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Abstract. Mid-Holocene ocean and vegetation feedbacksPaleoclimate Modeling Intercomparison Project (PMIP), but
over East Asia are investigated by a set of numerical exthe results are contrary to the warming reconstructed from
periments performed with the version 4 of the Commu- multiple proxy data for the mid-Holocene. Ocean feedback
nity Climate System Model (CCSM4). With reference to narrows this model-data mismatch, whereas vegetation feed-
the pre-industrial period, most of the mid-Holocene an-back plays an opposite role but with a level of uncertainty.
nual and seasonal surface-air temperature and precipita-
tion changes are found to result from a direct response of

the atmosphere to insolation forcing, while dynamic ocean i

and vegetation modulate regional climate of East Asia tol Introduction

some extent. Because of its thermal inertia, the dynamic . L .

ocean induced an additional warming of 0.2K for the an- Paleoclimate modeling is one of the most important aspects

nual mean, 0.5K in winter (December—February), 0.0003 K

in past climate change research. Combining model results

in summer (June—August), and 1.0K in autumn (SeptemberlNith proxy data provides a unique opportunity to investigate
' the cause and effect of natural variability of past climate over

November), but a cooling of 0.6 K in spring (March—-May) i fi | hich is of sianifi hen t
averaged over China, and it counteracted (amplified) the gj& Wide range oftimescales, which IS ot significance when try-
rect effect of insolation forcing for the annual mean and in Ing to b‘?“er underst_and the present climate as well as predict
winter and autumn (spring) for that period. The dynamic an_?hprOJe%t ];_L:tlljre cllme}te change;. that d .
vegetation had an area-average impact of no more than € mid-Holocene IS a perio at occurred approxi-

0.4K on the mid-Holocene annual and seasonal temperar-nately 6000 yr before present, when the climate and envi-

tures over China, with an average cooling of 0.2K for the ronment were significantly different from today (e.g., Pren-

annual mean. On the other hand, ocean feedback induc

e%ﬁe and Webb, 1998; Bartlein et al., 2011) mainly due to a
a small increase of precipitation in winter (0.04 mm d&y change in incoming solar radiation at the top of the atmo-
and autumn (0.05mmday), but a reduction for the an-

sphere (Berger, 1978). It is an ideal time period for study-
nual mean (0.14 mmday) and in spring (0.29 mm day) ing past climate change on the orbital scgle, dur_ing which
and summer (0.34 mm day) over China, while it also sup- tm_1e proxy recqrds are abundant and relatively re_llable. The
pressed the East Asian summer monsoon rainfall. The ef[md-HoIocene is also one .Of the benchmark periods u-nder
fect of dynamic vegetation on the mid-Holocene annualthe.pmtocoI of thg Paleo.d.'mate Modeling Intercomparlson
and seasonal precipitation was comparatively small, rang-PrOJ(aCt (PMIP), W't.h its initial stage (P.N”Pl) designed to

ing from —0.03mm day? to 0.06 mm day’ averaged over test the atmosphgrlc cqmponent of climate modgls (atmo-
China. In comparison, the CCSM4 simulated annual andspherlc general circulation models, AGCMs) and its second

winter cooling over China agrees with simulations within the and third stages (PMIF.,Z and PMIP3) having incorporated
the roles of the dynamic ocean (atmosphere—ocean general
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circulation models, AOGCMSs) and vegetation (atmosphere-on the mid-Holocene Asian summer monsoon. Several sim-
ocean—vegetation general circulation models, AOVGCMSs).ulations have shown an increase of Asian monsoon precip-
The impact of changes in the orbital parameters on the miditation due to the ocean—atmosphere interaction (e.g., Bra-
Holocene climate has been extensively simulated with a hierconnot et al., 2000; Wei and Wang, 2004; Zhao and Harri-
archy of climate models. It is shown that, although insolationson, 2012), whereas others have suggested a suppression of
changes were the primary cause of mid-Holocene climateAsian summer precipitation (e.g., Liu et al., 2004; Ohgaito
change, interactive ocean and vegetation, as well as theand Abe-Ouchi, 2007; Li and Harrison, 2008; Marzin and
synergy effects, might also have considerably modified theBraconnot, 2009). Such differences in the Asian monsoon
annual and seasonal climate response to insolation forcingehavior inspire us to investigate the effect of ocean feedback
(Braconnot et al., 2000, 2007; Liu et al., 2004; Wohlfahrt et on the East Asian monsoon climate during the mid-Holocene
al., 2004; Otto et al., 2009a, b; O’ishi and Abe-Ouchi, 2011;through specific numerical experiments.
Zhao and Harrison, 2012). However, there is no consensus Third, vegetation feedback has been proposed as an impor-
on the relative effect of ocean and vegetation feedbacks, théant process contributing to the mid-Holocene climate system
strength of the synergy between them, and their regional ex{Jansen et al., 2007). Previous simulations with reconstructed
pression. Besides, previous studies have focused mainly opaleovegetation or dynamic vegetation models indicate that
the mid-Holocene climate change either at the global scaléhe mid-Holocene changes in vegetation modify the climate
(e.g., Wonhlfahrt et al., 2004; Braconnot et al., 2007; Otto etsystem response to an enhanced seasonal cycle of insola-
al., 2009a, b; O’ishi and Abe-Ouchi, 2011) or over the mon-tion in the Northern Hemisphere (e.g., Kutzbach et al., 1996;
soon regions of northern or southern Africa (e.g., Joussaum&anopolski et al., 1998; Braconnot et al., 1999; Wang, 1999;
et al., 1999; Braconnot et al., 2000; Liu et al., 2004; ZhaoTexier et al., 2000; Diffenbaugh and Sloan, 2002; Levis et al.,
and Harrison, 2012), North or South America, or northern2004a; Gallimore et al., 2005; Li et al., 2009; Dallmeyer et
Australia (e.g., Liu et al., 2004; Zhao and Harrison, 2012), al., 2010; O’ishi and Abe-Ouchi, 2011). Over China, regional
whereas fewer attentions have been given to the East Asiareconstructed paleovegetation is argued to have an overall
monsoon regions. Thus, more comprehensive simulations ofvarming effect on the annual temperature based on AGCM
the mid-Holocene climate change over East Asia appear t@r regional climate model experiments for that period (Chen
be necessary. et al., 2002; Zheng et al., 2004; Liu et al., 2010). Recently,
Much effort has been devoted to reconstructing the mid-Jiang et al. (2012) found that 35 of (all) the 36 PMIP1 and
Holocene climate over East Asia using a variety of proxy PMIP2 models reproduced colder-than-baseline annual (win-
data, suggesting that China experienced warmer and weter, December—February) temperatures over China during the
ter than present climate conditions as a whole during thamid-Holocene, being opposite of warmer-than-present con-
time (see Sect. 5). By contrast, only a few simulations of theditions as derived from multiple proxy data sources. Similar
mid-Holocene East Asian climate have been performed usingesults were obtained from 10 PMIP3 model median (Zheng
AGCMs (Wang, 1999, 2000, 2002; Chen et al., 2002; Wanget al., 2013). Furthermore, Jiang et al. (2012) showed that in-
and Wang, 2013), regional climate models nested withinteractive ocean induced a warming effect on annual, winter,
AGCMs (Zheng et al., 2004; Liu et al., 2010), synchronously and autumn (September—November) temperatures, while in-
or asynchronously coupled AOGCMs (Wei and Wang, 2004;teractive vegetation had little impact on annual and seasonal
Zheng and Yu, 2009), and AOVGCM (Dallmeyer et al., temperature over China. In this respect, however, the differ-
2010). In those earlier studies, warmer-than-present climatences between the PMIP AGCM and AOGCM (AOGCM and
and intensified monsoon circulation over East Asia duringAOVGCM) control simulations introduced a bias into the
the mid-Holocene summer (June—August) have been reasomele of ocean—atmosphere (vegetation—atmosphere) interac-
ably reproduced, but the geographical distribution and mag+ion on the mid-Holocene climate as discussed by Jiang et
nitude of summer climate change have varied among simual. (2012). Therefore, another key purpose of this study is
lations, indicative of a large degree of uncertainty. Further-to examine pure ocean and vegetation feedbacks over East
more, little attention has been paid to climate change for theAsia during the mid-Holocene using rigorous experiments of
annual mean and the other three seasons. Therefore, it is afimate models.
interest to examine what East Asian climate was like during After a short description of the model and experimental
the mid-Holocene in simulations with state-of-the-art climate design in Sect. 2, we discuss the simulated climate change
models. over East Asia between the mid-Holocene and pre-industrial
Second, many numerical experiments indicate that oceaperiod (Sect. 3). The contributions of ocean and vegetation
feedback played an important role in the mid-Holocene cli-feedbacks are further examined in Sect. 4. Finally, following
mate change, particularly in amplifying orbitally induced a model-data comparisonin Sect. 5, summary and discussion
changes in the northern African monsoon (e.g., Kutzbachare presented in Sect. 6.
and Liu, 1997; Hewitt and Mitchell, 1998; Braconnot et al.,
2000; Voss and Mikolajewicz, 2001; Liu et al., 2004). How-
ever, it remains uncertain on the role of the dynamic ocean
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2 Methods Table 1.Boundary conditions used for 0 ka and 6 ka experiments.
2.1 Model and experiments Oka 6 ka

