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Abstract The growing season—the number of days per year during which the climate favors plant growth
—is an important factor for describing climate. Based on daily data of all available numerical experiments
from the Paleoclimate Modeling Intercomparison Project phases two and three, we examine the growing
season over global ice-free land for the last glacial maximum and mid-Holocene to improve our
understanding of glacial and interglacial climates. Compared to the preindustrial period, the last glacial
maximum growing season was shortened at midlatitude and high latitude and by 26.1 days globally in terms
of nine climate models due to a later start and an earlier end. Growing degree days above 5 °C (GDD5)
decreased by 24% due to both cooling and shortening of the growing season, agreeing with pollen-based
reconstructions of globally decreased signal and spatial pattern of GDD5 changes at 88 grid cells. Twenty-four
models indicate that the mid-Holocene growing season start and end dates and length were similar to
preindustrial states globally but featured a latitude-varying difference. The length increased north of ~50°N
and decreased in much of the area from 20-50°N owing to variations in both the start and end dates. In
response to orbital forcing, both the growing season temperature and GDD5 increased at northern
midlatitude and high latitude but decreased elsewhere. The GDD5 simulations agreed in sign with the
reconstructions at 516 grid cells more often than not, though their spatial patterns were different to

some extent.

1. Introduction

The last glacial maximum (LGM, ca. 21,000 years ago) and mid-Holocene (ca. 6,000 years ago) are two impor-
tant periods for understanding past glacial and interglacial environments. The former period represents a
typical interval during which global volumes of ice sheets and atmospheric greenhouse gases were, respec-
tively, at their highest and lowest levels over the last glacial period. The latter period, on the other hand, is
approximately the middle part of the current Holocene interglacial during which the climate and environ-
ment differed from the present day, particularly at northern high latitudes, due to orbital forcing. Both peri-
ods provide good opportunities to evaluate climate system responses to large radiative perturbations and to
acquire deep insight into present and future climates and environments (Harrison et al.,, 2015; Masson-
Delmotte et al.,, 2013).

Intensive efforts have been made to investigate LGM and mid-Holocene climatic and environmental changes
and underlying dynamic mechanisms through numerous reconstructions and simulations since the 1970s
(e.g., CLIMAP Project Members, 1976; COHMAP Members, 1988; MARGO Project Members, 2009). It has been
well reconstructed that compared to the present day, the LGM featured a reduction in atmospheric green-
house gas concentrations, the existence of large continental ice sheets covering northern Europe and
North America and associated sea level fall, and prevalent coldness and dryness, while the mid-Holocene
exhibited warmer climates at northern midlatitude and high latitude, stronger African and Asian monsoons,
and a northward expansion of northern temperate forest relative to today (Jansen et al.,, 2007; Masson-
Delmotte et al., 2013). On the modeling side, the LGM and mid-Holocene are the only two periods that have
continued to serve as targets of the Paleoclimate Modeling Intercomparison Project (PMIP) since the 1990s
(Joussaume et al., 1999; Taylor et al.,, 2012). It has been amply documented that climate models can repro-
duce the direction and broad-scale patterns of LGM and mid-Holocene climate changes as recorded by multi-
ple kinds of paleoclimatic data, indicating their adequate representation of major climatic processes,
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although model-data mismatches still exist in certain respects (e.g., Braconnot et al., 2007, 2012; Jansen et al.,
2007; Jiang et al., 2012; Kageyama et al., 2006; Liu et al., 2018; Masson-Delmotte et al.,, 2013; Pinot et al., 1999).

Here we would like to stress that the growing season refers to the period of time in a given year when
the climate favors plant growth and is an important factor for describing climate, especially when phenol-
ogy (the science of naturally recurring events) is concerned. This issue has garnered considerable interest,
because the growing season and associated growing degree days respond directly to climatic changes
and at the same time also exerts strong control over terrestrial ecosystem functions and in turn an effect
on vegetation and atmospheric carbon dioxide and then climate (e.g., Barichivich et al, 2013; Myneni
et al, 1997; Pefiuelas & Filella, 2001; Reyes-Fox et al.,, 2014; White et al., 1999). As a key phenological indi-
cator of climate change, the growing season has been widely investigated at varying spatiotemporal
scales, particularly from the 20th century onward due to the availability of instrumental records
(Linderholm, 2006). Changes in both the timing and length of the growing season over the past few dec-
ades, especially its extension and earlier onset, have been well addressed and intrinsically associated with
temperature changes at global and continental scales based on a variety of observations and satellite
data, which is consistent with understandings of recent global warming (e.g., Barichivich et al., 2013;
Menzel & Fabian, 1999; Myneni et al., 1997; Pefiuelas & Filella, 2001). It is projected that global warming
would lead to a prolongation and intensification of the thermal growing season in the 21st century (e.g.,
Monier et al., 2016; Ruosteenoja et al., 2016). Besides the modern climate, several studies have been
conducted to reconstruct the accumulated temperature sum during the LGM and mid-Holocene growing
seasons, as expressed by growing degree days above 5 °C (GDD5), through subfossil-pollen and plant-
macrofossil data at regional and global scales (Bartlein et al., 2011; Cheddadi et al., 1997; Tarasov et al,,
1999; Wu et al, 2007). Harrison et al. (2014) showed that PMIP models can successfully simulate a
decrease in the mean GDD5 at all land grid cells where there are reconstructions (Bartlein et al.,, 2011)
during the LGM and a slight increase during the mid-Holocene, but underestimate the magnitude of
reconstructed spatial variability for both periods, particularly for the mid-Holocene. At this stage, however,
the geographical distributions of the simulated LGM and mid-Holocene GDD5 changes and their regional
comparisons with reconstructions still remain unavailable in the literature. In addition, the LGM and mid-
Holocene growing season start and end dates and lengths have thus far not been explicitly investigated
from the perspective of numerical simulations.

