century 
display spatial variations for first leaf and last freeze across 
the United States. Somewhat longer-term trends (100 
years) indicate little to no spatial variability in spring onset 
or last freeze (Fig. 4).

Fig. 11  A mean 500 mb zonal height anomaly was calculated for 
3 days prior to the earliest first leaf in each LENS member. The top 
left subplot displays the mean 500 mb zonal height anomaly for three 
days prior to March 2012’s first leaf. First leaf dates are defined by 

the mean leaf out across the Great Lakes. Heights were used from the 
NCEP-DOE Reanalysis II project (Kanamitsu et al. 2002) with 500 
mb height climatologies calculated from 1981 to 2010
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There are several March 2012-like early springs (Fig. 5) 
in the control run. Two instances in terms of first leaf index 
dates below the 2012 threshold (−3σ) were found through 
the control time series (Fig. 6). Both of these years resulted 
in springs occurring nearly 40 days earlier than normal 
across the central United States while an area of later than 
normal leaf out was found across the Southwest. Most of 
the CESM control’s closest corresponding patterns (e.g., 
best spatial correlations with 2012) contain this apparent 
dipole pattern, which has also been documented in obser-
vational analyses of trends in spring onset (Schwartz et al. 
2013; Ault et al. 2015a).

Further analysis of these two cases suggests a series of 
high amplitude waves propagated across the Pacific Ocean 
eastward into the contiguous United States during the two 
weeks prior to the leaf out period. A large, but diminishing 
Aleutian low was evident south of Alaska and an anticy-
clone across southern Canada and the northeastern United 
States. This interpretation is again similar to the patterns 

(Fig. 3) identified as responsible for March 2012 early sea-
son warmth (Dole et al. 2014). All nine CESM matches 
contained significantly positive temperature departures 
across the central and eastern United States in association 
with strong warm air advection with a similar spatial pat-
tern as March 2012.

3.3  LENS historical 1920–2005

Long term trends over the 1920–2005 period indicated 
spring advancement at approximately one to three days 
per decade across most of the United States, particularly in 
the Great Lakes (Fig. 7). However from 1970–2005, indi-
vidual LENS members express greater variability in leaf 
onset trends with run-to-run spatial pattern disagreement. 
The overall ensemble mean is generally consistent with 
BEST observational trends in earlier onset dates across the 
Great Lakes with a slight trend toward later dates across 
the Southeast (Fig. 8). The mean first leaf index trend for 

Fig. 12  LENS (1920–2005) correlation coefficients between −1 and 1 are plotted for the PDO time series (Phillips et al. 2014) and first leaf 
index
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all ensembles members is approximately 0.23 days/decade 
earlier, nevertheless some member-to-member variability is 
evident in the regional trends themselves (Figs. 7, 8). Last 
freeze trends (Fig. 9) over the same time horizons exhibit 
high run-to-run variability.

Histograms were produced for the −2 and −3 standard 
deviation thresholds for each ensemble member (Fig. 10). 
Results are mostly consistent with the pre-industrial 
forced control run. Moreover, we see no increased fre-
quency in earlier than normal springs across the central 
United States through the simulated historical period, and 
we do not see any similar spatial patterns from one run to 
the next.

Upper air analysis of the −3σ years are characterized by 
a high amplitude long wave pattern with a ridge in the west 
and trough in the central or eastern United States. Peak 
warmth periods in the Midwest are consistent with a trough 
axis along the eastern Pacific and an anomalous jet streak 

out of the southwestern United States (Fig. 11). Strong 
poleward transport of heat is often advected northward in 
these events through south-central Canada.

The Pacific Decadal Oscillation and first leaf correla-
tions are strongly negative across the Pacific Northwest, 
while slightly positive correlations are noted across our 
geographic domain (Fig. 12). Negative correlations are 
indicative of the positive phase of the PDO favoring early 
springs (McCabe et al. 2013). These results are consistent 
with earlier studies on the correlations between observa-
tional SI-x data and the PDO (Ault et al. 2015a).

3.4  LENS future 2006–2080

Analyzing spring onset from the RCP8.5 future LENS 
members, we see a significant advancement in leaf out with 
a mean ensemble trend occurring approximately 2.6 days/
decade earlier (Table 2). Over 2006–2080 spring arrives 

Fig. 13  First leaf index trends are calculated over 2006–2080 from the LENS project (Kay et al. 2014). Least-squares regressions are calculated 
in days/decade. Note the color bar bounds have been extended from the previous figures (e.g., 7, 8, 9)
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approximately 2–4 days/decade earlier across the central 
United States with close agreement among all ensemble 
members (Fig. 13).