2
The National Center for Atmospheric Research (NCAR) Solar constant (W m) 1365 1365
Community Climate System Model version 4 (CCSM4) used Earth’s orbital parameters (Orbit)
here is a globally coupled oce_an—atmosph.ere—sea—ice—land- Eccentricity 0.016724 0.018682
surface climate model. A detailed description of the model  pjiquity () 23.446 24.105
can be found in Gent et al. (2011), and the f0||0Wing iS a Angu|ar precessiorfﬁ 102.04 0.87

brief outline of the four model components. The atmospheric

model is the NCAR Community Atmosphere Model ver- Atmospheric concentrations of greenhouse gases (GHGS)

sion 4 (CAM4; Neale et al., 2010), which employs a T31 CO, (ppmv) 284.5 280
spectral dynamical core at a horizontal resolution of approx- ~ CHa (ppbv) 791.6 650
imately 3.78 x 3.75 and with 26 vertical levels. The land N20 (ppbv) 275.7 270

model, run on the same horizontal grid as the atmosphere,
is the Community Land Model version 4 (CLM4; Lawrence
et al., 2012). Based on the Parallel Ocean Program (POP) of
the Los Alamos National Laboratory (Smith et al., 2010), the between the two periods lies in the earth’s orbital parame-
ocean model component (POP2) is described in Danabasoghers (Berger, 1978), leading to an increase (a decrease) in the
et al. (2012), which uses & orizontal grid with 60 lev-  mid-Holocene seasonal cycle of incoming solar radiation at
els in the vertical direction. The sea-ice component is basedhe top of the atmosphere in the Northern (Southern) Hemi-
on the Community Ice Code version 4 (CICE4; Hunke andsphere. Additionally, the atmospheric concentrations of,CH
Lipscomb, 2008), and major updates of the ice model com-CO,, and NO decreased during the mid-Holocene with re-
pared to CCSM3 are discussed in Holland et al. (2012). Thespect to the pre-industrial levels.
ice model uses the same horizontal grid as the ocean model Altogether, six experiments were undertaken (Table 2).
component. More details on CCSM4 are available online atWe first performed two experiments with the fully coupled
http://www.cesm.ucar.edu/models/ccsm4#did further in- CCSMA4: a pre-industrial control run with 0 ka orbital param-
formation on the model improvements and specifics aboutters and atmospheric concentrations of greenhouse gases
the higher resolution simulations can be found in Gent et(GHGs; AOV(0ka)) and a mid-Holocene simulation with
al. (2011) and Shields et al. (2012). 6 ka orbital parameters and GHGs (AOV(6 ka)). To spin up
More specifically on dynamic vegetation, prior versions the AOV(0ka) experiment, we first ran the CN model to a
of CLM include options to run a dynamic global vegetation steady state from an initial condition of no vegetation using
model (DGVM,; Levis et al., 2004b) since CLM2 or a prog- the “accelerated decomposition spinup” mode for 651 model
nostic carbon-nitrogen (CN) model (Thornton et al., 2007)years. Then, we continued from the end of this simulation
since CLM3.5, but these options are mutually incompatible.and ran the CNDV model for 200 more years. After that, we
CLM4 now includes the option to run the CN model merged used the last state from the CNDV spinup as initial condi-
with the DGVM, namely CNDV. The new CNDV option tions to run the fully coupled AOV(0ka) experiment for a
of CLM4 has been specifically evaluated by comparing thefurther 800 yr until the vegetation distribution reached equi-
simulated vegetation distribution with the offline experiment librium. Taken together, the AOV(0ka) simulation was run
against the satellite observations (Gotangco Castillo et al.for 1651 model years. In AOV(6 ka), the model was contin-
2012). It shows that CNDV simulates the present-day distri-ued from the last state of AOV(0 ka) and ran for 400 yr until
bution of plant functional types reasonably well, though it the global vegetation pattern reached equilibrium. Second,
underestimates shrubs and grasses in tundra regions, whiake performed two AOGCM simulations without dynamic
is a known bias due to soil moisture in the standard CLM4vegetation for the pre-industrial and mid-Holocene, namely
CN model (Lawrence et al., 2011). Over East Asia, CCSM4,A0(0 ka) and AO(6 ka), in which vegetation was prescribed
with the same horizontal resolution of T31, has been testedt the pre-industrial equilibrium state from AOV(0 ka). These
against observation and reanalysis data to evaluate its perfotwo AOGCMs were run for 800yr and 700yr, until their
mance in reproducing the present-day climate, and the resultsends in global temperature were less than 0@%per cen-
showed a reliable capability in terms of large-scale climatetury (Braconnot et al., 2007). To isolate the contribution of
features and atmospheric circulation (Tian et al., 2012). ocean feedback, we performed two additional atmosphere-
The present experiments are designed to separate the coanly experiments (A(0 ka) and A(6 ka)) with fixed vegetation
tribution of ocean or vegetation feedback from total cli- from AOV(0ka) and fixed sea surface temperatures (SSTS)
mate change between the mid-Holocene (6ka) and prefrom AO(O ka). Both of the AGCM experiments were run for
industrial (0 ka) periods. Following the PMIP3 protocol, as 30yr. The output from the last 100 model years in the two
listed in Table 1, the major difference in boundary conditions AOVGCM and two AOGCM simulations as well as the last
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Table 2. Summary of experiments.

