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Abstract

Small variations in Earth’s orbit have a direct impact on global climate with the greatest changes occurring over large land masses

such as Asia. Orbitally driven climate signals are therefore likely to be identifiable in climate proxy records derived from sediment

sections in the continental interior. Proxy records derived from temperature-dependent variables are also likely to display a signal

due to temporal variability of atmospheric CO2 and related climatic parameters such as water vapour content. To determine the

magnitude of climate anomalies associated with shortwave and longwave radiative forcing over Asia, a suite of numerical

atmospheric simulations is performed that spans most of the Holocene (from 10,000 to 2500 years BP) at 500-year intervals.

Over central Asia, the amplitude of the summer–winter seasonal cycle is greater than today in all simulations but exhibits two

distinct maxima at 9000 and 6000 BP. Simulated precipitation and snow accumulation over central Asia are markedly higher during

the early mid Holocene and are oscillatory, exhibiting peaks at 8000–7500 and 4500 BP (the Atlantic and Subboreal times,

respectively). CO2/H2O forcing and orbital forcing combine to drive temperature oscillations over central Asia which, in turn,

regulate relative humidity and changes in surface hydrology. Correlation between simulated results and proxy records from across

Asia suggest that CO2/H2O and orbital forcing are dominant factors driving fluctuations of large-scale, central Asian climate

through the Holocene.

r 2004 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

The geometric configuration of Earth in its orbit
about the Sun, as fully determined by the three orbital
parameters of obliquity, eccentricity, and longitude of
perihelion (Berger, 1992), prescribes the latitudinal and
seasonal distribution of incoming solar radiation (in-
solation) at the ‘‘top’’ of Earth’s atmosphere. The
energy transmitted by this insolation, integrated over
the cross-sectional area of the Earth (including its
atmosphere) determines the net amount of incoming
energy available for all processes in the climate system.

It is therefore obvious that any factors that change
either the magnitude or the spatio-temporal distribution
of insolation have a direct impact on climate. Factors
that change the net magnitude of received insolation are
e front matter r 2004 Elsevier Ltd and INQUA. All rights
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distance from the Sun (which varies seasonally), solar
cycles in sunspot activity of 11 and 22 years (e.g., Russell
and Mulligan, 1995), solar variability on geologic
timescales (e.g., Endal, 1981), as well as any material
(e.g., interplanetary dust particles) that passes between
the Sun and the Earth and interacts with solar radiation
(e.g., Kortenkamp and Dermott, 1998). Factors that
directly alter the latitudinal–temporal distribution of
absorbed insolation at the surface are the values of
Earth’s orbital parameters (Berger and Loutre, 1991;
Berger, 1992), the spatial distribution of snow, ice,
clouds, atmospheric water vapour, vegetation, and the
temporally changing shape of the solid Earth itself
(Forte and Mitrovica, 1997).

Despite the complexity and number of factors that
influence the amount of insolation absorbed at the
Earth’s surface, there are numerous examples of
paleoclimate variability that are likely to be the
fingerprints of simple orbital forcing. Some examples
reserved.
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are: changes in strength of seasonal climate phenomena
such as the south Asian monsoon (e.g., Kutzbach and
Otto-Bliesner, 1982; Kutzbach and Street-Perrott, 1985;
Prell and Kutzbach, 1992); sea surface temperatures in
the North Atlantic (Ruddiman and McIntyre, 1984);
glacial cycles (e.g., Berger et al., 1984; Colman et al.,
1995; Williams et al., 1997), and; loess-paleosol
sequences from the Asian interior (e.g., Rutter, 1992;
Sun et al., 1999; Lu et al., 1999; Lu and Sun, 2000;
Porter and An, 1995; Guo et al., 1998; Rokosh et al.,
2003; Bush et al., 2004).

Of particular relevance to Holocene climate and to the
present study is the �41,000 year oscillation of Earth’s
angle of obliquity between approximately 24.41 and 221
(although the maximum and minimum values change
within each cycle; Berger, 1992). Increased obliquity
alters the seasonal distribution of insolation such that
the amplitude of the seasonal cycle is enhanced. This
effect is greatest at high latitudes. The value of obliquity
does not in itself alter the net top-of-atmosphere
incoming radiation averaged over 1 year. However, an
increase in areal extent of snow and ice during high
obliquity winters can produce a net deficit in annual
mean insolation. Land masses in high latitudes, such as
North America and Asia, are therefore particularly
susceptible to climate change forced by the obliquity
cycle.