Last freeze trends are not as spatially uniform across 
the contiguous United States. A longitudinal region of lit-
tle to no advancement in last freeze dates exists across 
the central United States into the Mississippi River Valley 
(Fig. 14). Again, comparisons among individual ensemble 
members and the overall mean indicate a high correlation 
coefficient and close agreement. Trends in the 2006–2040 
period also indicate a mean advancement of first leaf and 
first bloom, however, there is larger spatial disagreement 
among ensemble members. We also observed a similar lon-
gitudinal pattern in last freeze trends across central portions 
of the United States. Both trends indicate an increase in the 
damage index as a result of this unequal advancement of 
first leaf and last freeze (Fig. 15) because first leaf trends 
outpace those of last freeze.

Results further support a large increase in both the fre-
quency and magnitude of early spring onset across this 
region. Strong agreement between each ensemble member 
support a return period of March 2012-like (−3σ) leaf out 
events at roughly 20.8 years per run (2006–2080). We even 
see multiple ensemble occurrences of −4 and −5 standard 
deviation springs per each run with the earliest leaf date 
out of all members at approximately day 66 (March 7th). 
Most ensembles have a minimum of around day 72 (March 
13th), which is considerably earlier than March 2012 or 
other simulations in the control and historical ensembles.

Analysis of the PDO time series for the future LENS 
(available through the CVDP at http://webext.cgd.ucar.
edu/Multi-Case/CVDP_repository/cesm1.lens.2015-
2100/) indicates a substantial negative bias in the future 
PDO under climate warming. Recent studies (e.g., Zhang 
and Delworth 2016) have also suggested a change in the 
amplitude and variability of the PDO in response to future 

Fig. 14  Last freeze index (LSTFRZ) trends are calculated from 2006 to 2080 from the LENS project (Kay et al. 2014). Least-squares regres-
sions are again calculated in days/decade
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climate warming. As a result, future LENS first leaf cor-
relations and the PDO show negative correlations across all 
of North America (not shown).

4  Discussion

Examining historical spring onset from both the BEST 
observational record and LENS experiments indicate 
spring onset is modulated by internal climate variability 
and regional short term and long term trends (Ault et al. 
2015a). Over some periods the historical LENS leaf trends 
closely reproduce the magnitude of the observations, but 
differ in spatial pattern variability. However, we do find an 
overall slightly more negative trend exists in the observa-
tions. This suggests that the ensemble members may be too 
insensitive to the greenhouse gas forcing. It is also possible 
that regridding techniques (Oyler et al. 2014) in the higher 

elevations of the western United States are responsible for 
a bias toward later spring onset (Ault et al. 2015a). Despite 
this potential bias in the ensemble (or perhaps the observa-
tions), the model responds to both forced and natural cli-
mate variability in the short and long term and therefore 
acts as an important proxy of multidecadal climate variabil-
ity in the twentyfirst century.

The frequency of March-2012 like springs in the CESM 
control is similar to the observational record, however, 
many of the historical LENS members fail to produce any 
such early springs that are as anomalous as that of 2012. 
Historically, SI-x from observational records indicate 
anomalously early springs, such as March 2012, are likely 
enhanced by high amplitude long waves (Ault et al. 2013) 
with the role of climate change being weaker than inter-
annual variability. Early springs through the modeled and 
historical record indicate March 2012-like springs are often 
associated with a high amplitude ridge across the central 

Fig. 15  Damage index trends are calculated from 2006 to 2080 from the LENS project (Kay et al. 2014). Least-squares regressions are again 
calculated in days/decade
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United States and trough axis along the West Coast. This 
setup is consistent with a strong poleward transport of heat 
as warm air intrudes to northern latitudes.

By midcentury, the LENS future members result in 
an increased frequency of March 2012-like springs to 
nearly one in every three years. Overall trends double in 
the advancement of spring onset from the observational 
(Fig. 1) and modeled historical record (Fig. 10). Across the 
Great Lakes, we see first leaf-out arriving in early March 
by the end of the century in contrast to the previously 
observed beginning of April (Fig. 16).