Based on this context, we present an analysis of the LGM and mid-Holocene growing seasons using daily data
drawn from numerical experiments of multiple climate models participating in PMIP, aiming to improve our
understanding of phenology and of the integral picture of climate at those periods. We address the following
questions: (1) how do growing season-related factors (namely, the first and last days of the growing season,
the growing season length [GSL], the growing season temperature, and GDD5 as defined in section 2.2)
respond to the LGM and mid-Holocene forcings; and (2) do simulations agree with GDD5 reconstructions
at both global and regional scales?

2. Data and Methods
2.1. Model, Proxy, and Reanalysis Data

Daily model outputs are derived from all available numerical experiments for preindustrial, LGM, and mid-
Holocene climates, which were performed by 28, 9, and 24 fully coupled atmosphere-ocean or
atmosphere-ocean-vegetation models participating in PMIP Phases 2 (PMIP2) and 3 (PMIP3), respectively.
Relative to the preindustrial control run, the LGM climate is driven by changes in the Earth’s orbital para-
meters, ice-sheet extent and associated land-sea mask and topography, and atmospheric concentrations
of carbon dioxide, methane, and nitrous oxide. The mid-Holocene external forcings include orbitally
induced strengthening of the seasonal contrast in incoming solar radiation at the top of the atmosphere
in the northern hemisphere but weakening in the southern hemisphere as well as a reduction in atmo-
spheric methane concentrations. In addition, historical simulations of all available 11 PMIP3 models
(Figure S1) for the past ~1.5 centuries with time-varying anthropogenic and natural forcings are used
to assess the model performance about the growing-season related variables under the modern climate.
Note that the PMIP3 experiments have been integrated in the Coupled Model Intercomparison Project
Phase 5 (CMIP5) exercise (Taylor et al,, 2012), and they have thus been performed with the exact same

JIANG ET AL.

11,467



~1
AGU

100 Journal of Geophysical Research: Atmospheres 10.1029/2018JD028605

ADVANCING EARTH
'AND SPACE SCiENCE

Table 1
Basic Information on the 14 PMIP2 and 14 PMIP3 Models and Their Experiments Included in This Study

Length of run analyzed (period in model year)

Model name Country or union Atmospheric resolution Preindustrial Mid-Holocene LGM

Fourteen coupled atmosphere-ocean or atmosphere-ocean-vegetation (model name shown in italic) models within PMIP2

CSIRO-MK3L-1.1 Australia ~5.6° x 3.2°, L18 951-1,000 951-1,000

ECBILTCLIO Netherlands ~5.6° X ~5.6° L3 2-50 2-50
ECHAMS5-MPIOM1 Germany 3.75° x ~3.7°, L.20 2,427-2,476 2,428-2,477

FOAM USA 7.5°x ~4.4° 118 300-398 300-399

FOAM-veg USA 7.5°x ~4.4° 118 300-398 300-399

HadCM3M2 UK 3.75°x 2.5° L19 80-99 80-99
HadCM3M2-veg UK 3.75°x 2.5° L19 80-99 80-99
MIROC3.2 Japan ~2.8°x2.8°% L20 1-50 1-50 1-50
MRI-CGCM2.3.4fa Japan ~2.8° % 2.8° L30 2,001-2,100 2,001-2,100

MRI-CGCM2.3.4fa-veg Japan ~2.8° % 2.8° L30 2,311-2,410 2,311-2,410

MRI-CGCM2.3.4nfa Japan ~2.8° % 2.8° L30 2,001-2,100 2,001-2,100

MRI-CGCM2.3.4nfa-veg Japan ~2.8° % 2.8° L30 2,311-2,410 2,311-2,410

UBRIS-HadCM3M2 UK 3.75°x 2.5° L19 0-99 0-99

UBRIS-HadCM3M2-veg UK 3.75°x 2.5° L19 0-99 0-99

Fourteen coupled atmosphere-ocean or atmosphere-ocean-vegetation (model name shown in italic) models within PMIP3

BCC-CSM1.1 China ~2.8°x ~2.8° L26 301-500 1-100

CCSM4 USA 1.25° x ~0.9°, L26 953-1,108 1,269-1,300 1,870-1,900
CNRM-CM5 France ~14°%x 14° L31 2,500-2,699 1,950-2,149

COSMOS-ASO Germany 3.75° x ~3.7°, L19 200-399 400-599
CSIRO-Mk3.6.0 Australia ~1.875° x ~1.875°, L18 301-500 1-100

CSIRO-Mk3L-1-2 Australia 5.625° x ~3.18° L18 951-1,000 451-500

EC-EARTH-2-2 European 1.125° x 1.125°, L62 1,860-1,899 1,860-1,899

FGOALS-s2 China ~2.8° x 3-6° L26 2,151-2,350 1-100

HadGEM2-CC UK ~1.9° X 1.25° L60 1,900-2,099 1,942-1,976

HadGEM2-ES UK ~1.9° x 1.25°, L38 2,235-2,434 2,061-2,162

IPSL-CM5A-LR France 3.75° x ~1.9°, L39 2,600-2,799 2,701-2,800

MIROC-ESM Japan ~2.8° % 2.8° L80 2,230-2,429 2,330-2,429 4,600-4,699
MPI-ESM-P Germany 1.875° x ~1.9°, L47 2,806-3,005 1,850-1,949 1,850-1,949
MRI-CGCM3 Japan 1.125° x ~1.1°, L48 2,151-2,350 1,951-2,050 2,501-2,699

Note. A blank area denotes that no data are available. PMIP = Paleoclimate Modelling Intercomparison Project; LGM = last glacial maximum.

model configurations as those used for historical simulations. Basic information on the climate models
and data are listed in Table 1. Further details, as well as information on boundary conditions and
experimental designs, have been provided by Braconnot et al. (2007) and Taylor et al. (2012) and are
available online at http://pmip3.Isce.ipsl.fr/.

