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Abstract Quantitative paleoclimatic reconstruction is crucial for understanding the operation and evolution of the global
14
climate system. For example, a quantitative paleoclimatic reconstruction for the Last Glacial Maximum (18±2 ka C, LGM) is
fundamental to understanding the evolution of Earth’s climate during the last glacial-interglacial cycle. Previous quantitative
palaeoclimate reconstructions in China are generally based on statistical comparison of modern pollen assemblages and modern
climate data. These methods are based on the premise that vegetation-climate interactions remain the same through time, and
implicitly assume that the interactions are independent of changes in seasonality and atmospheric CO2 concentration. However,
these assumptions may not always be valid, which may affect the reconstructions. Here, we present the results of a quantitative
study of the LGM climate of China based on an improved inverse vegetation model which incorporates physiological processes
combined with a new China Quaternary Pollen Database. The results indicate that during the LGM, mean annual temperature
(ANNT), mean temperature of the coldest month (MTCO) and mean temperature of the warmest month in China were lower by
~5.6±0.8, ~11.0±1.6 and ~2.6±0.9°C, respectively, compared to today, and that the changes in ANNT were mainly due to the
decrease of MTCO. The ANNT decrease in southern China was ~5.5±0.5°C. Mean annual precipitation was lower by
~46.3±17.8 mm compared to today and was especially low in northern China (~51.2±21.4 mm) due to the decrease in summer
rainfall. Comparison of our results with recent outputs from paleoclimatic modelling reveals that while the latter are broadly
consistent with our estimated changes in mean annual climatic parameters, there are substantial differences in the seasonal
climatic parameters. Our results highlight the crucial importance of developing seasonal simulation on paleoclimatic models, as
well as the need to improve the quality of paleoclimatic reconstructions based on proxy records from geological archives.
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1. Introduction
Quantitative paleoclimatic reconstruction is a key objective
* Corresponding author (email: Haibin-wu@mail.iggcas.ac.cn)