Precessional effects (as described by the longitude of
perihelion; Berger, 1992) become important during the
early mid Holocene because they place perihelion in the
boreal summertime. This effect should be particularly
important during the summer months of June–July–Au-
gust (JJA; see Kutzbach and Otto-Bliesner, 1982) and its
effect should be maximized in the continental interior of
large northern hemisphere landmasses.

In addition, there were variations of atmospheric
carbon dioxide through the Holocene (Indermühle et al.,
1999). These variations have the potential to amplify or
mute climatic signals associated strictly with orbital
forcing. However, fluctuations in atmospheric carbon
dioxide also change the hydrological cycle and the
amount of water vapour in the atmosphere. This in turn
changes surface hydrology and the surface biosphere,
which then alters the carbon flux from the surface,
creating a CO2/H2O feedback.

As a step towards unravelling the complexities of the
Asian climate record, we examine solely the combined
effect of orbital and CO2/H2O forcing on Holocene
climate over Asia using an atmospheric general circula-
tion model (GCM) to simulate the climate from 10,000
calendar years before present (BP) to 2500 BP at 500-
year intervals. These time-slice simulations therefore
span approximately half of the Boreal, all of the
Atlantic, and all of the Subboreal periods (using
terminology from the modified Blytt–Sernander se-
quence as defined in Mangerud et al., 1974).
The next section discusses the model used to perform
the simulations as well as the simplifying assumptions
made in these sensitivity experiments. Results are then
presented, followed by a discussion and concluding
remarks.
2. The model

Data are generated by an atmospheric general
circulation model (Gordon and Stern, 1982). All
simulations are 20 years in duration and include the
seasonal cycle.

The experiments are sensitivity tests designed to focus
on the combined effect of orbital forcing and CO2/H2O
forcing. We therefore fix other complicating parameters
such as sea surface temperature (SST), sea level, and
land surface vegetation. Modern global sea surface
temperatures are therefore specified according to Levi-
tus (1982). Although orbital forcing clearly affects the
oceans in high latitudes (e.g., Ruddiman and McIntyre,
1984) as well as in the tropics (e.g., Clement et al., 1999)
and can potentially be dominated by tropical SST
forcing in certain regions (Bush, 2001), experiments with
specified SST are chosen in order to focus more cleanly
on the radiative forcing in a region relatively remote
from oceanic influence. Note that, in the model,
temporally varying CO2 partially compensates for the
lack of SST variability since marine processes were in
part responsible for the changes in CO2 (along with land
surface change; Indermühle et al., 1999). Although we
assume modern SST for consistency between these
sensitivity tests, we do not imply that SST is likely to
have been similar to todays throughout the Holocene.

Similarly, we assume for consistency that the land
surface is the same in all simulations. Although
unrealistic for the Asian interior (e.g., Khotinsky,
1984; Tarasov et al., 1997; Tarasov et al., 2000) this
assumption significantly simplifies interpretation of the
results and eliminates the complicating vegetation/CO2/
H2O feedback. Note, however, that this feedback is to
some degree captured by the temporally varying CO2

concentrations, which were determined in part by
changes in land cover and SST (Indermühle et al.,
1999). It would therefore be inconsistent to prescribe
these values of CO2 and include dynamic vegetation.
Bare land surface albedos are therefore fixed at modern
values (although they can be changed by snowfall).
Since the value of CO2 is prescribed, changes in water
vapour content are a direct result of combined orbital
and CO2 forcing, and the important but complex issue
of secondary feedbacks on atmospheric CO2 levels (e.g.,
Ruddiman, 2004) is eliminated.

The atmospheric model is a spectral one with 30
waves included in the rhomboidal truncation scheme.
This produces an equivalent spatial resolution of 3.751
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in longitude and 2.251 in latitude at the equator. In the
early Holocene simulations, we include the lingering
remnants of the Laurentide and Fennoscandian ice
sheets since they impact net insolation, and assign to
them a bare ice albedo of 0.6 (which is the value assigned
to Greenland and Antarctica in simulations of today).
Ice sheet areal extent and topographic height were
specified according to the ICE-4G reconstructions of
Peltier (1994). For time slices that fall between those for
which there are ice sheet reconstructions, we linearly
interpolate the ice sheet data.