Last freeze trends results in the control and historical 
ensembles are also consistent with historical analysis of 
station data in the 20th across the Great Lakes with high 
year-to-year variability of nearly −8 to +13 days for last 
freeze dates (Schwartz 1993). However, the overall mean 
trends are slightly more positive than the trend in the 
BEST gridded data set (Fig. 1). As expected, the future 

LENS members also display a gradual earlier trend in 
last freeze dates across much of the United States. How-
ever, this warming trend is not uniform: a latitudinal 
axis of little to no decadal trend in last freeze dates is 
distributed across the central United States and lower 
Midwest through the periods of 2006–2040 and overall 
2006–2080. These results are also consistent with other 
studies using the CMIP5 to determine changes in false 
springs through the twentyfirst century (Allstadt et al. 
2015). While leaf and bloom appearances may extend 
the growing season, frost and freezes occurring near 
climatological averages may now increase the damage 
to plants and agriculture across this area (Allstadt et al. 
2015). However, the risk of false springs remains present 
or even increases across portions of the southern Great 
Lakes and Midwest where the damage index marginally 
increases as a result of little to no change in the timing of 
last freezes. False springs create the risk for significant 
ecological changes for plants and other species adapt-
ing to the transition period between winter and spring 
(Schwartz et al. 2006; Marino et al. 2011; Peterson and 
Abatzoglou 2014).

Fig. 16  Mean first leaf (bottom line) and last freeze (top line) indi-
ces are plotted for the CESM control and future and historical ensem-
bles in the Great Lakes region. Individual LENS historical and future 
runs are plotted in gray for first leaf to indicate member spread. Time 
series values are recorded in respect to the day of the year since 
January 1st (DOY = 1). The horizontal dashed line indicates the 
−3σ threshold placed for March 2012-like springs while the vertical 
dashed line indicates the year the mean spring onset surpasses this 
threshold

Fig. 17  Correlation coefficients are calculated between each LENS 
member and the overall ensemble mean for the first leaf index across 
all of North America

Table 1  Information listed includes summaries of selected gridded data sets and model experiments utilized in this project

Time period Experiment description References

BEST gridded data 1880–2013 Berkeley Earth Surface Temperature project Mueller (2013)

CESM control 402–999 Pre-industrial (1850) and WACCM ozone forcings Kay et al. (2014)

Historical LENS 1920–2005 Historical (twentieth century) and WACCM ozone forcing Kay et al. (2014)

Future LENS 2006–2080 RCP8.5 and WACCM ozone forcing Meinshausen et al. (2011) and Kay et al. (2014)
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Comparing the first leaf correlation coefficients between 
the ensemble mean and individual members indicate the 
highest correlations for the LENS future period from 2006–
2080, while the lowest correlations and greatest range are 
found over 1970–2005 (Fig. 17). This suggests internal 
climate variability contributes a greater role in early spring 
onset during the historical period. However, by the middle 
to end of the twentyfirst century we see a decreased influ-
ence of such dynamics, allowing the trend in earlier spring 
onset to likely be a result of overall surface temperature 
warming. Temperature anomalies during the earliest spring 
years across the central United States approach nearly 
5–10◦C above normal with 30-year climatologies calcu-
lated from the mean historical LENS. Last freeze LENS 
and ensemble mean correlation coefficients also are similar 
to Fig. 17 and highest for the 2006–2040 and 2006–2080 
periods.

5  Conclusions

Understanding changes in the timing of seasonal tran-
sitions are critical for a wide range of natural resource 
management strategies to cope with climate change as it 
unfolds this century. However, for such strategies to be 
successful it is important to disentangle the competing 
role of internal climatic variability and long-term forced 
changes on regional to continental scales. In our analysis, 
we have examined the competing roles these two types of 
influences play in creating 2012-like years in the continen-
tal US and Canada using a new “large ensemble” of cli-
mate change simulations (Kay et al. 2014) and an index of 
spring onset based on plant phenology using the extended 
spring indices model (Schwartz 1985; Schwartz et al. 
2006, 2013; Ault et al. 2015b). Overall, our findings sug-
gest that CESM does a realistic job of simulating the his-
torical range of extremely early spring as well as the influ-
ence of at least one important large-scale mode (the PDO) 
of variability and its impact on spring onset. While natural 
climate variability has been the dominant control on spring 
onset in the past, our results argue that this could change 
considerably by mid-century if greenhouse gas emissions 
continue to go unchecked. In fact, 2012 could become 
the new norm, not the anomaly it once was. As a result of 
using a singular case study as a benchmark, we can better 
understand the changes in SI-x in a global climate model 
and from the relative contributions of natural and forced 
change in making March 2012-like events more common 
in the future.