Experiment Vegetation treatment  SST treatment Orbit GHGs Integration
AOV(0ka) dynamic dynamic Oka Oka 1651 yr
AOV(6ka) dynamic dynamic 6 ka 6ka 400yr
AO(Oka) fixed as AOV(0ka) dynamic Oka Oka 800 yr
AO(6 ka) fixed as AOV(0 ka) dynamic 6ka 6ka 700yr
A(Oka) fixed as AOV(0ka) fixedas AO(Oka) Oka  Oka 30yr
A(6 ka) fixed as AOV(0 ka) fixedas AO(Oka) 6ka  6ka 30yr

20yr in the two AGCM simulations were used for analysis. designs are available online lattp://pmip2.Isce.ipsl.frand
Note that the orbital changes affect the length of the seasonkttp:/pmip3.Isce.ipsl.ft/
(Joussaume and Braconnot, 1997; Timm et al., 2008). Con-
sidering that such changes were no more than five days dur-
ing the mid-Holocene (Joussaume and Braconnot, 1997), th8 Mid-Holocene East Asian climate change
following seasonal means are calculated based on the mod-
ern calendar instead of the celestial one. Before discussing the effect of dynamic ocean and vege-
tation feedbacks (next section), here we first describe the
large-scale climate changes between 6 ka and 0 ka over East
Asia based on the fully coupled experiments AOV(6 ka)
and AOV(0Oka). In our analysis we focus on surface air
In most of previous studies, the analysis of dynamictemperature at 2m above ground level, precipitation, effec-
ocean (vegetation) feedback during the mid-Holocene is notive precipitation (precipitation minus evaporation), and the
straightforward because AGCM and AOGCM (AOGCM and East Asian summer monsoon. East Asia refers to the region
AOVGCM) experiments have used different control experi- within 15° N-55 N and 70 E-140 E, and China refers to
ments. For example, a comparison between the two sets ghe mainland of China.
simulations based on PMIP1 AGCMs and PMIP2 AOGCMs
did not strictly diagnose the ocean feedback, owing to the3.1 Surface air temperature
different versions of the atmospheric component (Jiang et
al., 2012; Zhao and Harrison, 2012), which also introduced aigure 1 shows the geographical distribution of annual
bias between the SST-forced and the coupled control simulaand seasonal temperature changes over East Asia between
tions as discussed by Marzin and Braconnot (2009). Further6 ka and Oka. Under the framework of the PMIP experi-
more, when investigating vegetation feedback, it is more reaments, the annual mean incoming insolation was reduced by
sonable to run the AOGCM 6 ka simulation with prescribed 0.36 W nT2 averaged over China during the mid-Holocene
vegetation of the AOVGCM 0 ka simulation, as suggested byrelative to the present day according to the algorithm of
Braconnot et al. (2007), Dallmeyer et al. (2010) and O’ishi Berger (1978). Accordingly, the East Asian region experi-
and Abe-Ouchi (2011). In the present study, the aforemenenced an annual cooling ranging from OK to 1.5K at 6ka,
tioned biases are taken into account to obtain more realisapart from in the area north of 50 (Fig. 1a). The decrease
tic results. The AOGCM and AGCM 6 ka simulations share in annual temperature was less than 1K over China, and the
the same Oka simulation (AO(0ka)), while the AOVGCM change was less obvious Q.2 K) over Northeast China. Av-
and AOGCM experiments for 6 ka climate share the sameeraged over the whole country, annual temperature was re-
control experiment (AOV(0ka)). Therefore, the difference duced by 0.5K at 6 ka with respect to 0 ka.
between (AO(6 ka)-AO(0 ka)) and (A(6 ka)-A(0ka)) allows  According to the algorithm of Berger (1978), the re-
us to clearly discuss the role of ocean feedback, and thegionally averaged insolation over China was reduced by
difference between (AOV(6 ka)-AOV(0 ka)) and (AO(6 ka)— 10.97 W nT2 in winter, 8.20 W nT2 in spring (March-May),
AO(0ka)) allows us to discuss the role of vegetation feed-and 3.62 W m? in autumn, but increased by 21.34 W
back during the mid-Holocene. in summer at 6 ka with respect to Oka. Similar to the an-
To quantitatively examine the extent to which the results ofnual mean, seasonal temperature change closely followed
this single model over East Asia match those of other mod-the above insolation change over China at 6 ka (Fig. 1b—e).
els, we also compare the present simulations to all 35 availCooler (warmer) than 0 ka temperature occurred over most of
able PMIP coupled model experiments at this stage, includ-China in winter and spring (in summer), with mean changes
ing 14 AOGCMs plus six AOVGCMs from PMIP2 and eight of —1.3K and—1.5K (1.1 K) over the country, respectively.
AOGCMs plus seven AOVGCMs from PMIP3. Detailed in- In autumn, the mid-Holocene temperature change was over-
formation about the above PMIP models and experimentahll less than those in the other seasons, with a weak cooling