Soil moisture is computed using a bucket scheme with
a 15 cm capacity. Modelled values of soil moisture are
useful indicators of drier or wetter conditions since its
computation involves all hydrological parameters.

Monthly data have been temporally averaged over the
20 years of integration. The question of how radiative
changes affect the climate of a relatively large geo-
graphic region (central Asia) is most easily addressed
and interpreted by examining spatially averaged quan-
tities. Results to be shown have therefore been spatially
averaged over the area shown in Fig. 1. In modern
climate this area is predominantly a type-D climate zone
in the Köppen classification scheme. This procedure has
the advantage that it smoothes over the spatial
variability in the region, thereby increasing the statistical
significance of the results (see next section). We do not
address here the issue of spatial variability of climate
change across the Asian interior, although the reader is
referred to Bush et al. (2004) for some discussion of the
variability of model results and their relation to the
enormously complex proxy data.

Atmospheric carbon dioxide is prescribed by data
from Taylor Dome (Indermühle et al., 1999) and
exhibits a decrease from the Boreal (10,000–9000 BP)
to a distinct minimum at 8000 BP (early Atlantic)
Fig. 1. The inset box indicates the area over which all model results are

averaged (751E–1301E; 451N–701N). Contours are mean annual

temperature in the modern control simulation (0 kYr BP), in degrees

Centigrade (contour interval 5 1C).
followed by a relatively rapid rise in the late Atlantic,
and a slower rise through the Subboreal (Fig. 2A). Also
shown are the values of obliquity, eccentricity, and
longitude of perihelion in the simulations (Figs. 2B–D,
respectively). Obliquity decreases gradually and mono-
tonically from its Boreal maximum to today (Fig. 2B),
while Earth’s orbit becomes more circular (Fig. 2C).

Since CO2 and water vapour are inextricably linked in
the model, we henceforth refer to CO2/H2O forcing as
the combined effect of changes in these trace gases.
Note, however, that since the feedback of H2O on CO2

has been eliminated in the model by specifying the land
surface and SST, any changes in atmospheric water
vapour is considered to be a secondary forcing. For
clarity, however, we refer to the combined effect as CO2/
H2O forcing. Simulated climate changes are therefore
attributable to either carbon dioxide forcing (in con-
junction with a secondary H2O effect) or orbital forcing
(although we note that in the early Holocene simula-
tions the remnants of the Laurentide ice sheet should
decrease global temperature to some degree since net
insolation is reduced). A control simulation (marked as
0 kYr BP in the following figures) is performed for
today’s climate.

Since orbital parameters are computed according to
calendar years many of the continental proxy records
are in radiocarbon years, we show in all histogram
figures both calendar years and the modified Blytt–Ser-
nander sequence (Mangerud et al., 1974) for which the
uncorrected radiocarbon year boundaries have been
corrected to calendar years in a manner consistent with
the work of Stuiver et al. (1998).
3. Results

Simulated annual mean temperature over central Asia
is colder than today during the Boreal and early
Atlantic, and increases relatively rapidly in the mid–late
Atlantic (Fig. 2E). Warmest temperatures, however,
occur in the mid–late Subboreal (3500–3000 BP). In
general, the warming trend is congruent with the
increase in atmospheric CO2. However, the oscillatory
nature of surface temperature (i.e. local maxima at 8000
, 5500 , and 3000 BP) cannot be explained by the levels
of CO2/H2O. [In Fig. 2E and all subsequent plots of
annual mean quantities are included lines marking the
99%, 95%, and 75% levels of statistical significance as
determined by a Student T-test (using a mean variance
to translate the statistical T value into a numeric value
for the plotted variable; seasonal values (not shown) are
comparable). The simulated mid–late Atlantic warming
is therefore highly significant.]