The proxy data used for direct comparisons with simulations are reconstructions of the LGM and mid-
Holocene GDD5 over ice-free land cells, which are the only direct evidence available for large-scale paleocli-
mate data-model comparison about thermal growing season so far. These data are obtained on the basis of
subfossil-pollen and plant-macrofossil data as derived from sediment profiles using modern analogue,
regression, and model-inversion techniques and are quantitatively expressed at 88 grid cells for the LGM
and 516 grid cells for the mid-Holocene (Bartlein et al., 2011). In addition, pollen-based quantitative recon-
structions of mean annual temperature at 91 and 561 grid cells for the LGM and mid-Holocene (Bartlein
et al., 2011), respectively, are indirectly compared to simulations of growing season temperature because
of the absence of direct evidence and the close relationship between annual and growing season tempera-
tures (Figure S2).

Three sets of reanalysis data for the period 1979-2005 are used to assess the ability of climate models with
historical experiments to simulate the modern growing season-related factors, including the National
Center for Environmental Prediction of the Department of Energy Reanalysis Il (Kanamitsu et al., 2002) with
a horizontal resolution of 1.875° x ~1.9°, the European Centre for Medium-Range Weather Forecasts
Reanalysis Interim (ERA-Interim; Dee et al., 2011), and the European Centre for Medium-Range Weather
Forecasts pilot reanalysis of the 20th century (ERA-20C; Poli et al., 2013) with a resolution of 2° x ~2°. The
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period 1979-2005 is chosen because the reanalysis data are more reliable after 1979 owing to the inclusion of
satellite data and because the historical experiment of the models ends in 2005.

Because atmospheric horizontal resolutions differ among models and reanalysis data, all data were interpo-
lated to a regular grid mesh of 2° x 2° using a bilinear interpolation for low-resolution models and an area-
weighted interpolation for high-resolution models, given the facts that this grid resolution is a relatively mid-
range size of the models and that the reconstructions for data-model comparison are performed at this level.
The arithmetic mean of multiple models is calculated with equal weights across the models of concern.

2.2. Methods

The definitions of the concerned four growing-season related factors refer to the Joint World
Meteorological Organization Commission for Climatology-Climate Variability and Predictability-Joint
Commission for Oceanography and Marine Meteorology Expert Team on Climate Change Detection and
Indices (http://etccdi.pacificclimate.org/indices.shtml). (1) The GSL is defined as the annual number of days
between the first span after 1 January (1 July) of at least six consecutive days with a daily mean near-
surface air temperature (2 m) above 5 °C and the first span after 1 July (1 January) of at least six conse-
cutive days with a daily mean temperature below 5 °C in the northern (southern) hemisphere. (2) The first
day of the growing season, namely, the growing season start, is defined as the first day of the first occur-
rence of at least six consecutive days with a daily mean temperature above 5 °C, and (3) the last day of
the growing season, namely, the growing season end, is defined as the last day of the first occurrence of
at least six consecutive days with a daily mean temperature below 5 °C. (4) The GDD5, an index of grow-
ing season warmth, is defined as the sum of the daily mean temperature for days of a year with tempera-
tures higher than a base level of 5 °C, which is regarded as a temperature threshold for woody plants. In
addition, the growing season temperature during the LGM (mid-Holocene) is defined as the daily mean
temperature averaged over the entire period consisting of both the LGM (mid-Holocene) and preindus-
trial growing seasons for better addressing differences between the two periods. We use an area-
weighted method to calculate area average values, and all our results for LGM and mid-Holocene are
anomalies from preindustrial levels.

2.3. Evaluation of Climate Models for the Modern Growing Season-Related Factors

Since the ability of climate models in reproducing the modern growing season-related factors is related to
the confidence of their results for the LGM and mid-Holocene, historical simulations undertaken by the 11
PMIP3 models are first evaluated against three sets of reanalysis data for 1979-2005. Figure S1 illustrates
the range of spatial correlation coefficients, normalized standard deviations, and normalized centered
root-mean-square differences of each historical experiment relative to each reanalysis data. Based on 3,710
grid points over global ice-free land areas, these three statistical variables in order are 0.89-0.99, 0.80-1.10,
and 0.08-0.46 for the first and last days of the growing season, GSL, GDD5, and growing season temperature,
and all spatial correlation coefficients are statistically significant at the 99.9% confidence level. Table S1
further shows that the simulated errors for the five factors are overall small compared with the reanalysis
data. Moreover, the arithmetic mean of 11 PMIP3 models reproduces the large-scale geographical distribu-
tions of all the five factors in the reanalysis data reasonably well, which highly resembles the spatial patterns
as obtained from National Center for Environmental Prediction of the Department of Energy Reanalysis II,
although there exists an underestimate in the magnitude of the growing season temperature and GDD5 over
Africa and the Arabian and Indian Peninsulas in ERA-Interim and ERA-20C (Figures S3 and S4). As a whole,
PMIP3 models reliably capture the main features of the modern spatial pattern and variability of those five
growing season-related factors.