The main conclusions of our analysis are:

1. The range of spring onset trends in the CESM control 
and historical experiments are similar to those in the 
BEST observations, suggesting that natural variability 
has been the dominant factor in pacing regional pat-
terns of spring onset. This is further supported in the 
BEST historical record where long term trends in 
spring onset are modulated by shorter term regional 
differences in leaf out and last freezes. However, on 
average, a small advancement on the order of one day/
decade, is seen across the United States. This com-
pares well with the estimates of Ault et al. (2015a) and 
Schwartz et al. (2006).

2. CESM realistically simulates observed PDO cor-
relations with spring onset, which in turn plays an 
important role in modulating spring onset in the his-
torical simulations. The influences of the PDO and 
spring onset have been widely explored (e.g., Ault 
et al. 2015a; McCabe et al. 2013), particularly across 
the Pacific Northwest where -PDO regimes are often 
responsible for later springs (McCabe et al. 2013). This 

Table 2  LENS RCP8.5 forced future trends (days/decade) are listed 
for each ensemble member over the 2006–2080 period

Member First leaf index First bloom index

2 −2.5 −2.5

3 −2.9 −2.8

4 −2.5 −2.6

5 −2.5 −2.6

6 −2.5 −2.3

7 −2.7 −2.6

8 −2.5 −2.6

9 −2.3 −2.4

10 −2.5 −2.3

11 −2.0 −2.3

12 −1.8 −2.0

13 −2.5 −2.6

14 −2.5 −2.5

15 −2.6 −2.7

16 −2.6 −2.8

17 −2.3 −2.3

18 −3.3 −3.2

19 −3.3 −3.3

20 −3.0 −3.1

21 −2.6 −2.5

22 −2.4 −2.1

23 −2.5 −2.5

24 −3.0 −3.2

25 −2.7 −2.6

26 −2.8 −2.7

27 −2.8 −2.9

28 −2.8 −2.4

29 −2.4 −2.3

30 −3.1 −2.9
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is consistent with later SI-x dates for western locations 
and subsequent earlier dates for eastern areas. These 
patterns are exhibited in most modeled and observed 
case studies. However, changes in the frequency and 
magnitude of the PDO in response to climate change 
(Zhang and Delworth 2016) increase the uncertainty of 
the regional influences of the PDO and spring onset in 
the future.

3. Years like 2012, the earliest spring in observational 
records, are extremely rare in the control and historical 
simulations, but become commonplace by mid century. 
Historical climate records since 1920, confirmed by the 
BEST gridded data set, suggest such early springs are 
infrequent and outliers. Furthermore, the CESM pre-
industrial control supports this result with a frequency 
of early springs at roughly once per century. Histori-
cal LENS simulations indicate a similar frequency. 
The synoptic and long wave patterns responsible for 
these early springs through NCEP-DOE Reanalysis II 
(Kanamitsu et al. 2002) and LENS output result in an 
important composite suggesting correspondingly simi-
lar dynamical regimes and synoptic patterns. Excep-
tional early season warmth across the region was often 
in direct response to a high amplitude trough in the 
eastern Pacific and ridge across the central to eastern 
continental United States resulting in an anomalous 
poleward transport. Similarly, a low pressure axis 
south of Alaska implies a southern shift and weaken-
ing of the Aleutian Low, which is fairly common in 
negative PDOs (Mantua and Hare 2002). In contrast, 
advancing the LENS members through 2080 under 
RCP8.5 forcing reveals a striking result in regards to 
both frequency and magnitude of the early spring onset 
threshold. The overall timing of spring advances nearly 
a month earlier across the Great Lakes by 2080. Like-
wise, an increase in the number of anomalously early 
springs is also noted through all of the RCP8.5-forced 
ensembles with member outliers indicating spring-
onset in the Great Lakes as soon as early March by the 
end of the twentyfirst century.

4. While all of the United States experiences surface 
warming and an increased advancement in the timing 
of spring by mid century, the southern Great Lakes are 
projected to see the rate of spring onset outpace the 
rate of “last freeze” advancement. Hence, the window 
of time when plants may be exposed to frost damage 
in that region may increase, therefore, resulting in a 
greater risk to plant species growth.