of paleoclimatic research, and is crucial for understanding
the evolution of Earth’s climate and for reducing the uncertainty of future climate predictions (IPCC, 2013). The
14
Last Glacial Maximum (LGM, 18±2 ka C), was an interval
of extremely cold and dry conditions when global ice volume
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was at a maximum, greenhouse gas concentrations were
lower than today, and terrestrial vegetation and land surface
characteristics were significantly different from today
(CLIMAP Project Members, 1976; Bartlein et al., 2010).
However, insolation was similar to the present and therefore
the LGM is well suited for evaluating climate model performance (Joussaume and Taylor, 1999; Crucifix et al., 2012;
Kageyama et al., 2017).
During the past few decades, a primary global/regional
paleo-dataset representing the spatial climatic pattern of the
LGM has been assembled. It represents a major research
effort in the field of quantitative paleoclimatic reconstruction
(CLIMAP Project Members, 1976; Farrera et al., 1999;
MARGO Project Members, 2009; Bartlein et al., 2010), and
enables comparison with model simulations (Pinot et al.,
1999; Otto-Bliesner et al., 2009; Braconnot et al., 2012;
Harrison et al., 2015). This reconstruction is crucial for
evaluating changes in the Earth’s climate system on different
time scales, and it provides an opportunity to examine the
dynamic mechanisms underpinning the changes. However,
Earth’s climate system exhibits a spatially varying response
to changes in the underlying land surface and atmospheric
CO2 concentrations. In addition, previous reconstructions
were focused on Europe and North America (Peyron et al.,
1998; Webb et al., 1998; Bartlein et al., 2011; Izumi and
Bartlein, 2016), and it is important to extend paleoclimatic
reconstruction to other regions, in order to better understand
the Earth’s climate system during the LGM.
China has an extended terrestrial surface with strong spatial climatic variability, which is mainly controlled by the
East Asian monsoon, together with the topography; thus, it is
an important region for understanding the history of East
Asian monsoon circulation during glacial-interglacial periods. Much research has been conducted in the areas of
quantitative paleoclimatic reconstruction for China, based on
pollen-climate transfer functions (e.g. Song and Sun, 1997;
Chen et al., 2015), the response surface method (e.g., Sun et
al., 1996) and the modern analog method (e.g. Zheng and
Guiot, 1999). The results indicate that cold conditions prevailed over China during the LGM, and that the magnitude of
the decrease in annual mean temperature (ANNT) varied
from ~8–10°C (Jiang et al., 2011) spatially. By contrast, the
magnitude of the decrease in LGM temperatures re37
constructed using the biomarker method (i.e. UK , GDGTs)
is significantly less than that reconstructed using pollen data;
for example, the temperature decrease in the southern China
was only ~3–5°C (Chu et al., 2017; Wang et al., 2017). In
addition, there is a divergence between paleoclimatic reconstructions and model simulations; the modelled decrease
in the ANNT of China was only ~4.5°C (Jiang et al., 2011;
Tian and Jiang, 2016), much lower than that estimated by
proxy-based reconstructions.
The origin of these discrepancies between modelled and
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proxy data remains unclear, and thus it is important to improve the reliability of paleoclimatic reconstructions based
on geological records, as well as to develop improved model
simulations. Previous reconstructions are based on the assumption that vegetation-climate interactions remain constant through time, with the implicit assumption that these
interactions are independent of changes in seasonal climate
and atmospheric CO2 concentration. However, these assumptions may lead to results that are substantially biased,
for the following reasons: (1) Since plant growth is mainly
controlled by climatic conditions during the growing season,
paleoclimatic reconstructions may reflect seasonal conditions rather than the mean annual climate state (Liu et al.,
2014). (2) Past seasonal climate variations may be outside
the modern observed climate space, and pollen assemblages
lacking modern analogs are documented during glacial periods (Peyron et al., 1998; Jackson and Williams, 2004; Guiot
et al., 2008). (3) The atmospheric CO2 concentration at the
LGM was only ~200 ppmv (1 ppmv=1 mg/L), significantly
lower than today (EPICA community members, 2004); and
because vegetation-climate interactions are sensitive to atmospheric CO2 levels, some vegetation changes may be due
to the low atmospheric CO2 level itself, rather than to climate
change (Jolly and Haxeltine, 1997; Street-Perrott et al.,
1997). The studies referenced above suggest that previous
pollen-based estimates of climate change during the LGM
may have a higher degree of uncertainty than commonly
realized. Thus, a new approach combined with appropriate
data is necessary to address these issues.
The study presented herein has two important aspects: we
use an improved inverse vegetation modeling approach with
a physiological process-based vegetation model, including
seasonal climate changes and the effect of atmospheric CO2
on plant growth (Guiot et al., 2000; Wu et al., 2007a, 2016);
and a new China Quaternary Pollen Database. Our aim is to
provide better spatial and quantitative seasonal climate estimates from pollen records, and thus to improve our understanding of the mechanisms of responsible for the climate
of China at the LGM.

2. Data and methods
2.1

Pollen data

Fossil pollen records provide evidence of changes in vegetation distribution over time. In the last two decades, numerous high-resolution LGM and Holocene pollen records
with high-precision dating have been obtained from China.
These records provide a good opportunity to reconstruct the
spatiotemporal distribution of vegetation and climate in
China. In this study, we assembled fossil pollen data sets
from publications, and augmented the Chinese Quaternary
Pollen Database (MCQPD, 2001). After digitizing published
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pollen diagrams and then recalculating the pollen percentages based on the total number of terrestrial pollen types, 35
new pollen sites were added (Appendix Table S1, https://
link.springer.com), covering northern and southeastern China (Figure 1). Therefore, the number of pollen records was
increased from 33 in the original Chinese Quaternary Pollen
database (MCQPD, 2001) to 68 in the present study. 48% of
these records are raw datasets with complete pollen assemblage data and 52% are digitized data from publications. The
new database significantly improves the spatial coverage of
vegetation in China, enabling an improved paleoclimatic
reconstruction of the LGM. The quality of the dating control
for the LGM was assessed by assigning a rank from 1 to 7,
using ranking schemes from the Cooperative Holocene
Mapping (COHMAP) project (Webb, 1985). The dating
controls for ~18% of the records are better than 3D/3C
(Appendix Figure S1).
Our quantitative paleoclimatic reconstruction using an
inverse vegetation model is based on biome scores compiled
from the pollen data. Groups of taxa have a better-defined
response to climatic changes than individual taxa (Prentice
and Jolly, 2000); thus, using groups of taxa for paleoclimatic
reconstruction can provide more reliable results when good
analogs of fossil assemblages are lacking (Peyron et al.,
1998), especially during glacial periods. In addition, the
homogeneous treatment applied using the standardization of
biomes to the pollen data allows global/regional paleoclimatic reconstructions for the LGM (Wu et al., 2007b). In this
study, vegetation type was quantitatively reconstructed using
biomization, following the classification of plant functional
types (PFTs) and biome assignment in China by the Members of China Quaternary Pollen Data (MCQPD, 2001),
which has been widely tested on modern pollen assemblages
from surface sediments.
Modern monthly mean climate variables, including temperature, precipitation and cloudiness, were spatially interpolated for each modern pollen site based on the datasets
(1951–2001) from 657 meteorological observation stations
over China (Monthly surface meteorological records in
China, China Climate Bureau, 1951–2001). A 2-layer backpropagation (BP) artificial neural network technique was
used for interpolation. This method is more efficient than
many other techniques since the results are validated by independent data sets, and therefore it has been widely applied
in paleoclimatology (Guiot et al., 1996). Soil properties were
derived from the digital world soil map produced by the
Food and Agricultural organization (FAO) (FAO, 1995), and
because of the lack of paleosol data, soil characteristics were
assumed to have been the same during the LGM. Atmospheric CO2 concentration for the LGM was taken from ice
core records (EPICA community members, 2004) and set at
200 ppmv.
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Figure 1 Distribution of LGM pollen sites in China. Circles represent
records from the original China Quaternary Pollen Database, and the triangles represent new pollen sites in this study.