3. LGM Changes in the Growing Season
3.1. Changes in GSL

In comparison to the preindustrial period, all nine models simulated a later start and an earlier end of the
growing season averaged over the globe by area-weighting and thus a shorter GSL at the LGM (Figure 1),
with the signal being larger than the noise showing by the standard deviation of interannual variability for
individual models and by the intermodel standard deviation for all models (Figure S5). The growing season
began 9.2 to 18.8 days later and ended 7.0 to 13.1 days earlier at the LGM than at preindustrial, resulting
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800 in a GSL reduction of 17.6 to 36.0 days across the nine models. When
viewed from the arithmetic mean of individual models, global average
GSL at the LGM was 26.1 days shorter than its preindustrial level, owing
to a later start of 11.6 days and an earlier end of 9.3 days. Note that here
the sum of changes in the start and end dates is not equal to the GSL
reduction value. This is because at the LGM there were grid cells for which
growing season start and end dates did not exist because at least six con-
41200 secutive days with a daily mean temperature above 5 °C did not occur, but

at the same time GSL was equal to zero at those grid cells; therefore, grid
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Figure 1. Last glacial maximum minus preindustrial levels for globally aver-
aged first and last days of the growing season (units: days), GSL (units:
days), and GDD5 (units: °C day) over ice-free land areas for both last glacial
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LGM changes in the growing season start and end dates as well as the GSL
were spatially variable over the ice-free land areas (Figures 2a-2c). The
growing season start generally became later at midlatitude and high lati-
tude but was little changed at low latitudes relative to the preindustrial.
The maximum delay of more than 1 month appeared at midlatitudes of

maximum and preindustrial periods as derived from nine models and their ~ North America and East Europe and in the southwestern region of south-
arithmetic mean. Positive values for the first day indicate a later start of the  ern Africa (Figure 2a). A similar spatial pattern and magnitude held true for
growing season; negative values for the last day indicate an earlierend of the o5 jier end dates, as the last day of the growing season shifted to an earlier

growing season; and negative values for GSL indicate a shorter growing
season. GSL = growing season length; GDD5 = Growing degree days above
5 °C; PMIP = Paleoclimate Modelling Intercomparison Project.

date at midlatitude and high latitude but changed little at low latitudes
(Figure 2b). Both a later start and an earlier end led to a reduction of the
GSL at midlatitude and high latitude (Figure 2c). This was particularly
noticeable in southern North America close to the Laurentide ice sheet and in central and western Europe
close by and downwind from the Fennoscandian ice sheet, where the growing season was shortened by
more than 2 months due to generally stronger surface cooling than elsewhere. In contrast, the GSL varied
very little at low latitudes because the climatological temperature was high and hence the growing season
lasted for all or most of the year in the tropical zone for both the LGM and preindustrial periods
(Figure 3a). Comparatively, the nine models agreed qualitatively with one another in terms of the above
results for each indicator as denoted by the zonal mean curves obtained from the nine-model arithmetic
mean together with the standard deviation of individual models (Figures 2a—2c); model-to-model variability
was generally greater at high latitudes than at low latitudes; and the four PMIP2 models performed similarly
to the five PMIP3 ones overall (Figure 1).

3.2. Changes in Growing Season Temperatures

Consistent with the earlier analysis of the LGM simulations, all nine models reproduced colder than preindus-
trial climates. The LGM global cooling has been widely attributed to relatively well-defined radiative pertur-
bations stemming from, first, large ice sheets and additionally from lower atmospheric concentrations of
greenhouse gases, which were further modified through internal feedbacks in the climate system arising
from, for example, snow, sea-ice, dust, vegetation, and water vapor (e.g., Braconnot et al., 2007; Jansen
et al., 2007; Masson-Delmotte et al., 2013). At the LGM, global mean temperature differences from the prein-
dustrial level for the ice-free land areas were —5.1 °C for the year in terms of the arithmetic mean of the
nine models.

We found that a similar degree of cooling occurred during the growing season, during which daily mean tem-
peratures decreased on average by 3.1 to 6.4 °C for individual models and by 4.6 °C for their arithmetic mean.
Figure 2d shows that relative to the preindustrial period, the simulated growing season temperature
decreased everywhere, and the magnitude of this decrease varied regionally. At the large scale, this reduction
was smaller at low latitudes than at midlatitude and high latitude and was greater close to the Laurentide and
Fennoscandian ice sheets due to the cooling effect of large ice sheets together with high albedo levels of sea-
ice at high latitudes. An indirect comparison indicates an agreement between simulated growing season
temperatures and reconstructed mean annual temperatures at 91 grid cells (Figure 2d; Bartlein et al,
2011), since there is an average decrease of 5.5 °C for the former and 6.1 °C for the latter, and spatial correla-
tion coefficient between each other is 0.54. A further comparison between simulated growing season tem-
peratures and reconstructed mean temperatures of the warmest month at 121 grid cells (Figure S6b;
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Figure 2. LGM minus preindustrial levels for the first and last days of growing season, GSL, growing season temperature, and GDD5 as obtained from the arithmetic
mean of nine models, together with GDD5 reconstructions. Dark gray areas denote cells covered by ice sheets at the LGM. In (a) to (e), the right-hand black lines
represent the zonal mean changes, and shaded areas represent plus and minus one standard deviation for the models. In (a) and (b), light gray areas on land
denote cells with a GSL value of zero at the LGM or preindustrial. In (d) and (f), 91 and 88 circles denote the reconstructed differences in mean annual temperature
and GDD5 between LGM and preindustrial respectively, where 77 and 70 large circles indicate points with significant anomalies, respectively, and the remaining
small circles indicate anomalies that are not significant (Bartlein et al.,, 2011). LGM = last glacial maximum; GSL = growing season length; GDD5 = Growing degree

days above 5 °C.