A seasonal breakdown into JJA (Fig. 2F) and
December–January–February (DJF; Fig. 2G) tempera-
tures reveals that the increase in seasonal cycle
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Fig. 2. (A) Atmospheric carbon dioxide (parts per million by volume) used in the simulations (data from Indermühle et al. (1999)). Values of (B)

obliquity, (C) eccentricity, and (D) longitude of perihelion are from Berger (1992). Data in the histograms (E)–(H) have been spatially averaged over

the area shown in Fig. 1 (see text for details). (E) Annual mean temperature in all experiments. In this and all other figures, the simulations are

referred to by their calendar year BP (in thousands of years) on the x-axis. The control simulation is therefore ‘‘0’’; (F) JJA mean temperature; (G)

DJF mean temperature, and (H) amplitude of the seasonal cycle, defined as the JJA minus DJF temperature. All units are degrees Centigrade.

Periods of the Blytt–Sernander sequence are marked in the top panel, with vertical lines marking the approximate boundaries in all panels.

Horizontal lines in the annual mean panels (A, B, E, and H) indicate statistical significance levels according to the Student T-test at the 99% (solid),

95% (dashed), and 75% (dotted) levels (see text for details).
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amplitude (Fig. 2H) is, from 10,000 to 6500 BP, a result
of colder winters rather than warmer summers.

In the early to mid-Holocene, CO2 is relatively low
and should, all else being equal, depress both summer
and winter mean temperatures compared to today. In
addition, however, high values of obliquity in the early
mid Holocene (cf. Fig. 2B) produce warmer summers
and colder winters (i.e. an increase in seasonal cycle
amplitude). This is most apparent at 9000 BP, when high
obliquity dominates and produces the coldest winter and
warmest summer of the early Holocene (Figs. 2F–H). In
terms of temperature, the net result of CO2/H2O and
orbital forcing in the early Holocene is that the change
in the winter season is greater than that in the summer
season. In addition, central Asia is subject to seasonal
snow cover. There is therefore a snow-albedo feedback
embedded within the annual mean temperature change.
The snow-albedo feedback, combined with CO2/H2O
forcing, introduces an asymmetry to obliquity-driven
temperature change and shifts simulated annual mean
temperatures towards colder values in the early mid
Holocene when snow accumulation is particularly high
in the Asian interior (Fig. 3A). The oscillatory nature of
wintertime snow accumulation, with relative maxima in
the late Boreal, the mid-Atlantic, the mid-Subboreal,
and the late Subboreal, correlates with simulated annual
(and seasonal) soil moisture levels (Figs. 3B–D). In our
simulations, it also correlates with annual mean (and
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Fig. 3. (A) Annual mean snow accumulation in units of centimeters of water equivalent. (B) Annual mean soil moisture in units of centimeters. A

value of 15 is completely saturated soil. (C) JJA soil moisture. (D) DJF soil moisture. (E) Annual mean freshwater flux (precipitation minus

evaporation) in units of cm/day. (F) JJA freshwater flux. (G) DJF freshwater flux. (H) Annual mean cloud cover, in percent, vertically averaged over

all model levels. All data are spatially averaged over the region shown in Fig. 1.
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summertime) freshwater flux (precipitation minus eva-
poration; Figs. 3E–G) and annual mean cloud cover
(Fig. 3H).

Fluctuations of precipitation in summer (rain) and
winter (snow) are ultimately governed by fluctuations of
relative humidity (Figs. 4A–C), whose values govern the
occurrence of precipitation events. In the Boreal and
mid-Atlantic, simulated relative humidity values are
generally higher than today (with the exception of 9000
BP) but drop during the late-Atlantic to a minimum at
6000 BP. This pattern is inversely related to the changes
in temperature (cf. Fig. 2E). This result indicates that
the exponential dependence of saturation vapour
pressure on temperature (e.g., Peixoto and Oort, 1992)
dominates any change in water vapour pressure itself (as
inferred from changes in the mixing ratio; Fig. 4D). For
example, although the early Holocene is colder than
today (Fig. 2E) and there is less water vapour in the air
(Fig. 4D), it is relatively more humid (Fig. 4A) because
of the exponential decrease of saturation vapour
pressure with temperature. As a result, cloud formation
increases (Fig. 3H) and more precipitation occurs (Fig.
3E).

The degree of correlation between model variables is
not surprising given the fact that orbital and CO2

changes affect temperature, which directly affects
saturation vapour pressure, atmospheric water vapour
content (Fig. 4D), and relative humidity (Fig. 4A).
Relative humidity, in turn, regulates saturation events
such as cloud formation (Fig. 3H), precipitation (Fig.
3E), snowfall (Fig. 3A) and soil moisture (Fig. 3B).