5. In the future, the role of natural variability weakens 
substantially compared to the forced changes, which is 
fundamentally different from the past. Trends in earlier 
springs over the period nearly double from the histori-
cal record with a mean onset occurring at nearly 2.6 

days/decade earlier by the middle of the century. Kay 
et al. (2014) documents all thirty ensemble members 
are subjected to surface warming of nearly 5 ◦

C. This 
outcome suggests the timing of spring is likely related 
to an overall trend in increasing surface temperatures 
and a decreased influence of internal climate variabil-
ity. In contrast to the historical experiment and obser-
vations, we find that the forcings of long term warming 
exceed the decadal to multidecadal natural variability, 
such as from the PDO, in both the trends in spring 
onset and frequency of March 2012-like springs.

The implication of these results may prove important in 
our understanding of modeling natural climate variability 
as we move forward into the twentyfirst century. Moreo-
ver, these results open the possibility for testing the poten-
tial predictability of spring onset on long-lead (seasonal to 
decadal) time horizons because it suggests that the steadier 
long-term forcing from anthropogenic activity might gener-
ate a certain type of “built-in” predictability. At the same 
time, the historical dominance of natural variability in 
observations as well as control and historical simulations 
cautions against simply extrapolating recent trends to plan 
for the decades to come. This argument is further supported 
by the pattern correlations between the ensemble mean and 
each ensemble member (Fig. 17), which show that during 
the first part of this century the individual ensemble mem-
bers still exhibit considerable spread around the forced pat-
tern. Nonetheless, our results argue that years like 2012 
will become commonplace just a few decades from now, 
and will be important for resource managers and planners 
in the context of future changes to agricultural growing 
seasons and the timing of phenological springs.

Acknowledgments The project in this publication was supported by 
Grant/Cooperative Agreement Number G13AC00248 from the United 
States Geological Survey. Its contents are solely the responsibility of the 
authors and do not necessarily represent the official views of the USGS. 
Phenological data utilized in the SI-x model is available and resides 
through the National Phenology Database at the USA National Phenol-
ogy Network. The CESM1(CAM5) Large Ensemble Community Pro-
ject computing resources were provided by NSF/CISL/Yellowstone.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided you give 
appropriate credit to the original author(s) and the source, provide a 
link to the Creative Commons license, and indicate if changes were 
made.

References

Allstadt AJ, Vavrus SJ, Heglund PJ, Pidgeon AM, Thogmartin WE, 
Radeloff VC (2015) Spring plant phenology and false springs in 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


3965Identifying anomalously early spring onsets in the CESM large ensemble project

1 3

the conterminous US during the 21st century. Environ Res Lett 
10(10):104,008. doi:10.1088/1748-9326/10/10/104008

Ault TR, Macalady AK, Pederson GT, Betancourt JL, Schwartz MD 
(2011) Northern hemisphere modes of variability and the timing 
of spring in western North America. J Clim 24(15):4003–4014. 
doi:10.1175/2011JCLI4069.1

Ault TR, Henebry GM, de Beurs KM, Schwartz MD, Betancourt 
JL, Moore D (2013) The false spring of 2012, earliest in North 
American record. EOS, Trans Am Geophys Union 94(20):181–
182. doi:10.1002/2013EO200001

Ault TR, Schwartz MD, Zurita-Milla R, Weltzin JF, Betancourt JL 
(2015a) Trends and natural variability of spring onset in the 
coterminous United States as evaluated by a new gridded dataset 
of spring indices. J Clim. doi:10.1175/JCLI-D-14-00736.1

Ault TR, Zurita-Milla R, Schwartz MD (2015) A Matlab toolbox for 
calculating spring indices from daily meteorological data. Com-
put Geosci 83:46–53. doi:10.1016/j.cageo.2015.06.015, http://
www.sciencedirect.com/science/article/pii/S0098300415001466

Blunden J, Arndt DS (2013) State of the climate in 2012. Bull Am 
Meteorol Soc 94(8):S1–S258. doi:10.1175/2013BAMSStateofth
eClimate.1

Cook BI, Wolkovich EM, Davies TJ, Ault TR, Betancourt JL, Allen 
JM, Bolmgren K, Cleland EE, Crimmins TM, Kraft NJB, Lan-
caster LT, Mazer SJ, McCabe GJ, McGill BJ, Parmesan C, Pau 
S, Regetz J, Salamin N, Schwartz MD, Travers SE (2012) Sensi-
tivity of spring phenology to warming across temporal and spa-
tial climate gradients in two independent databases. Ecosystems 
15(8):1283–1294. doi:10.1007/s10021-012-9584-5