Bartlein et al,, 2011) gives an identical spatial correlation coefficient of 0.54 between each other, with an
agreement in the average decreased signal but a larger change magnitude in simulations (—7.5 °C) than in
reconstructions (—5.5 °C).

In addition, daily mean temperature decline remained relatively stable in magnitude throughout the growing
season at low latitudes and at austral midlatitudes, but it was more pronounced in the summer than at other
times at northern midlatitude and high latitude across the models (Figure 3a).

3.3. Changes in GDD5

The LGM GDD?5 was also lower than preindustrial levels (Figure 2e), which was due to, first, the cooling and,
second, the shortening of the growing season. Negative anomalies were greater at low latitudes than at
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(a) LGM minus pre-industrial levels (b) MH minus pre-industrial levels
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Figure 3. (a) LGM and (b) MH minus preindustrial levels for area-averaged daily mean temperature (units: °C) during the
common growing season for (a) LGM and preindustrial periods and for (b) MH and preindustrial periods as derived from
the arithmetic mean of the (a) 9 and (b) 24 models at different latitudinal zones, respectively, where lightly shaded areas
represent plus and minus one standard deviation of the models. For the x axis, 1 denotes 1 January (1 July), and 365

denotes 31 December (30 June) in the northern (southern) hemisphere. LGM = last glacial maximum; MH = mid-Holocene.

midlatitude and high latitude due to a longer growing season in the area (Figure 3a). A maximum decline of
more than 1,500 °C day occurred in the central and eastern parts of midlatitude North America, in northwes-
tern Europe close to the Fennoscandian ice sheet, and in much of the northern region of northern Africa. A
minimum decline of less than 500 °C day appeared in Alaska and neighboring regions, in the Tibetan Plateau,
and across much of Eurasia north of ~55°N, where such smaller levels were directly linked to relatively low
climatological temperatures and in turn to the short duration of the growing season for both the LGM and
preindustrial. The remaining areas experienced a decrease of 500 to 1,500 °C day. At the large scale, similar
magnitudes and spatial patterns of GDD5 changes were generally reproduced by the nine models, and
model-to-model variability was greater at low latitudes, in concert with greater anomalies, than elsewhere.
Globally, GDD5 decreased by 729 to 1,498 °C day (15% to 32%) for individual models and by 1,152 °C day
(24%) for their arithmetic mean relative to preindustrial levels (Figure 1), and the signal is much greater than
the noise (Figure S5).

When compared to GDD5 reconstructions from subfossil-pollen and plant-macrofossil data at 88 grid cells
(Figure 2f, Bartlein et al.,, 2011), it is clear that the models performed qualitatively well at reproducing
decreased signal and spatial pattern of GDD5 changes as suggested by paleoclimatic data at the global scale.
Spatial correlation coefficient, normalized standard deviation, and normalized centered root-mean-square
difference between simulations and reconstructions at 88 grid cells are 0.54 (statistically significant at the
99.9% confidence level), 0.63, and 0.85, respectively. More specifically, the LGM GDD5 decreased by an
area-weighted average of 1,281 °C day for simulations and 1,080 °C day for reconstructions at 88 grid cells,
with the same sign of change at 81 out of 88 grid cells and at 64 out of 70 grid cells with significant anomalies
(Figures 2e-2f). Where the 70 grid cells with significant anomalies are concerned, the mismatch between
simulated GDD5 decrease and reconstructed increase occurs at six sites in Alaska and the Pacific coast of
northwestern America, in eastern Africa and Madagascar, and in central Eurasia, and models also underesti-
mate the reconstructed GDD5 decrease at several sites in Japan and southern Africa and around the
Mediterranean and the Black Sea. Such mismatch shows an extent of uncertainty in proxy data partly due
to their relatively sparse spatial coverage, particularly in the southern hemisphere where the reconstructions
at only 14 grid cells all locate in southern Africa (Figure 2f), and also in climate models probably arising from
their incorrect or missing representation of important internal feedbacks such as vegetation and dust feed-
backs (Hargreaves et al., 2013; Masson-Delmotte et al., 2013). However, of importance is that both simulation
and reconstruction uncertainties are small relative to the magnitude of global mean difference (Figures S5
and S7), and simulations agree better with reconstructions in the northern hemisphere than in southern
Africa of the southern hemisphere (Figure S8a).

4, Mid-Holocene Changes in the Growing Season
4.1. Changes in GSL
The mid-Holocene global average growing season start and end dates and length were similar to preindus-

trial conditions. The start and end dates varied only by —1.3 to 3.0 days and by —1.0 to 2.6 days, respectively,
while the length varied by —3.9 to 3.4 days across the 24 individual models (Figure 4). All these values lie

JIANG ET AL.