2.2 Analysis methods
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Fig. 1. Annual and seasonal temperature differences (units: K) between AOV(6 ka) and AOV(0 ka) experiments. The areas exceeding 90 %

confidence level are dotted.

of 0.1K for the whole country. Note that these changes inchange at 6 ka was similar to that for the annual mean, but
annual and seasonal temperature fall within the range of thevith a larger magnitude (Fig. 2d). Averaged over the country,

13 PMIP AOVGCMs. changes in precipitation werel.7 % for the annual mean,
—5.7 % in winter,—14.3 % in spring, 7.4 % in summer, and
3.2 Precipitation, evaporation, and effective 5.9 % in autumn at 6 ka with reference to Oka.
precipitation The change of evaporation was about 2-3 times smaller

than that of precipitation over East Asia during the mid-
Holocene. The annual evaporation slightly increased by
0.02-0.20 mmday! over most of China and northern In-
ia. Similar to but less in magnitude than the seasonal pre-
cipitation change over China, evaporation was generally de-

and lower reaches of the Yangtze River valley and the Eas reased in WT ter and spring. E_vaporanon increased by 0.02—
. . . . 0.50mmday" in summer, while its change was less than

China Sea (Fig. 2a). Seasonally, the mid-Holocene preC|p|—0 1 mmdav? in autumn over the countr

tation reduced by 0.1-1.0 mm dayand 0.1-1.5 mm day* ' y Y-

o ) . S Over the whole East Asia, the mid-Holocene changes in
In winter and spring, respectively, while it increased by 0'1_annual and seasonal effective precipitation were similar to
1.0mmday? in autumn over most of China (Fig. 2b, ¢ and precip

e). The geographical distribution of summer precipitationthose of precipitation both in spatial pattern and magnitude.

With reference to Oka, the mid-Holocene annual precip-
itation increased by 0.1-0.5 mm ddy over the Qinghai—
Tibetan Plateau, Inner Mongolia, Northeast China, and mos
of India, but reduced by 0.1-0.5 mm ddyover the middle
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Fig. 2. Same as Fig. 1, but for precipitation changes (units: mrday

Furthermore, the annual precipitation and effective precipi-Peninsula, indicating a significantly stronger EASM at 6 ka
tation changes were generally dominated by the summer rethan at 0 ka (Fig. 3). These changes are in line with the results
sults, owing to summer precipitation accounting for more of the 28 PMIP climate models with a demonstrable abil-
than half of the total annual precipitation over China, for ity to simulate the modern EASM climatology (Jiang et al.,
example, 55 % based on gauge observations for the period013b). Accordingly, the southerly wind anomalies brought
1960-2009 (Sui et al., 2013). Comparatively, all of the abovemore water vapor from the South China Sea into the conti-
changes in annual and seasonal precipitation and effectiveent of East Asia, leading to an increased summer precip-
precipitation are within the range of the PMIP models as dis-itation over southern China, North China, Northeast China,

cussed by Jiang et al. (2013a). the Korean Peninsula, and Japan. Meanwhile, the easterly
. wind anomalies originated from the southern branch of the
3.3 East Asian summer monsoon (EASM) anomalous anticyclone over the Okhotsk Sea further pro-

vided more water vapor from the western North Pacific to
In. response to an enhanced land-sea the_rmal contragly heast China, contributing to increased summer precipi-
(Fig. 1d), and hence sea level pressure gradient, betweep i, oyer that region. Of note is that, different from the pat-
the East Asian continent and adjacent oceans as a resyll, o5 ghtained from part of the PMIP2 models (Wang et al.,

of orbital forcing dur_ing the mi(_JI-Holocene summer, obvi- 010), the CCSM4 simulated precipitation was reduced over
ous southwesterly wind anomalies appeared over South a e middle and lower reaches of the Yangtze River valley
East China and stretched northward to Japan and the Korean
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e e seasons, while the opposite held true for autumn at the large
Vo o L e SN\ [ [ s - - H’ scale (Fig. 4), in line with the pattern and magnitude obtained
s A o *:is\\{i}\i? T from the ensemble mean of the 10 PMIP3 models with SST
™ j ] JS— &\\\7\*&&/\;5»\\\\ data available (figures not shown). Figure 5 shows the mid-
o — “‘;‘—, }33 . 3>)Nf R Holocene annual and seasonal temperature changes due to

ocean feedback. Annual temperature was increased by 0.2—

0.5 K over most of China excluding Northeast China, north-

ern Xinjiang, and the Qinghai-Tibetan Plateau, but was re-

' duced over many of the other regions of East Asia (Fig. 5a).

10N - IR A S ' ' Of note is that those changes were not significant at the 90 %
G0E  70E  BOE 90 100E 0B 120E  130E  140E  150E  160E confidence level. Averaged over China, ocean feedback in-

Fig. 3. Mid-Holocene—baseline anomalies of summer wind field at duced an annual warming of 0.2 K, which was close to the

850 hPa (units: mst) between AOV(6 ka) and AOV(0 ka) experi- ocean—lnd_uced warming of0.3 K as esumatgd from the PMIP
ments. Regions with an elevation above 1500 m are left blank, and"0dels with and without dynamic ocean (Jiang et al., 2012).
areas exceeding 90 % confidence level are shaded. As such, the effect of ocean feedback on the annual temper-
ature counteracted the direct response of the atmosphere to
the orbital forcing over China during the mid-Holocene.
during the mid-Holocene summer. This is because the sub- On the seasonal scale, SSTs generally increased in the
tropical high over the western North Pacific controls this re- high northern latitudes but reduced in the northern Indian
gion when the EASM circulation is stronger than normal, andOcean, South China Sea, and the western North Pacific dur-
hence less rainfall occurs over there and more rainfall oveling the mid-Holocene winter (Fig. 4b). As a result, compared
the southern (i.e., southern China) and northern (i.e., Northo the results of atmosphere-only models, winter meridional
China and Northeast China) sides of the western North Patemperature gradient decreased through the low to high lat-
cific subtropical high (Ding, 1994). itudes over and around the East Asian continent at the large
scale, and in turn prevailing northwesterly winds that bring
cold air from the high northern latitudes generally weak-
, ened over China in the lower troposphere (namely anomalous
East Asia southerly winds shown in Fig. 6b). In this way, winter tem-
. . . perature rose over most of China (Fig. 5b). Previously, Jiang
To quantify the role of ocean and vegetation feedbacks, 'tZt al. (2012) argued that colder SSTs in the oceans adjacent

is necessary to first describe the direct response of the atmcE- . .
) : . o the East Asian continent favored a temperature decrease
sphere to the orbital forcing. Based on the difference between