2.2

Inverse vegetation model

Inverse Vegetation Model, which is highly dependent on the
BIOME4 model (Kaplan, 2001), is used in our reconstruction (Figure 2). The principle behind this method is that,
using an iterative approach, a representative set of climate
scenarios compatible with the vegetation records (i.e., biome
scores at the pollen collection site) is identified within the
climate space and constructed by systematically perturbing
the input variables (e.g. atmospheric CO2 concentration,
soil, ΔT, ΔP) of the model (Table 1). The IVM provides the
possibility, for the first time, to reconstruct both annual and
seasonal climates for the LGM over China. Moreover, it
offers a means of evaluating the impact of atmospheric CO2
concentration on competition between plant growths, and
thus it increases the reliability of pollen-based reconstructions. More detailed information about the IVM method can
be found in Guiot et al. (2000) and Wu et al. (2007a).
As plant growth is constrained by climatic conditions,
especially bioclimatic conditions, our aim is to reconstruct
the bioclimatic variables, including growing degree-days
above 5°C (GDD), mean temperature of the coldest month
(MTCO), mean temperature of the warmest month (MTWA),
and the ratio of actual to potential evapotranspiration (α), that
constrain vegetation composition and therefore pollen assemblages. In order to facilitate comparison with previous
climate studies, other variables such as mean annual temperature (ANNT) and precipitation (ANNP) are also estimated based on the monthly variables. Thus, the IVM
method can reconstruct not only the seasonal variation but
also the annual mean climatic state.
In order to improve paleoclimate reconstructions for glacial periods based on pollen data, it is necessary to take into
account the direct physiological impact of low CO2 concentrations on vegetation. The inverse modeling method
enables us to solve part of this problem by reconstructing the
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Figure 2 Schematic diagram of the inverse vegetation modelling approach for paleoclimate reconstruction (Wu et al., 2016).

Table 1 Ranges of input parameters used for the LGM paleoclimatic
a)
reconstruction
Parameter

Range

∆Tjan

[–30, 10]°C

∆Tjul

[–30, 10]°C

∆Pjan

[–90, 100]%

∆Pjul

[–90, 100]%

CO2

200 ppmv

Iterative number

10000

a) The ranges are expressed as anomalies from modern values (deviation
for temperature and percentages for precipitation).

probability distribution of LGM climates under different
CO2 concentrations and to identify potential climates that
explain the occurrence of a paleo-ecosystem. To evaluate the
effects of CO2 levels on the pollen-based paleoclimatic reconstructions, we devised two experiments. LGM340: an
experiment with modern atmospheric CO2 concentration of
340 ppmv; LGM200: an experiment with LGM atmospheric
CO2 concentration of 200 ppmv.

Figure 3 The spatial pattern of biomes distribution in China at the LGM.
TSFO, tropical seasonal forest; WAMF, broadleaved evergreen/warm
mixed forest; TEDE, temperate deciduous forest; COMX, cool mixed
forest; CLMX, cold mixed forest; TUND, tundra; STEP, steppe; DESE,
desert.

experienced significant changes since the LGM, as a result of
global climate changes.