Dole R, Hoerling M, Kumar A, Eischeid J, Perlwitz J, Quan XW, 
Kiladis G, Webb R, Murray D, Chen M, Wolter K, Zhang T 
(2014) The making of an extreme event: putting the pieces 
together. Bull Am Meteorol Soc 95(3):427–440. doi:10.1175/
BAMS-D-12-00069.1

Ellwood ER, Temple SA, Primack RB, Bradley NL, Davis CC (2013) 
Record-breaking early flowering in the eastern United States. 
PloS One 8(1):e53,788. doi:10.1371/journal.pone.0053788

IPCC (2007) Climate change 2007: impacts, adaptation and vulner-
ability. In: Parry ML, Canziani OF, Palutikof JP, van der Linden 
PJ, Hanson CE (eds) Contribution of working group II to the 
fourth assessment report of the intergovernmental panel on cli-
mate change. Cambridge University Press, Cambridge, UK, p 
976

Jolly WM, Nemani R, Running SW (2005) A general-
ized, bioclimatic index to predict foliar phenology in 
response to climate. Glob Change Biol 11(4):619–632. 
doi:10.1111/j.1365-2486.2005.00930.x

Kanamitsu M, Ebisuzaki W, Woollen J, Yang SK, Hnilo JJ, Fiorino 
M, Potter GL (2002) NCEPDOE AMIP-II reanalysis (R-2). 
Bull Am Meteorol Soc 83(11):1631–1643. doi:10.1175/
BAMS-83-11-1631

Kay JE, Deser C, Phillips A, Mai A, Hannay C, Strand G, Arblaster 
JM, Bates SC, Danabasoglu G, Edwards J, Holland M, Kushner 
P, Lamarque JF, Lawrence D, Lindsay K, Middleton A, Munoz 
E, Neale R, Oleson K, Polvani L, Vertenstein M (2014) The 
community earth system model (CESM) large ensemble pro-
ject: A community resource for studying climate change in the 
presence of internal climate variability. Bull Am Meteorol Soc. 
doi:10.1175/BAMS-D-13-00255.1

Knudson WA (2012) The economic impact of this spring’s weather 
on the fruit and vegetable sectors. Strategic Marketing Institute, 
Michigan State University, Working Paper

Lieth H (ed) (1974) Phenology and seasonality modeling, ecological 
studies, vol 8. Springer, Berlin. doi:10.1007/978-3-642-51863-8

Mantua NJ, Hare SR (2002) The Pacific decadal oscillation. J Ocean-
ogr 58(1):35–44

Mantua NJ, Hare SR, Zhang Y, Wallace JM, Francis RC (1997) A 
Pacific interdecadal oscillation with impacts on salmon produc-
tion. Bull Am Meteorol Soc 78(1069–10):079

Marino GP, Kaiser DP, Gu L, Ricciuto DM (2011) Reconstruction 
of false spring occurrences over the southeastern United States, 
19012007: an increasing risk of spring freeze damage? Environ 
Res Lett 6(2):024,015. doi:10.1088/1748-9326/6/2/024015

McCabe GJ, Palecki Ma (2006) Multidecadal climate variabil-
ity of global lands and oceans. Int J Climatol 26(7):849–865. 
doi:10.1002/joc.1289

McCabe GJ, Ault TR, Cook BI, Betancourt JL, Schwartz MD (2011) 
Influences of the El Niño southern oscillation and the Pacific 
decadal oscillation on the timing of the North American spring. 
Int J Climatol. doi:10.1002/joc.3400

McCabe GJ, Betancourt JL, Pederson GT, Schwartz MD (2013) Vari-
ability common to first leaf dates and snowpack in the western 
conterminous United States. Earth Interact 17(26):1–18. doi:10.1
175/2013EI000549.1

Meehl Ga, Washington WM, Arblaster JM, Hu A, Teng H, Tebaldi 
C, Sanderson BN, Lamarque JF, Conley A, Strand WG, White 
JB (2012) Climate system response to external forcings and cli-
mate change projections in CCSM4. J Clim 25(11):3661–3683. 
doi:10.1175/JCLI-D-11-00240.1

Meinshausen M, Smith SJ, Calvin K, Daniel JS, Kainuma MLT, 
Lamarque JF, Matsumoto K, Montzka SA, Raper SCB, Riahi 
K, Thomson A, Velders GJM, Vuuren DP (2011) The RCP 
greenhouse gas concentrations and their extensions from 
1765 to 2300. Clim Change 109(1–2):213–241. doi:10.1007/
s10584-011-0156-z