A(6 ka) and A(0 ka) experiments, the mid-Holocene temper-over China through their influence on surface heat exchange

L . L .~ between land and the oceans. However, they neglected the

ature changes agreed in sign with the orbital-induced inso- . S

. . g : fact that offshore winds prevailed in the lower troposphere
lation change over China, with a mean cooling of 0.5K for

O : : and hence the transport of heat from those oceans to the
the annual mean, 1.8K in winter, 1.0K in spring, and 0.7K . T :
. . . mainland of China was quite limited during cold months. In
in autumn, but a warming of 1.3 K in summer. Averaged over

2 e autumn, higher SSTs occurred almost in all ocean areas of
the country, precipitation increased by 0.09 mm rthe concern (Fig. 4e), particularly in the oceans north of Eurasia
annual mean, 0.56 mm da¥in summer, and 0.06 mm day g.4€).p y

in autumn, but reduced by 0.17 mm ddyin winter and and adjacent to the East Asian continent. As a result, a large-

0.09 mm day in spring during the mid-Holocene. Al of the scale significant warming appeared in almost the whole East

above changes in temperature and precipitation fall within.ASIa (Fig. 5€). Over China, winter and autumn temperature

the results of the PMIP1 AGCMs with a good ability to sim- increased on average by 0.5K and 1.0K due to ocean feed-

. . . back, displaying comparable changes of 0.5K and 0.7K as
;g;tltg;?e modern climatology over China (Jiang etal, 2012’estimated from the two kinds of the PMIP models with and

without dynamic ocean (Jiang et al., 2012).

During the mid-Holocene spring, the colder SSTs in the
western North Pacific and the South China Sea as well as
4.1.1 Surface air temperature the northern Indian Ocean (Fig. 4c) exerted a cooling ef-

fect of 0.2—-1.5K over East Asia excluding Southwest China
Owing to the large thermal inertia of the ocean, changeqFig. 5¢), and hence ocean feedback amplified the direct ef-
in SSTs lag changes in insolation by about 1-2 monthsfect of the orbital forcing. In summer, SSTs were warmer
(e.g., Marzin and Braconnot, 2009). Accordingly, the mid- in the East China Sea, the Japan Sea, the western North Pa-
Holocene SSTs were generally colder in the western Norttific north of 45 N, and the ocean adjacent to southern India,
Pacific, the South China Sea, and the northern Indian Oceahut colder in other ocean areas of the low and middle north-
for the annual mean and for the winter, spring, and summeern latitudes (Fig. 4d). Accordingly, summer temperature

4 Mid-Holocene ocean and vegetation feedbacks over

4.1 Dynamic ocean feedback
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Fig. 4. Simulated differences in annual and seasonal sea surface temperatures (units: K) between AO(6 ka) and AO(0 ka) experiments. The
areas exceeding 90 % confidence level are dotted.

increased by 0.2—-0.5 K over the Japan Sea, the Korean Penisimulated effect of ocean feedback was generally consistent
sula, the mid-latitude regions of China approximately within in winter and spring, but inconsistent in summer and autumn,
34°N and 44 N, and eastern India, but decreased by 0.2—with the previous simulations of Dallmeyer et al. (2010) for
0.5K over other regions of East Asia (Fig. 5d). Over China, that period.

spring and summer temperature varied on averageg K

and 0.0003K. Both values were somewhat different fromg 1 2 precipitation

the corresponding 0.03K and0.1K as estimated from two

k\;r_1ds of tth? ch(/)lllpz m.odells. with znd W'thofm dy“?”?'f OCEantThe influence of the dynamic ocean on annual and seasonal
(Jiang et al, ), implying a degree of uncertainty abou recipitation is mainly through the changes in evaporation

o;ﬁzgne\f,fv?tﬁ tltr:etg?sree:xvgnfisra:csagn;fb-il;zll(ler}r:gggge;egsgﬁa rom the oceans and in large-scale atmospheric circulations.
P y irst, the mid-Holocene colder annual SSTs in the oceans ad-

temperature changes over China, the effect of ocean feeq; cent to the East Asian continent (Fig. 4a) suppressed evap-

back on the seagona_l temperature was negative in winter a ﬁation from the oceans, leading to a less amount of water
autumn but positive in spring and summer during the mid-

. . apor source for the whole East Asian continent. Second,
Holocene. Over the East Asian monsoon region, the CCSIv"i(;cean feedback gave rise to anomalous southwesterly winds
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Fig. 5. Annual and seasonal temperature changes (units: K) between (AO(6 ka)-AO(0 ka)) and (A(6 ka)—A(0 ka)) experiments. The areas
exceeding 90 % confidence level are dotted.

in eastern China for the annual mean (Fig. 6a). Howevergastern China, namely a weakened monsoon circulation over
such an atmospheric circulation pattern was resulted fronEast Asia, as a result of a weakened land—sea thermal con-
large-scale changes in winter, spring, and autumn (Fig. 6btrast between the East Asian continent and adjacent oceans
¢ and e). During the rainy season of summer, anomalougFig. 5b), which favored more water vapor transport from
northerly or northwesterly winds prevailed over most parts ofthe northern Indian Ocean and the South China Sea to the
East Asia (Fig. 6d), and hence less onshore transport of wamainland of China (Fig. 6b). Anomalous southwesterly or
ter vapor from the marginal Seas of the East Asian continentsoutherly winds favored the inland transport of water va-
Accordingly, ocean feedback led to less annual precipitatiorpor from the northern Indian Ocean and the South China
over much of East Asia and the western North Pacific duringSea during spring (Fig. 6¢), and a weakened EASM circula-
the mid-Holocene (Fig. 7a). The annual mean precipitationtion (Fig. 6d) suppressed summer rainfall, particularly in the
decreased by an average of 0.14 mmdayver China. middle and lower reaches of the Yangtze and Yellow River