11,472



~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Journal of Geophysical Research: Atmospheres 10.1029/2018JD028605

[ Firstday [ Lastday BB GSL+ GDD5

4.0

The number of days (days)

-4.0

150 within the scope of the standard deviation of interannual variability for the
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intermodel standard deviation for all models (Figure S9), indicating a smal-
ler signal than the noise and a degree of the model uncertainty. In general,
most models reproduced a decrease in the length and later start and end
dates, namely, a shift in the whole growing season toward autumn, which
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100 of 24 models is concerned, the global average GSL decreased insignifi-

F cantly by 0.7 days due to a greater delay in the start dates than in the
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BOSEEBE55222
3 % 208 é Shgna .; Figure 5a shows that the mid-Holocene growing season generally began
z nw=s=< T . . .
S 5‘ gENY g * g % % = later than the preindustrial counterpart at approximately 20-60°N but ear-
&
o @ lier north of ~60°N, and few changes occurred in other areas except for in

the southernmost part of southern Africa where an earlier start appeared.
End dates were generally earlier at approximately 20-40°N and in the
southernmost part of southern Africa but later north of ~40°N

and last days of growing season (units: days), GSL (units: days), and GDD5 (Figure 5b). Both the start and end dates of the growing season varied very
(units: °C day) as derived from 24 models and their arithmetic mean. For the  little at low latitudes due to high climatological temperatures that gave
former three factors, positive values indicate a later onset or end of the rise to almost full-year growing seasons for both the mid-Holocene and

growing season or a longer one, and negative values indicate an earlier onset
or end of the growing season or a shorter one. GSL = growing season length;
GDD5 = Growing degree days above 5 °C; PMIP = Paleoclimate Modelling

Intercomparison Project.

preindustrial periods. Taken together, the mid-Holocene growing season
prolonged north of ~50°N, shortened across much of 20-50°N, and
reflected preindustrial levels at low latitudes (Figure 5c). At the large scale,
24 individual models reproduced comparable changes in patterns and
magnitudes of mid-Holocene growing season start and end dates and lengths, though we found a degree
of uncertainty as indicated by the zonal mean curves derived from the 24-model arithmetic mean and the
accompanying plus and minus one standard deviation of individual models (Figures 5a-5c). Eleven PMIP2
models also performed similarly to the 13 PMIP3 ones as a whole (Figure 4).

Vegetation feedback has been regarded as an important process in the mid-Holocene climate system (e.g.,
Ganopolski et al., 1998; Kutzbach et al., 1996). Considering the relationship between the growing season
and vegetation, we performed a preliminary analysis of vegetation feedback using simulations from four
pairs of climate models within PMIP2, namely, FOAM, MRI-CGCM2.3.4fa, MRI-CGCM2.3.4nfa, UBRIS-
HadCM3M2, and their atmosphere-ocean-vegetation model counterparts (Table 1). Note that each pair of
the models shares the same atmosphere-ocean model component, and a dynamic global vegetation model
is the only difference between them. Figure 4 indicates that interactive vegetation led to additional small
changes in GSL during the mid-Holocene. Compared to the values from MRI-CGCM2.3.4fa, MRI-
CGCM2.3.4nfa, and UBRIS-HadCM3M2 (FOAM), the growing season derived from their atmosphere-ocean-
vegetation model counterparts was prolonged (shortened) globally due to an earlier (later) start and a later
(earlier) end. More specifically, although statistically insignificant, the mid-Holocene changes in growing sea-
son start and end dates and length due to the vegetation effect were —0.1, 0.3, and 0.4 days from the MRI-
CGCM2.3.4fa pair; —3.9, 1.9, and 5.8 days from the MRI-CGCM2.3.4nfa pair; —0.1, 0.3, and 0.3 days from the
UBRIS-HadCM3M2 pair; but were 0.4, —0.8, and —1.2 days from the FOAM pair, respectively. Note that there
are also six atmosphere-ocean-vegetation models within PMIP3 (Table 1). However, the absence of simula-
tions from their atmosphere-ocean model counterparts prevents a further investigation on the pure vegeta-
tion feedback at this stage.

4.2. Changes in Growing Season Temperatures

It has been well documented that the most important forcing for the mid-Holocene lies in the orbitally
induced stronger than preindustrial seasonality of incoming solar radiation at the top of the atmosphere in
the northern hemisphere but weaker one in the southern hemisphere due to precessional variations
(Berger, 1978; Jansen et al., 2007; Masson-Delmotte et al., 2013). More specifically, more insolation was gen-
erally received from mid-May to October in the northern hemisphere and from July to mid-December in the
southern hemisphere, but less was received for other times (Figure S10). In response to this orbital forcing
and a slight reduction in atmospheric methane concentrations, the mid-Holocene global mean
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Figure 5. Mid-Holocene minus preindustrial levels for the first and last days of growing season, GSL, growing season temperature, and GDD5 as obtained from the
arithmetic mean of 24 models, together with GDD5 reconstructions. Dark gray areas denote cells covered by ice sheets at the preindustrial. In (a) to (e), the right-hand
black lines represent the zonal mean changes, and shaded areas represent plus and minus one standard deviation for the models. In (a) and (b), light gray areas

on land denote cells with a GSL value of zero at the mid-Holocene or preindustrial. In (d) and (f), 561 and 516 circles denote the reconstructed differences in mean
annual temperature and GDD5 between mid-Holocene and preindustrial, respectively, where 248 and 288 large circles indicate points with significant anomalies,
respectively, and the remaining small circles indicate anomalies that are not significant (Bartlein et al.,, 2011). GSL = growing season length; GDD5 = Growing degree

days above 5 °C.

temperature over ice-free land varied by —0.1 °C for the year, by —0.4 °C for December to February, by —0.5 °C
for March to May, by 0.6 °C for June to August, and by 0.03 °C for September to November relative to the
preindustrial state according to the 24-model arithmetic mean. Note that these anomalies generally
followed insolation variations in the northern hemisphere, where most of the global ice-free land is
located. Since there is so much more land area in the northern hemisphere than in the southern
hemisphere, the global average is being skewed toward the northern hemisphere.