From 10,000 to 6500 BP the simulations therefore
suggest colder and wetter conditions, with a transition
to warmer and drier conditions from 6500 to 5500 BP.
Embedded within this early to mid-Holocene change,
however, are more rapid oscillations that cannot be
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Fig. 4. (A) Annual mean relative humidity (multiply by 100 for percent). (B) JJA relative humidity. (C) DJF relative humidity. (D) Annual mean

mixing ratio. (E) JJA mixing ratio. (F) DJF mixing ratio. Units in (D)–(F) are grams of water vapour per gram of dry air, multiplied by 100.
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explained by the CO2/H2O forcing (cf. Fig. 2A). For
example, moisture variables (e.g., snow, soil moisture)
show a relative maximum in the early mid Subboreal
(�4500 BP) when annual mean temperature has a
relative minimum (cf. Fig. 2E) but CO2 is relatively
constant. Similarly in the late Subboreal (�3500–3000
BP), when the increase in CO2 is relatively slight, there is
a relative maximum of temperature and relative minima
in snow, freshwater flux, and cloud amount.
4. Discussion

The impact of Holocene CO2/H2O forcing on the
climate of central Asia is indicated by the general trend
toward warmer temperatures from the early to the mid-
Holocene. In the late Boreal/early Atlantic (9000 BP),
however, there is a decoupling of CO2/H2O and
temperature such that slightly higher CO2 levels (Fig.
2A) are coincident with cooler annual mean temperature
(Fig. 2E) and reduced soil moisture (Figs. 3B). The
reduced surface hydrology at this time is caused by the
dominance of colder winter temperatures over warmer
summer temperatures (Figs. 2F and G) and significantly
reduced winter precipitation (Fig. 3G). This wintertime
dominance occurs at a time when the seasonal cycle
amplitude is at its greatest value of the Holocene (Fig.
2H) and indicates that orbital forcing dominates CO2/
H2O forcing at this time. From proxy data, this time
also correlates with late Boreal cooling in northern
Eurasia, western Europe, and North America (Khotins-
ky, 1984).

Increasing temperatures in the Atlantic (Fig. 2E) are
coincident with the rise in atmospheric CO2/H2O (Figs.
2A, 4D) and show the greatest increase in the late
Atlantic (6500–6000 BP). This trend is consistent with
the expansion of forest across Asia, which is also most
evident in the late Atlantic (Khotinsky, 1984). The
seasonal cycle amplitude in the late Atlantic is much
greater than today and its maximum value (at 6000 BP)
is nearly as large as at 9000 BP. The Atlantic is therefore
characterized by relatively cool and humid conditions
for the first 2000 years, followed by warmer and less
humid conditions for the next 1300 years. The Atlantic
rise in water vapour content (Fig. 4D) is anticorrelated
with precipitation amounts and soil moisture (Figs. 3A,
B, E). This result is consistent with the temperature
increase and its consequent increase of the saturation
vapour pressure. These results appear to be consistent
with the reconstruction of Khotinsky (1989; see discus-
sion in Karabanov et al., 2000). Data from the Chinese
Loess Plateau also indicate a cooler, moister early
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Holocene climate followed by a warmer, more arid
climate in the mid-Holocene (e.g., Liu et al., 2002; Chen
et al., 2003; Tarasov et al., 2000).

In the early Subboreal (from 5500 to 4500 BP),
however, there is a cooling trend that does not appear to
be driven by the relatively constant levels of carbon
dioxide (Figs. 2A and E). (Despite the fact that annual
mean temperatures at 5500 BP are statistically similar to
today’s, the temperatures at 4500 BP are cooler than
today at 95% significance level so this cooling trend is
statistically significant.) Early Subboreal cooling is
primarily caused by a reduction of summertime tem-
peratures (Fig. 2F) that drives an increase in relative
humidity in an atmosphere that has a relatively high
amount of water vapour (Figs. 4A and D). This period
would therefore be characterized by relatively cool and
wet conditions.