During the mid-Holocene winter, spring, and summer, valleys where the strongest reduction reached 3.0 mm'day
colder SSTs in the northern Indian Ocean, the South Chinduring autumn, both warmer SSTs (Fig. 4e) and anomalous
Sea, and the western North Pacific (Fig. 4b, ¢ and d) desouthwesterly winds in South China (Fig. 6e) were in fa-
creased water vapor amount for the East Asian continentyor of more precipitation over East Asia (Fig. 7e). Taken
particularly for the spring season. On the other hand, win-together, ocean feedback led to a change in seasonal pre-
ter ocean feedback induced anomalous southerly winds imipitation of 0.04 mmday! in winter, —0.29 mmday? in

www.clim-past.net/9/2153/2013/ Clim. Past, 9, 2153171, 2013
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Fig. 6. Annual and seasonal sea level pressure (shaded, units: hPa) and 850 hPa wind (vector, Thjtshargjes between (AO(6 ka)—
AO(0 ka)) and (A(6 ka)-A(0 ka)) experiments. Wind fields with an elevation above 1500 m are left blank.

spring, —0.34 mmday? in summer, and 0.05mmday in vegetation is assigned to four types, namely forest, shrub,
autumn over China. Comparatively, the CCSM4 simulatedgrass, and desert, as expressed by the percent of land area
suppression of ocean feedback on the spring precipitationvithin each model grid cell. In response to the mid-Holocene
is consistent with that over the Yangtze and Huanghe plairforcing, the CCSM4 simulated different vegetation condi-
within 31.54 N-38.97 N and 108 E-120 E as obtained by tions with respect to the pre-industrial period. Both the com-
Dallmeyer et al. (2010). During summer, ocean feedback-osition and distribution of vegetation were found to undergo
induced deficit in rainfall indicated a weakening of the Eastchanges over the East Asian continent. The changes in veg-
Asian summer monsoon rainfall. In general, such a negativestation were characterized mainly by increases of forest at
effect agrees with most of the previous simulations of in- the expense of desert (Fig. 8). For example, forest replaced
dividual models (Liu et al., 2004; Ohgaito and Abe-Ouchi, desert by more than 10% over most of Xinjiang and the
2007; Li and Harrison, 2008; Marzin and Braconnot, 2009; central and western Qinghai—Tibetan Plateau, and forest re-
Dallmeyer et al., 2010), but differs from the results of either placed shrub and grass over much of Northeast China. Sta-
postive effect obtained from individual models (Braconnot ettistically, the nationwide change in the fraction of each kind
al., 2000; Wei and Wang, 2004) or little effect estimated from of vegetation over China was 3.13 % for forest, 0.49 % for
the two kinds of the PMIP models with and without dyanmic shrub,—0.76 % for grass, and2.86 % for desert relative to
ocean (Zhao and Harrison, 2012; Jiang et al., 2013a). the pre-industrial period.

4.2 Dynamic vegetation feedback 4.2.1 Surface air temperature

In the CLM4 component of CCSM4, there are 17 plant func- On the annual scale, vegetation feedback led to a weak cool-
tional types (Gotangco Castillo et al., 2012). For brevity, hereing in most parts of East Asia (Fig. 9a). Much of China
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Fig. 7. Annual and seasonal precipitation changes (units: mmH}alyetween (AO(6 ka)-AO(0 ka)) and (A(6 ka)—A(0 ka)) experiments. The
areas exceeding 90 % confidence level are dotted.

underwent a cooling of 0.1-0.5 K, while part of northeasternreflected back into the sky. In central western China where
and southwestern China and the southern Qinghai—Tibetathe forestincreased at the expanse of desert (Fig. 8), although
Plateau underwent a weak warming of 0.1-0.3 K. Averagedsurface albedo decreased throughout the year (Fig. 10a), an-
over the country, the effect of dynamic vegetation inducednual temperature decreased (Fig. 9a) in response to increases
an annual mean cooling of 0.2 K, and hence vegetation feedef annual evapotranspiration and hence latent heat flux.

back amplified the direct response of the annual mean tem- During the mid-Holocene winter, vegetation feedback ex-
perature to the mid-Holocene orbital forcing over China. Aserted a warming effect of 0.1-1.0K on temperature over
is well known, vegetation change affects climate primarily Northeast China and the Qinghai-Tibetan Plateau but a com-
through its effect on surface albedo, evaporation, transpiraparable cooling effect over much of the rest of the country
tion, roughness length, and carbon stocks, and in turn surfac@=ig. 9b). The former two regions were covered by snow
heat exchange, atmospheric water vapor content ang CQOin winter, and the vegetation-induced warming was mostly
concentration, and so on (e.g., Sellers et al., 1996; Betts et alderived from reduced surface albedo (Fig. 10b) due to the
1997). Itis found that surface albedo was generally increasednow-masking effect of forest increase. During summer and
in northern Northeast China, northern Xinjiang, and centralautumn, vegetation feedback gave rise to additional cooling
China (Fig. 10a) where vegetation-induced cooling occurredof 0.1-1.0 K over most of East Asia, particularly in its north-
(Fig. 9a), and this was because more solar radiation wagrn part (Fig. 9d and e). It was found that surface albedo was
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Fig. 8. Simulated vegetation changes, as expressed by the percent of land area within each model grid cell, between AOV(6 ka) and AOV(0 ka)
experiments, with regionally averaged changes over China being given in parentheses.

generally increased in most of the cooling areas excludingwvinter as simulated by Dallmeyer et al. (2010) is not seen
the Qinghai—Tibetan Plateau in those two seasons (Fig. 10ih the present CCSM4 simulations. Such difference implies
and e), and total cloud amount was generally increased i level of uncertainty about the vegetation feedback on the
much of northern East Asia in summer. Over South ChinaEast Asian annual and seasonal temperatures during the mid-
and India, a vegetation-induced summer warming of 0.1-Holocene.