Moss RH, Ja Edmonds, Ka Hibbard, Manning MR, Rose SK, van 
Vuuren DP, Carter TR, Emori S, Kainuma M, Kram T, Ga Meehl, 
Mitchell JFB, Nakicenovic N, Riahi K, Smith SJ, Stouffer RJ, 
Thomson AM, Weyant JP, Wilbanks TJ (2010) The next genera-
tion of scenarios for climate change research and assessment. 
Nature 463(7282):747–756. doi:10.1038/nature08823, http://
www.ncbi.nlm.nih.gov/pubmed/20148028

Mueller R (2013) Berkeley earth temperature averaging process. Geo-
inform Geostat Overv. doi:10.4172/2327-4581.1000103, http://
www.scitechnol.com/2327-4581/2327-4581-1-103.php

Oyler JW, Dobrowski SZ, Ballantyne AP, Klene AE, Running SW 
(2014) Artificial amplification of warming trends across the 
mountains of the Western United States. Geophys Res Lett. doi:1
0.1002/2014GL062803

Parmesan C (2006) Ecological and evolutionary responses to recent 
climate change. Ann Rev Ecol Evol Syst. doi:10.2307/annurev.
ecolsys.37.091305.30000024, http://arjournals.annualreviews.
org/doi:/abs/10.1146/annurev.ecolsys.37.091305.110100, http://
cns.utexas.edu/communications/File/AnnRev_CCimpacts2006. 
nISI:000243038500023

Peterson AG, Abatzoglou JT (2014) Observed changes in false 
springs over the contiguous United States. Geophys Res Lett 
41(6):2156–2162. doi:10.1002/2014GL059266

Phillips AS, Deser C, Fasullo J (2014) Evaluating modes of variability 
in climate models. EOS, Trans Am Geophys Union 95(49):453–
455. doi:10.1002/2014EO490002

Pielke RA (2001) Influence of the spatial distribution of vegetation 
and soils on the prediction of cumulus convective rainfall. Rev 
Geophys 39(2):151–177. doi:10.1029/1999RG000072

Rosemartin AH, Denny EG, Weltzin JF, Lee Marsh R, Wilson BE, Meh-
dipoor H, Zurita-Milla R, Schwartz MD (2015) Lilac and honey-
suckle phenology data 19562014. Sci Data 2(150):038. doi:10.1038/
sdata.2015.38, http://www.nature.com/articles/sdata201538

Schwartz MD (1985) The advance of phenological spring across 
Eastern and Central North America. Ph.D. thesis, University of 
Kansas

http://dx.doi.org/10.1088/1748-9326/10/10/104008
http://dx.doi.org/10.1175/2011JCLI4069.1
http://dx.doi.org/10.1002/2013EO200001
http://dx.doi.org/10.1175/JCLI-D-14-00736.1
http://www.sciencedirect.com/science/article/pii/S0098300415001466
http://www.sciencedirect.com/science/article/pii/S0098300415001466
http://dx.doi.org/10.1175/2013BAMSStateoftheClimate.1
http://dx.doi.org/10.1175/2013BAMSStateoftheClimate.1
http://dx.doi.org/10.1007/s10021-012-9584-5
http://dx.doi.org/10.1175/BAMS-D-12-00069.1
http://dx.doi.org/10.1175/BAMS-D-12-00069.1
http://dx.doi.org/10.1371/journal.pone.0053788
http://dx.doi.org/10.1111/j.1365-2486.2005.00930.x
http://dx.doi.org/10.1175/BAMS-83-11-1631
http://dx.doi.org/10.1175/BAMS-83-11-1631
http://dx.doi.org/10.1175/BAMS-D-13-00255.1
http://dx.doi.org/10.1007/978-3-642-51863-8
http://dx.doi.org/10.1088/1748-9326/6/2/024015
http://dx.doi.org/10.1002/joc.1289
http://dx.doi.org/10.1002/joc.3400
http://dx.doi.org/10.1175/2013EI000549.1
http://dx.doi.org/10.1175/2013EI000549.1
http://dx.doi.org/10.1175/JCLI-D-11-00240.1
http://dx.doi.org/10.1007/s10584-011-0156-z
http://dx.doi.org/10.1007/s10584-011-0156-z
http://www.ncbi.nlm.nih.gov/pubmed/20148028
http://www.ncbi.nlm.nih.gov/pubmed/20148028
http://www.scitechnol.com/2327-4581/2327-4581-1-103.php
http://www.scitechnol.com/2327-4581/2327-4581-1-103.php
http://dx.doi.org/10.1002/2014GL062803
http://dx.doi.org/10.1002/2014GL062803
http://dx.doi.org/10.2307/annurev.ecolsys.37.091305.30000024
http://dx.doi.org/10.2307/annurev.ecolsys.37.091305.30000024
http://arjournals.annualreviews.org/doi:/abs/10.1146/annurev.ecolsys.37.091305.110100
http://arjournals.annualreviews.org/doi:/abs/10.1146/annurev.ecolsys.37.091305.110100
http://cns.utexas.edu/communications/File/AnnRev_CCimpacts2006
http://cns.utexas.edu/communications/File/AnnRev_CCimpacts2006
http://dx.doi.org/10.1002/2014GL059266
http://dx.doi.org/10.1002/2014EO490002
http://dx.doi.org/10.1029/1999RG000072
http://www.nature.com/articles/sdata201538