3. Results
3.1

Biome distribution in China at the LGM

The pattern of change in biome distribution during the LGM
period (Figure 3) exhibits a notable southeastwards expansion of steppe vegetation, which reached the present-day
temperate deciduous forest (TEDE) zone near the middle and
lower reaches of the Yangtze River (~32°N). Desert (DESE)
was dominant in northwest China and in the western part of
the Tibetan Plateau. The forest vegetation in eastern China
retreated significantly southwards, and tropical seasonal
forest (TSFO) was possibly absent. The northern boundary
of the broadleaved evergreen/warm mixed forest (WAMF)
shifted southwards as far as ~23.5°N, a shift of ~10° in latitude relative to today. The TEDE also retreated southwards
to ~31°N and extended into the subtropical zone, with a
position ~10° further south compared to today. These results
indicate that the spatial pattern of vegetation in China has

3.2

Climate change across China at the LGM

Paleoclimatic reconstructions are presented as maps of climate anomalies (Figure 4). The results show that at most of
the sites the temperatures during the LGM period were significantly different from modern values. ANNT was ~5.6
±0.8°C colder than today (Figure 4a), and there are anomalies of ~6.3±1.0 and ~5.5±0.5°C for northern and southern
China, respectively, which are defined on the basis of the
latitudinal boundary of 32°N. MTCO values were ~11.0
±1.6°C colder than today (Figure 4b), with a significant
decrease in both northern (~12.0±1.7°C) and southern China
(~10.8±1.0°C). MTWA values were only ~2.6±0.9°C cooler,
but the spatial pattern of MTWA is more heterogeneous than
MTCO values. Eastern China was characterized by significant summer cooling, while the marginal zone of the
Tibetan Plateau was less cool or similar to today (Figure 4c).
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Figure 4 Reconstruction of temperature and precipitation anomalies at the LGM in China (anomalies from the mean climate during 1951–2001). (a) Mean
annual temperature (ANNT); (b) mean temperature of the coldest month (MTCO); (c) mean temperature of the warmest month (MTWA); (d) growing degreedays above 5°C (GDD); (e) mean annual precipitation (MAP); (f) summer (June, July and August) precipitation (Pjja).

ANNT anomalies are intermediate between MTCO and
MTWA, mainly due to winter temperature cooling. GDD
decreases were ~962.3±130.3°C, and the pattern of GDD

anomalies is similar to that of MTWA, with a maximum
reduction of ~1616.0±288.4°C in southern China and a
minimum reduction of ~650.3±107.7°C in northern China
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(Figure 4d).
Reconstructed precipitation anomalies show a substantially different pattern compared to the temperature
anomalies. The climate in China was generally drier than
today (Figure 4e); there was a maximum decrease of
~51.2±21.4 mm in northern China, while a similar pattern to
today (decrease of ~0.2±41.5 mm) occurred in southern
China, and conditions slightly wetter than today occurred in
the Hengduan Mountains and the coastal areas in southern
China. ANNP anomalies are attributed mainly to summer
rainfall decreases based on the seasonality of precipitation
changes (Figure 4f).
3.3 Effect of CO2 on climate reconstruction at the
LGM
In order to evaluate the effect of different atmospheric CO2
concentrations (i.e., 200 ppmv and 340 ppmv) on climatic
reconstruction at a regional scale during the LGM, we integrated the bioclimatic probability distributions of all pollen
sites for both northern and southern China. The results are
illustrated in Figure 5.
The sensitivity experiments using various CO2 concentrations indicate that the reconstructions of ANNT,
ANNP, MTCO, MTWA and GDD for the lower CO2 level of
the LGM are similar to the distribution under the higher CO2
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concentration at present. The results reveal that the vegetation changes in China were less responsive to the CO2 level
than climate changes during glacial-interglacial periods.