The transition to mid-Subboreal (4500–3000 BP)
shows warmer (Fig. 2E) and drier (Figs. 3A,B,E) annual
mean conditions followed by late Subboreal (3000–2500
BP) cooling and wetting. The magnitude of the mid-
Subboreal warming, in particular, cannot be wholly
explained by CO2/H2O levels and must therefore
contain an orbital component. From palynologic data,
the Subboreal period has been subdivided into three
phases as follows (Khotinsky, 1984). The first
(4600–4100 radiocarbon years, which approximately
equals 5500–4600 BP) was characterized by cooling
and a southward expansion of tundra. The second
(4100–3200 radiocarbon years, or �4600–3500 BP) was
characterized by warming and a northward retreat of
tundra with an expansion of forest. The third
(3200–2500 radiocarbon years, or �3500–2600 BP)
was characterized by cooling and a southward migration
of the forest/tundra line. Model results of annual
temperature (Fig. 2E) are therefore in excellent agree-
ment with the temperature trends interpreted from the
proxy data. In addition, the warming simulated for the
mid-Subboreal is of a relatively large magnitude (second
only to the late Atlantic warming; cf. Fig. 2E) and this is
also seen in the data from northern European Russia
(Khotinsky, 1984). Orbital control of climate therefore
appears to be more important than CO2/H2O forcing
during this time period.

From these simulations we therefore suggest that the
Boreal/Atlantic cooling, the early mid-Atlantic warm-
ing, the early Subboreal cooling, the mid-Subboreal
warming, and the late Subboreal cooling are driven by
orbital forcing since they are contrary to what would be
expected from the prescribed CO2 forcing. We also
suggest that the mid–late Atlantic warming, which is the
dominant trend of the Holocene, is primarily driven by
CO2/H2O (Figs. 2A, 4D).

The general agreement between these model results
and the paleoreconstructions for climate over central
Asia is encouraging. For example, the significant
mid–late Atlantic warming is seen throughout Eurasia
(Khotinsky, 1984). Also, the high simulated annual
temperature during the Subboreal may have support in
the diatom record of Lake Baikal (Karabanov et al.,
2000), and the subsequent cooling and drying appears to
have occurred across the entire Asian interior (e.g.,
Starkel, 1998). Simulated increases in the hydrological
cycle are in broad agreement with greater lake levels in
the early Holocene (Harrison et al., 1996; Bernasconi et
al., 1997; Lehmkuhl and Lang, 2001) and reduced mid-
Holocene lake levels in regions remote from the Asian
monsoon (Qin and Yu, 1998).

From the model results, two time slices exhibit
anomalous climates that may warrant further examina-
tion of proxy data: the mid-Atlantic (7000 BP), which
should exhibit vegetation consistent with cold and wet
conditions (both in summer and winter); and the late
Subboreal (2500 BP), which should also exhibit species
that prefer wet conditions (in both summer and winter).
The broad agreement between model results and proxy
records implies that, for this region of the world during
this time period, oceanic and land surface influences are
comparatively small. Of course, when large global
events such as glaciations or Dansgaard-Oeschger/Bond
cycles occur they are recorded in, for example, the
sediments of Lake Baikal (Williams et al., 1997;
Khursevich et al., 2001; Prokopenko et al., 2001). Our
results suggest that in the absence of such extreme global
events, climatic oscillations associated with orbital and
CO2/H2O forcing over central Asia were sufficiently
large that they would have affected ecosystems across
the entire Asian interior.

On a final note, anthropological evidence for a
cultural replacement of people in the Lake Baikal region
during the late Atlantic (Weber et al., 2002) naturally
raises the intriguing question of whether the largest and
most rapid climate change of the Holocene, as simulated
here, may have had a direct influence on human
evolution in the Asian interior. This fundamental
question will be the subject of future work.
5. Conclusions

Simulations of Holocene air temperature and hydro-
logical cycle variables from a general circulation model
show a high degree of temporal climate variability
during the Holocene in the region of central Asia. This
variability is driven by a combination of CO2/H2O and
orbital forcing. Warming over central Asia in the
mid–late Atlantic period is driven primarily by CO2/
H2O forcing, whereas other climate fluctuations in the
late Boreal, the early mid-Atlantic, and throughout the
Subboreal, are driven primarily by orbital forcing. Since
simulated results are in general agreement with some
of the paleoreconstructions of Asian climate from
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palynological data we can conclude that the specific
forcing factors examined here are the dominant
mechanisms controlling climate variability over central
Asia, and that each factor was dominant at different
times through the Holocene.
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