0.3 K was resulted from a general reduction in surface albedo

and total cloud amou_n't. Averag_ed over China,. vegetationy 5 Precipitation

feedback led to an additional cooling of 0.1 K in winter, 0.2 K

in summer, and 0.4K in autumn during the mid-HoIocene._I_h ” fd . ion feedback h |
During spring, most parts of China underwent a weak warm- e efiect ol dynamic vegetation feedback on the annua

ing of 0.1-0.5K (Fig. 9c), with a regional average of 0.1 K and seasona}I precipitation was very weak duripg the mid-
over China. Such changes were related to changes in surfaé-éolocene (Fig. 11). For the annual mean, precipitation de-

albedo (Fig. 10c), total cloud amount, and evapotranspirationCreased slightly over _the sout_hern angha}l—T|betan Plateau
over the country. and southwestern China and increased slightly over the rest

Model-model comparison indicates that the CCSM4 sim-Of China, with the changes of no more than 0.20 mnTday

ulated vegetation feedback on the mid-Holocene seasonéf:c'ig' 133)' AveragedKO\C/ier the cogntry, vegletatlop .fteﬁdbask
temperature over China agrees with the estimation mad uced a very weak decrease in annual precipitation by

l . .
from part of the PMIP2 models, such as the winter and '%)2 n;]m day dur:ng tr:e mld-HoIocenef. Chi . d
autumn cooling effects in the FOAM models and the n the seasonal scale, most parts o Ina experience

: : : ; a small reduction of precipitation by 0.05-0.20 mmdhy
spring warming and summer cooling effects in the MRI- ~ > . . :
CGCM2.3.4fa models (Jiang et al., 2012). For spring, the"'l_w'nltir (E'gi 1lbr? anqdbg' ?.05—0.:30mmddy|n spnn? d
present vegetation-induced warming is also observed oveé ig. 11c) during the mid-Holocene due o v_egetat|on eed-
China in the ensemble mean of the six pairs of the PMIP2 ack. Converlsely, precipitation |r_10rea§ed_ slightly by 0'0.5_
models with and without dynamic vegetation (Jiang et al.,o'_20 mm day " over the central Q|ngha|—T|beta_n Pl_ateau.m
2012) and is also observed over the Yangtze and Huangh‘éylnter and over _Nprtheast and Southwest China in spring.
plain as shown in Dallmeyer et al. (2010). By contrast, them summer:, pfreﬁ|p|t§t|or;] d_ec1:_r.gased g?/ O.10—O.5dOénman
warming effect of interactive vegetation on the Qinghai— 2Ye" Much 0 the Qinghai-Tibetan Plateau and Southwest

Tibetan Plateau in autumn as estimated by the PMIP2 modelgh'na' and itincreased by 0.05-0.50 mmfagver the rest

; ..of China (Fig. 11d). By contrast, autumn precipitation en-
Jiang et al., 2012) and on the Yangtze and Huanghe plain i .
( g ) g ghep hanced by 0.05-0.50 mm da¥ over a large part of China,
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Fig. 9. Annual and seasonal temperature changes (units: K) between (AOV(6 ka)-AOV(0 ka)) and (AO(6 ka)-AO(0 ka)) experiments. The
areas exceeding 90 % confidence level are dotted.

apart from the northern part of Northeast China (Fig. 11e).5 Model-data comparison
Averaged over China, vegetation feedback led to a precip-

itation changequ—0.03 mmday* in winter and spring,  many efforts have been devoted to reconstructing the mid-
—0.01mmday™ in summer, and 0.06 mmday in autumn  y5i0cene climate over China by use of various proxy data.
during the mid-Holocene. . For temperature, here we choose the collected records of
~ Similarly, there are no robust vegetation feedback-nqjien |ake cores, paleosol, ice cores, peat, sediment, sta-
induced changes in seasonal precipitation over the Eashgmites, and fossil fruits at 64 sites across the country (see

Asian monsoon region in the previous simulations of Fig. 3d in Jiang et al., 2012) for model-data comparison
the ECHAMS/JSBACH-MPIOM model (Dallmeyer et al., ,rhoses. Those paleoenvironmental and paleoclimatic data

2010). Also noted is that most parts of India experienced anngicate that warmer-than-present climate conditions pre-
enhancement of precipitation by 0.10-0.40 mmﬂalyl au-  yailed over China during the mid-Holocene. More specifi-
tumn in our CCSM4 simulations (Fig. 11€), which was in ¢4y annual temperature elevation was approximately 1 K
accordance with their simulations (Dallmeyer et al., 2010). gyer southern China, approximately 2K over the Yangtze
River valley, 3K over most of northern China, and 4-5K
on the Qinghai-Tibetan Plateau. As summarized in Jiang et
al. (2012), proxy data also indicate warmer-than-present win-
ter temperature (e.g., Shi et al., 1993; Yu et al., 1998, 2000;
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Fig. 10. Annual and seasonal surface albedo changes between (AOV(6 ka)-AOV(0 ka)) and (AO(6 ka)-AO(0 ka)) experiments. The areas
exceeding 90 % confidence level are dotted.

Ni et al., 2010), and a few studies further suggest that win-model-data mismatch in annual and winter temperature
ter warming was stronger than the annual mean over Chinghanges over China. Based on the difference between the
during the mid-Holocene (e.g., Xu et al., 1988; Kong et al., CCSM4 experiments of AOGCMs and AGCMs, ocean feed-
1990, 1991; Shi et al., 1993; Tang et al., 2000; Guiot et al.,back led to increases of annual and winter temperatures by
2008; Jiang et al., 2010; Wen et al., 2010). an average of 0.2K and 0.5K over China during the mid-
Contrary to the above reconstructed annual and win-Holocene, respectively, making the model results better agree
ter temperature warming, the present CCSM4 reproducedvith proxy records. By contrast, the CCSM4 simulated vege-
colder-than-pre-industrial annual and winter temperaturedation feedback amplified the mid-Holocene annual and win-
during the mid-Holocene over the country, except for North- ter temperature cooling, inducing an additional temperature
east China where temperature was slightly changed. On aweduction of 0.2K and 0.1 K over China. Collectively, ocean
erage, annual and winter temperatures reduced by 0.5 HKeedback narrowed the model-data mismatch in annual and
and 1.3K over China in the present CCSM4 simulations.winter temperatures, whereas vegetation feedback pushed
Note that such changes are in line with the results of boththe model further away from proxy data over China during
the 36 PMIP1 and PMIP2 models (Jiang et al., 2012) andthe mid-Holocene.
the 10 PMIP3 models (Zheng et al., 2013), and hence For the mid-Holocene annual precipitation or humidity
add new model evidence to the mid-Holocene considerablehanges, proxy records used here are composed of lake cores,
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Fig. 11. Annual and seasonal precipitation changes (units: mm&gjgetween (AOV(6 ka)-AOV(0 ka)) and (AO(6 ka)—-AO(0 ka)) experi-
ments. The areas exceeding 90 % confidence level are dotted.