4. Discussion
Previous studies showed that the ANNT of China was ~8–
10°C colder than today (Appendix Table S2); in addition, the
changes exhibited a striking geographical pattern, including
cooling of ~2–7°C in southern China, ~8–10°C in northern
and northeastern China, ~6–9°C on the Tibetan Plateau, and
up to ~13–15°C in the Hexi Corridor of northwestern China
(Jiang et al., 2011). Although the direction of changes in our
climatic reconstructions are generally in agreement with
previous studies, the ANNT of China in this study is ~5.6
±0.8°C colder than today, which is less than the previous
estimates (Figure 6), especially in northern China. In addition, our climate reconstruction for the LGM exhibits a more
pronounced seasonal variation than today: the MTCO and
MTWA are lowered by ~11.0±1.6 and ~2.6±0.9°C, respectively. Our MTCO reconstruction is also consistent with that
based on of sand-wedge proxies in the Hexi Corridor, suggesting that this proxy mainly reflects a decrease in winter
temperature (Appendix Table S3).
The hydrological anomalies reconstructed in the present

Figure 5 The effect of different atmospheric CO2 levels on paleoclimatic reconstruction at the LGM. (a) Mean temperature of the coldest month (MTCO);
(b) mean temperature of the warmest month (MTWA); (c) mean annual temperature (ANNT); (d) growing degree-days above 5°C (GDD); (e) mean annual
precipitation (ANNP). The results for the climate reconstruction with an atmospheric CO2 concentration of 200 ppmv is shown in blue, and the red for the
climate reconstruction with an atmospheric CO2 concentration of 340 ppmv. The boxes indicate interquartile intervals (25th and 75th percentiles), and the
bars are 90% intervals (5th and 95th percentiles).
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Figure 6 Comparison of the climate reconstruction of the present study with previous results. (a) Mean annual temperature (ANNT) of previous reconstructions; (b) mean annual precipitation (MAP) of a previous reconstruction; (c) ANNT reconstruction in this study; (d) ANNP reconstruction in this
study. Qualitative reconstructions are based on pollen (circle), paleo-sand wedges (pentagons), oxygen isotope records of ice cores (crosses), oxygen isotope
records of stalagmites, soils, and environmental magnetic properties (diamonds).

study are generally smaller (wetter) than previous estimates
(Figure 6b), notably for ANNP. Previous reconstructions
were drier than ~208 mm compared to today in the case of
most of the records distributed in northern China, whereas
our reconstructions indicate moister climates with an ANNP
decrease of only ~51.2±21.4 mm.
A major difference between previous statistical methods
and the IVM approach is that the former approach is calibrated for pollen originating from plants growing under
modern levels of atmospheric CO2 (~340 ppmv); by contrast,
the inverse modeling does not require such a calibration,
since the atmospheric CO2 concentration is a model parameter. Our sensitivity analysis revealed that the climate reconstructions in China were less responsive to the decrease
in CO2 level (from 340 to 200 ppmv) than to climate change.
Our results are in accord with previous findings for North
America (Izumi and Bartlein, 2016) which indicate that CO2
did not significantly affect temperature reconstructions during the LGM period; however, they disagree with studies of

Europe and Eurasia (Wu et al., 2007b) where the effect of the
low CO2 concentration on temperature and precipitation reconstructions at the LGM was substantial. These findings
reveal that the effect of CO2 on pollen-based LGM reconstructions differs by vegetation type, which has a high
degree of spatial variability.
Comparison of our results with those of previous paleoclimatic reconstructions reveals the following: First, our results provide superior quantitative climate estimates with a
more detailed spatial resolution; this is because the number
of pollen sites used is significantly increased for the LGM,
especially the data provision for previous geographical gaps.
Second, previous reconstruction methods are based on the
assumption that modern vegetation-climate interactions remain constant through time, and implicitly assume that these
interactions are independent of changes in seasonal temperature and precipitation. Thus, it is difficult to determine
the relative influences of these various factors on plant
growth, and therefore vegetation changes are mainly attrib-
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Figure 7 Comparison of the climate reconstructions of the present study
and model simulations. (a) Temperature change; (b) precipitation change;
PMIP: paleoclimate model simulations; IVM: inverse vegetation model.
The winter season is from December to February and the summer season is
from June to August. The boxes indicate interquartile intervals (25th and
75th percentiles), and the bars are 90% intervals (5th and 95th percentiles).