3966 Z. Labe et al. 

1 3

Schwartz MD (1992) Phenology and springtime surface-layer change. 
Mon Weather Rev 120(11):2570–2578

Schwartz MD (1993) Assessing the onset of spring: a climatological 
perspective. Phys Geogr 14(6):536–550

Schwartz MD, Carbone GJ, Reighard GL, Okie WR (1997) A model 
to predict peach phenology and maturity using meteorological 
variables. Hortscience 32(2):213–216

Schwartz MD, Ahas R, Aasa A (2006) Onset of spring starting earlier 
across the Northern Hemisphere. Glob Change Biol 12(2):343–
351. doi:10.1111/j.1365-2486.2005.01097.x

Schwartz MD, Betancourt JL, Weltzin JF (2012) From Caprio’s lilacs 
to the USA national phenology network. Front Ecol Environ 
10(6):324–327. doi:10.1890/110281

Schwartz MD, Ault TR, Betancourt JL (2013) Spring onset variations 
and trends in the continental United States: past and regional 
assessment using temperature-based indices. Int J Climatol 
33(13):2917–2922. doi:10.1002/joc.3625

US Department of Commerce, NOAA NWS (2012) March 2012: 
unprecident heat. http://www.crh.noaa.gov/news/display_cmss-
tory.php?wfo=lot&storyid=80740&source=2

White MA, de Beurs KM, Didan K, Inouye DW, Richardson AD, 
Jensen OP, O’Keefe J, Zhang G, Nemani RR, van Leeuwen 
WJD, Brown JF, de Wit A, Schaepman M, Lin XM, Dettinger 
M, Bailey AS, Kimball J, Schwartz MD, Baldocchi DD, Lee 
JT, Lauenroth WK (2009) Intercomparison, interpretation, 
and assessment of spring phenology in North America esti-
mated from remote sensing for 1982–2006. Glob Change Biol 
15(10):2335–2359

Zhang L, Delworth TL (2016) Simulated response of the Pacific 
decadal oscillation to climate change. J Clim. doi:10.1175/
JCLI-D-15-0690.1

Zurita-Milla R, van Gijsel JAE, Hamm NAS, Augustijn PWM, Vrieling 
A (2013) Exploring spatiotemporal phenological patterns and trajec-
tories using self-organizing maps. IEEE Trans Geosci Remote Sens 
51(4):1914–1921. doi:10.1109/TGRS.2012.2223218, http://ieeex-
plore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=6361479

http://dx.doi.org/10.1111/j.1365-2486.2005.01097.x
http://dx.doi.org/10.1890/110281
http://dx.doi.org/10.1002/joc.3625
http://www.crh.noaa.gov/news/display%5fcmsstory.php?wfo=lot&storyid=80740&source=2
http://www.crh.noaa.gov/news/display%5fcmsstory.php?wfo=lot&storyid=80740&source=2
http://dx.doi.org/10.1175/JCLI-D-15-0690.1
http://dx.doi.org/10.1175/JCLI-D-15-0690.1
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=6361479
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=6361479

	Identifying anomalously early spring onsets in the CESM large ensemble project
	Abstract 
	1 Introduction
	2 Data and methods
	2.1 Data
	2.2 Methods

	3 Results
	3.1 BEST observational record
	3.2 CESM pre-industrial control
	3.3 LENS historical 1920–2005
	3.4 LENS future 2006–2080

	4 Discussion
	5 Conclusions
	Acknowledgments 
	References