ice cores, peat, stalagmites, and fluvial profiles at 24 site€ Summary and discussion
across a large part of China (see Fig. 5b in Wang et al.,

2010). Itis shown that annual precipitation was greater than, s study, the impact of interactive ocean and vegeta-
at present, being 70-80 % higher over the Qinghai Lake aregq o, the mid-Holocene climate change over East Asia are
and 30% higher over Daihai Lake, Hidden La_ke, anq Reninvestigated by utilizing a new generation of the earth sys-
Co Lake. Our model results are generally consistent with '®tem model CCSMA4. The strict experimental setup used here
constructions over the latter three areas, but underestimate -\ < it more objective and straightforward to quantify dy-
precipitation change over the Qinghai Lake area. In addition,n‘,imiC ocean and vegetation feedbacks as compared to pre-
the CCSM4 simulated precipitation reduction disagrees WithviOus studies (e.g., Marzin and Braconnot, 2009; Jiang et
several proxy_records over central and South China (Wa”%l., 2012; Zhao and Harrison, 2012). Based on the fully cou-
etal., 2010; Jiang et al., 2013a). Proxy data are very sparsgis4 ccsm4 AOVGCM experiments, the mid-Holocene an-
over Northeast China, preventing a model-data compariSol 5| and seasonal temperature changes over China resulted
at this stage. In general, the effect of ocean and vegetatiop,,in|y from the imposed orbital forcing and the reduction
feedbacks did not modify the above pattern in annual precip¢ aimospheric concentrations of greenhouse gases, and the
|tz_it|on ar_1d effective precipitation chan_ges,_and hence CONsimulated annual and winter cooling over China was con-
tributed little to the model—data comparison in moisture Con-yay tq the warming reconstructed from multiple proxy data.
ditions during the mid-Holocene. With reference to the pre-industrial period, the simulated
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mid-Holocene annual precipitation was greater over the Finally, it remains unclear whether the mid-Holocene
Qinghai-Tibetan Plateau, Inner Mongolia, and Northeastmodel-data mismatch in annual and winter temperatures and
China, but less over the middle and lower reaches of theannual precipitation over China arises from the model, the
Yangtze River valley, which was qualitatively consistent with proxy data, or both. It can be seen from our analysis, as
the proxy records in the former regions but opposite towell as previous studies (Dallmeyer et al., 2010; Jiang et al.,
those in the latter regions. In response to an increase 02012), that the dynamic ocean brings the simulated and re-
~ 5% in the seasonal insolation in the Northern Hemisphereconstructed annual and winter temperatures much closer over
(Berger, 1978), southerly wind anomalies prevailed in theChina, but model-data disagreement still cannot be recon-
lower troposphere over eastern China and the western brandtiled. On the other hand, our CCSM4 experiments and pre-
of the western North Pacific subtropical high during the mid- vious few studies imply a large degree of uncertainty, both
Holocene summer, and such an intensified EASM comparef sign and magnitude, about the effect of dynamic vegeta-
favorably with previous experiments of individual AOGCMs tion on the East Asian climate. More simulations and recon-
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2012; Jiang et al., 2013b; Zheng et al., 2013). It is suggested
that an enhanced land—sea thermal contrast, and hence sea ]
level pressure gradient, between the East Asian continent anfgcknowledgementsiVe sincerely thank  the three anonymous

. . reviewers for their helpful comments and suggestions on the
the adjacent oceans was responsible for the EASM strength-

. ; . . 2" earlier version of the manuscript. We acknowledge the National
ening during the mid-Holocene. Overall, the CCSM4 sim- Center for Atmospheric Research (NCAR) for providing the

ulated large-scale characteristics of the mid-Holocene Eastcsma model, the National Science Foundation (NSF) and the US
Asian climate change agree in many respects with previou$epartment of Energy (DOE) for sponsoring CCSM Project, and
studies (e.g., Braconnot et al., 2007; Dallmeyer et al., 20103oyce Bosmans, Pascale Braconnot, Johann Jungclaus, Akio Kitoh,
Jiang et al., 2012). Allegra N. LeGrande, Charline Marzin, Rumi Ohgaito, Bette L.
The dynamic ocean and vegetation feedbacks can modotto-Bliesner, Steven J Phipps, Leon RotstayrgpSane 8rési,
ify the direct response of the surface climate to the mid-Tongwen Wu, and Tianjun Zhou for providing information on the
Holocene orbital forcing over East Asia. As a whole, oceanPMIP3 AOVGCMs and AOGCMs. Also, we acknowledge the
feedback-induced warming resulted from warmer (C0|der)|nternat|onal mod_elmg groups for prowdl_ng their data fo_r analysis,
SSTs in the high (low) northern latitudes made the mid- and the Laboratoire des Sciences du Climat et de 'Environnement

. (SLSCE) for collecting and archiving the PMIP model data. This
Holocene annual and winter temperatures much closer t s
research was supported by the Strategic Priority Research Program

proxy data than those in the atmosphere-only model overy 05120703 and XDB03020602) and the Knowledge Innova-
Chlna, as was the Case estlma_ted from the PMIP model§,, program (KZCX2-EW-QN202) of the Chinese Academy of
(Jiang et al., 2012). During the mid-Holocene summer, ocearsciences and by the National Natural Science Foundation of China
feedback suppressed the East Asian monsoon rainfall, a neg41222034 and 41175072).

ative feedback effect that agrees with most of the previous

experiments of individual models (Liu et al., 2004; Ohgaito Edited by: G. Ramstein
and Abe-Ouchi, 2007; Li and Harrison, 2008; Marzin and
Braconnot, 2009; Dallmeyer et al., 2010), but differs from
the results of either postive effect obtained from individual
models (Bra?onnm etal., 2000; Wei and Wang, 2004) or Iit'Bartlein, P. J., Harrison, S. P., Brewer, S., Connor, S., Davis, B. A.
tle effect estimated from the PMIP models (Zhao and Har- g5 Gajewski, K., Guiot, J., Harrison-Prentice, T. 1., Henderson,
rison, 2012; Jiang et al., 2013a). Comparatively, the effect A peyron, 0., Prentice, I. C., Scholze, M., SapH., Shuman,

of dynamic vegetation on the mid-Holocene annual temper- B., Sugita, S., Thompson, R. S., Viau, A. E., Williams, J., and
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