uted to a single climatic factor. This may be responsible for
the larger values of the temperature and precipitation reconstructions in the previous studies compared with our IVM
approach. By contrast, the IVM method can reveal how
changes in seasonal climate account for the observed distribution of vegetation changes at the LGM; in addition, the
priori distribution of the input climate parameters (Table 1)
spans the entire possible climate space at the LGM, enabling
us to achieve a quantitative paleoclimatic reconstruction.
Therefore, the IVM approach can improve the understanding
of paleoclimatic reconstruction on the relationship between
paleoclimate and palaeovegetation from statistical method to
physiological process-based model (Guiot et al., 2000; Wu et
al., 2007a, 2007b).
In recent years, great efforts have been made by the
modeling community (e.g. PMIP) to the design of LGM
experiments using similar boundary conditions (Pinot et al.,
1999; Otto-Bliesner et al., 2009; Braconnot et al., 2012;
Harrison et al., 2015). Progress in understanding the LGM
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climate and its spatial variability can be made by comparing
large-scale simulations by global climate models. The decrease of ANNT in China evident in PMIP simulations
(based on 34 models) was ~4.5°C (Jiang et al., 2011, Tian
and Jiang, 2016), and is slightly less than our reconstruction
of ~5.6±0.8°C (Figure 7a). However, in terms of the seasonal
variations, the MTCO decrease of ~11.0±1.6°C in our reconstruction is substantially colder than the simulated winter
temperature of ~4.5°C; while the MTWA cooling of ~2.6
±0.9°C of our study is slightly lower than the simulated
summer temperature of ~3.8°C (Figure 7a). This suggests
that the model simulations fail to reproduce the seasonal
temperature pattern reconstructed by pollen data. In addition,
the spatial variation of precipitation (%) in our reconstructions are broadly consistent with the model simulations,
which is significantly decrease in northern China while is
less dry in southern China. The reconstructed decrease in
ANNP of ~46.3±17.8 mm is much lower than the model
simulation of a decrease of ~144 mm. Although the model
simulation of winter precipitation is consistent with the IVM
reconstruction of a ~15% decrease, the summer precipitation
decrease of ~21% is higher than the reconstructed result of
~11% (Figure 7b); this is the reason for the difference in
ANNP between the model simulations and our reconstructions.
The foregoing results reveal that although the mean annual
climate from model simulations is broadly spatially consistent with that of paleoclimate reconstructions, there is still
a large divergence in terms of the seasonal variations. Our
results highlight the importance of improving the seasonal
climatic simulation in future paleoclimate models.
The divergence between the results of the two approaches
may also be related to the lower spatial resolution of the
existing models, which cannot therefore provide a reliable
climate simulation for the complex terrain of China. Thus, a
next step in improving the performance of model simulations
is to increase their spatial resolution (Hostetler et al., 1994;
Ju et al., 2007). In addition, due to their limitations the existing models do not include all of the dynamic processes of
the Earth’s climate system (Braconnot et al., 2007; Hargreaves et al., 2013), which reduces the accuracy of their
climate simulations, especially in terms of seasonality. In
addition, we also need to improve seasonal paleoclimatic
reconstructions. Although the IVM method can reconstruct
seasonal climate changes, the approach relies mainly on the
BIOME4 vegetation model. Thus, it is important to improve
its vegetation simulation of the East Asian monsoon region,
and further verification is needed by adapting this approach
to other vegetation models. In the future, comparison of
paleoclimate reconstructions with model simulations at different times and spatial scales, together with enhancing the
ability of model simulations of the past, can potentially improve our ability to predict future climate changes using
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models of Earth’s climate system.

5. Conclusion
We have used an improved inverse vegetation model based
on physiological processes, combined with an augmented
China Quaternary Pollen Database, to produce new quantitative paleoclimate reconstructions for the LGM in China.
Our results confirm the ability of the IVM method to provide
spatially coherent paleoclimatic patterns for the LGM in
China and they indicate that the lower atmospheric CO2
concentration of the LGM has little effect on the paleoclimate reconstructions. ANNT, MTCO and MTWA during the
LGM in China were lower by ~5.6±0.8, ~11.0±1.6 and ~2.6
±0.9°C, respectively, than today; in addition, the climate had
a more strongly developed seasonal pattern. The changes of
ANNT were mainly due to the decrease of MTCO. ANNP
was ~46.3±17.8 mm lower than today, especially in northern
China, due to the decrease in summer rainfall. Comparison
with paleoclimate model simulations indicates that although
most of the models are in broad agreement with the mean
annual climate changes, there are still large divergences in
terms of the seasonal climate. Our results suggest that it is
crucially importance to improve the seasonal paleoclimate
simulations of the models, as well as to improve the quality
of paleoclimate reconstructions based on proxy records from
geological archives.
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