For the growing season, global mean temperatures varied from —0.3 to 0.9 °C for individual models and
increased by 0.2 °C for their arithmetic mean. Geographically, the mid-Holocene growing season temperature
increased and amplified northward north of ~30°N, while a decrease occurred at 10°S-30°N, particularly in
tropical Africa at approximately 10-20°N and in northern India (Figure 5d). Few changes appeared south of
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~10°S. The general increase at northern midlatitude and high latitude and decrease in the tropics are direct
consequences of the mid-Holocene orbitally induced changes in annual insolation values (Figure S10).
Comparatively, the simulated zonal pattern of growing season temperature anomalies relative to the
preindustrial period differs from a large spatial variability of both reconstructed mean annual temperatures
at 561 grid cells (Figure 5d) and reconstructed mean temperatures of the warmest month at 599 grid cells
(Figure S11b), and the anomalies are generally smaller for the simulations than for the reconstructions.

In addition, mid-Holocene daily temperature differences from preindustrial levels through the growing sea-
son varied considerably over time (Figure 3b). Area-averaged daily temperature anomaly was positive for
most of the growing season at 60-90°N and 30-60°N, with the most significant warming trends occurring
during the summer, while negative patterns were characteristic at northern low latitudes except from July
to October. An increase only occurred in early July to mid-January and from August to January in latitudinal
zones of 0-30°S and 30-60°S, respectively.

4.3. Changes in GDD5

Mid-Holocene GDD5 differed from preindustrial levels in a zonal distribution (Figure 5e). The GDD5 increased
at midlatitude and high latitude north of ~30°N but decreased at northern low latitudes, while negative
anomalies were registered in most austral land areas except for in southeastern South America and in the
central-southern part of southern Africa, where a warmer than preindustrial growing season (Figure 5d) gave
rise to an increase in GDD5. Such a spatial pattern is similar to that of the growing season temperature
changes (Figures 5d-5e) and is a response to orbital forcing (Figure S10). The maximum GDDS5 increase of
~200 °C day occurred at northern midlatitude and high latitude, owing first to increased temperatures and
second to a longer growing season. Tropical Africa at approximately 5-20°N and India experienced a maxi-
mum reduction of —687 to —300 °C day due to a maximum drop in growing season temperatures
(Figure 5d). Comparatively, the scatter of zonal mean GDD5 changes, as shown in the shaded areas of the
right-hand panel in Figure 5e, was small among individual models. Averaged over the globe, the mid-
Holocene GDD5 varied by —144 to 99 °C day (—3.2% to 2.9%) for individual models and averaged at
—4 °C day (—0.1%) for all models relative to preindustrial levels (Figure 4), and the signal is smaller than
the noise (Figure S9). The vegetation feedback also led to additional GDD5 changes during the mid-
Holocene. Globally, it induced an insignificant increase of GDD5 by 33, 175, and 19 °C day from the MRI-
CGCM2.3.4fa, MRI-CGCM2.3.4nfa, and UBRIS-HadCM3M2 pair, respectively, but a decrease of 44 °C day from
the FOAM pair (Figure 4).

Mid-Holocene changes in GDD5 were reconstructed at 516 land grid cells using subfossil-pollen and plant-
macrofossil data (Figure 5f, Bartlein et al,, 2011). At the regional scale, GDD5 increased over northern
Europe but decreased over most of southern Europe around the Mediterranean, and this was supported
by previous reconstructions based on different pollen data sets through a modern analogue approach con-
strained by lake-level data (Cheddadi et al., 1997), through a climatic calibration based on the scores of plant
functional types (Tarasov et al., 1999), and via inverse modeling (Wu et al., 2007). The rest of midlatitude and
high-latitude Eurasia featured a tripartite latitudinal pattern with a moderate increase along the Arctic coast, a
deficit in the zone from ca. 45-65°N, and an increase in the continental interior. In North America, positive
anomalies occurred along the northern coast and along much of the northeastern part of the continent, while
negative ones occurred in the American Southwest, in the southern part of the continent, and in the interior
of northwestern Canada. Such reductions were characteristic in equatorial Africa and at several sites in the
western Sahara, while the opposite held for the surrounding zone including the eastern Sahara, eastern
Africa, and southern Africa. Thus, the local pattern of GDD5 changes in some regions at midlatitude and high
latitude north of ~40°N is different between simulations and reconstructions (Figures 5e-5f), although the
zonal mean changes over these areas are generally consistent (Figure S8b). When all 516 grid cells are con-
sidered, the mid-Holocene GDD5 increased by an area-weighted average of 102 °C day for simulations and
116 °C day for reconstructions, with a higher uncertainty for the latter than for the former (Figure S7).
Simulations agree in sign with reconstructions at 325 out of 516 grid cells and at 192 out of 288 grid cells with
significant anomalies, which is indicative of an ability of the models in reproducing the direction of large-
scale GDD5 changes, particularly in eastern North America and central and northern Europe which have more
than half of the 516 grid cells (Figures 5e-5f). However, it is also noted that simulations are generally opposite
to reconstructions in southern Europe, at ca. 45-65°N in Eurasia, in the American Southwest, and in eastern
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Africa. The simulated magnitude is remarkably smaller than reconstructed, because the normalized standard
deviation between simulations and reconstructions at 516 grid cells is only 0.16. Simulated changes in zonal
mean GDDS5 are clearly smaller than reconstructed at 40°S-40°N (Figure S8Db). In other words, the models
underestimated the reconstructed magnitude of mid-Holocene GDD5 changes, just as they did for the afore-
mentioned mid-Holocene growing season temperature. This is probably due to their insufficient sensitivity to
external perturbations given the fact that the mid-Holocene globally and annually averaged forcing anomaly
is very weak relative to the modern period, their underestimation of internal natural variability, and their
incorrect or missing representation of important feedbacks among the components of the climate system
arising, for example, from land surface and carbon cycle (Braconnot et al., 2012; Hargreaves et al., 2013;
Harrison et al.,, 2014). For example, our preliminary analysis shows that the vegetation feedback gave rise
to an increase in GDD5 globally from three out of four pairs of PMIP2 models with and without vegetation
effects, which narrows the aforementioned model-data mismatch for the mid-Holocene GDD5. However,
the global vegetation model component is still missing in half of the PMIP2/3 models. Therefore, both climate
models and the numerical experiment design need to be improved in future studies. On the other hand, the
proxy data are very sparse in spatial resolution at northern low latitudes and in the southern hemisphere,
which calls for more reconstructions over there as well. For instance, the proxy data in the southern hemi-
sphere all locate in southern Africa at 22 grid cells with an increase at 12 grid cells but a decrease at 10 grid
cells (Figure 5f), showing a large degree of uncertainty.

5. Conclusion and Discussion

In this study, the LGM and mid-Holocene thermal growing seasons were examined over ice-free land using
the daily output of PMIP2/3 experiments undertaken by 9 and 24 climate models, respectively. Our primary
conclusions are as follows.

Compared to the preindustrial growing season, LGM cooling led to a later start date, an earlier end date, and a
26.1-day decrease of the length averaged across the nine models. These changes mainly occurred at midla-
titude and high latitude where greater drops in temperature occurred and were small at low latitudes where
the growing season almost occurred year-round. Daily temperature decrease was generally stable over time
at low latitudes, was more pronounced during the summer than during other periods at midlatitude and high
latitude, and averaged at —4.6 °C for the growing season. Growing season shortening and cooling gave rise to
a 24% reduction in GDD5, which agrees qualitatively well with reconstructions at 88 grid cells.

The mid-Holocene growing season remained nearly identical to the preindustrial state when analyzed at the
global scale. GSL, temperature, and GDD5 varied on average by only —0.7 days, 0.2 °C, and — 0.1%, respec-
tively. In response to mid-Holocene orbital forcing, the growing season was longer at northern high latitudes,
was shorter in much of the 20-50°N area, and remained almost unchanged in other areas. The growing sea-
son warmed north of ~30°N, cooled at approximately 10°S-30°N, and varied slightly south of ~10°S, while a
similar pattern held for GDD5. Globally, the GDD5 simulations were qualitatively consistent with, but were
weaker than, the majority of reconstructions. Mid-Holocene daily temperature differences from preindustrial
levels through the growing season varied considerably over time and showed the highest levels of warming
during the summer at northern midlatitude and high latitude.

In addition, it should be noted that the growing season is one of the key factors to affect vegetation
growth and distribution (e.g. Linderholm, 2006; Martin, 1993). At the large scale, the reconstructed
LGM vegetation differs from the modern one and is characterized mainly by a southward displacement
and reductions in forest area over midlatitude and high-latitude northern continents, an expansion of tun-
dra over the northern continents, a fragmentation of boreal evergreen forests and temperate deciduous
forests, and reductions in tropical rain forest and tropical seasonal forest in Africa (e.g., Bigelow et al.,
2003; Prentice et al., 2000), all of which may have some relationship with the simulated decrease in
GSL, GDD5, and growing season temperature for that time (Figures 2c-2e). On the other hand, some con-
nections may also exist between the mid-Holocene changes in the simulated growing season and recon-
structed vegetation distribution. Pollen-based reconstructions and macrofossils indicate a northward
expansion of forest at the expense of tundra at northern midlatitude to high latitude during the mid-
Holocene relative to the modern period (e.g., Bigelow et al.,, 2003; Kaplan et al.,, 2003; MacDonald et al.,
2000; Prentice et al., 2000), which may be related to the aforementioned increase in GSL, growing season
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temperature, and GDD5 (Figures 5c-5e). The increase in the mid-Holocene growing season temperature
and GDD5 over northern China (Figures 5d-5e) may also associate with a northward shift of the forest
biomes in eastern China as reconstructed from pollen data for that time (Ni et al, 2010; Yu et al,
2000). However, Jolly and Haxeltine (1997) demonstrated the impact of changes in both atmospheric car-
bon dioxide concentration and climate on vegetation distribution from a terrestrial biosphere model. They
proposed that the lower LGM atmospheric carbon dioxide concentration alone could explain the
observed reduction of tropical African montane forest, even with the present temperature and precipita-
tion values. Recently, lzumi and Bartlein (2016) also implied that if there was no change between the LGM
and present-day climate, the LGM vegetation over North America would still appear direr than present
simply due to lower atmospheric carbon dioxide concentration. Therefore, the interaction between cli-
mate and vegetation is complicated, which calls for further investigation by performing special experi-
ments using vegetation models. Finally, we would like to stress that because the climate changes
during the LGM and mid-Holocene were response to different boundary conditions (ice-sheets, green-
house gases, and orbital parameters) from the present day and internal feedbacks in the climate system
(snow, sea-ice, dust, land surface, carbon cycle, and water vapor), further experiments and analyses are
required to disentangle the contribution of each forcing and feedback to the growing season changes
described here.
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