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Abstract

Expansion and contraction of desert margins around the globe have been inferred from a variety of proxy data and have
since been linked, particularly in northern China and in the sub-Sahel, to changes in freshwater flux, vegetation cover, sea
surface temperatures and, perhaps most importantly, monsoon circulations. We present a direct comparison of results from
numerical general circulation model experiments for the mid-Holocene and for the Last Glacial Maximum (LGM) with the
climatic conditions that have been inferred from loess—paleosol sequences taken from the Chinese Loess Plateau. During the
mid-Holocene in northern China, the northwestward migration of the southeast desert margin that has been suggested by grain
size analysis is also expressed in the model results. There is a statistically significant wetting of the Plateau region, and
increased soil moisture is a consequence of an enhanced summer monsoon whose latent heat release deepens the cyclonic
Tibetan low and brings increased low-level convergence and precipitation to the area. North of the desert region, this circulation
dries the soil through enhanced atmospheric subsidence, although the northern margin of the desert does not migrate
significantly. Expansion of the desert margin toward the southeast at the LGM is small, but there is a statistically significant
drying of the Plateau. The local hydrological cycle is reduced, and there is an increase in large-scale atmospheric subsidence
over the region that is caused by the presence of the Fennoscandian ice sheet upwind. Model results therefore suggest that, in
addition to local micro- and mesoclimatic conditions, regional effects, such as monsoon circulations and distal orography, are
also important factors in determining the location of desert margins. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction high resolution record of alternation between rela-
tively dry, loess-forming conditions typical of glacial

There are many indicators of climate change con- periods, and low-accumulation, soil-forming condi-
tained within the geological record. One example is tions typical of interglacial periods (e.g., Rutter, 1992;
the set of loess—paleosol sequences on the Loess Ding et al., 1993). Information from these sequences
Plateau of northern China. These sequences give a has been used to reconstruct climatic history of the
region surrounding the Loess Plateau through the last

* Corresponding author. glacial cycle (e.g., Vandenberghe et al., 1997; Sun et
E-mail address: andrew.bush@ualberta.ca (A.B.G. Bush). al., 1999; Lu et al., 1999, 2000). In particular, sand
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content of the loess deposits has been used to infer
proximity to the desert margin (Ding et al., 1999).
Further, the loess sequences have been correlated
with other global records, such as deep sea cores
(e.g., Porter and An, 1995; Guo et al., 1998; Rack et
al., 2000), and may to some degree be taken as a
proxy record for large-scale climate change.

However, wind strength and direction govern the
grain sizes and volume fraction of suspended par-
ticles, as well as the net amount of particles deposited
in a particular geographic location. For the Loess
Plateau, reconstructions indicate that the climatolog-
ical westerly and northwesterly winds have probably
been the most important in governing deposition
through the last glacial cycle (e.g., Lu and Sun,
2000). Other factors that play a role in particle
deposition are continental aridity, vegetation feed-
backs, and the atmosphere’s loading of greenhouse
gases, which plays an indirect role by regulating the
global hydrological cycle as well as surface vegetation
(e.g., Mahowald et al., 1999; Texier et al., 2000). It is
now apparent that all of the above factors have
changed continuously throughout the late Quaternary
(e.g., Wright et al., 1993).

During the mid-Holocene, changes in the Earth’s
orbital parameters amplified the seasonal cycle and
strengthened monsoon circulations, particularly in
southeast Asia (e.g., Kutzbach and Otto-Bliesner,
1982; Prell and Kutzbach, 1992). The geological
record indicates that the arid regions east of the Helan
Mountains were at that time covered by grass (e.g.,
Ding et al., 1999), and this suggests a much greater
freshwater flux over the area (if desertification is not
attributed to human activity). It is likely, therefore,
that the mid-Holocene climate exhibited changes in
monsoon winds as well as changes in freshwater flux
and soil moisture.

At the Last Glacial Maximum (LGM), both con-
tinental aridity and strong atmospheric winds have
been inferred from a variety of proxy data (e.g.,
Molina-Cruz, 1977; Petit et al., 1981, 1990; Sarnthein
etal., 1981; Pedersen, 1983). Atmospheric winds have
been simulated in numerical models configured for the
LGM, and Northern Hemisphere ice sheets and surface
conditions are known to have played a major role in
redirecting them (e.g., Kutzbach and Wright, 1985;
Manabe and Broccoli, 1985; Hall et al., 1996; Broccoli
and Manabe, 1997; Bush and Philander, 1999;

Wyrwoll et al., 2000). Wind changes would alter the
hydrological balance over the Loess Plateau, and it has
been suggested from field data that the desert margin at
the LGM was either close to its present location or
further to the southeast (depending on where the
modern margin is placed; Zhao, 1986; Sun and Ding,
1998; Sun et al., 1998a; Ding et al., 1999).

In this study, we compare the field results that
indicate northwest to southeast migration of the desert
margin with the results of numerical simulations
performed with a coupled atmosphere—ocean general
circulation model (GCM). Given the equivalent spa-
tial resolution of GCMs, we are not, in this study, able
to specify exactly where a desert margin is, nor are we
invoking any arguments for changes on the meso- to
microscale. As will be shown, however, the simulated
changes in area-averaged soil moisture are in agree-
ment with the field data, are statistically significant
and, to first order, are linked to changes in large-scale
atmospheric circulation patterns.

The outline of the paper is as follows. Section 2
briefly describes the numerical model used. Section 3
summarizes the results from the field work and grain
size analysis. Sections 4 and 5 describe the model
results for the mid-Holocene and LGM simulations,
respectively. A discussion follows in Section 6, and
conclusions are presented in Section 7.

2. Model description

The numerical model is a global, fully coupled,
atmosphere—ocean GCM. It has been configured for
three different time slices: the LGM (21,000 years
B.P.), the mid-Holocene (6000 years B.P.), and today.
Full details of the simulations may be found in Bush
and Philander (1999) and Bush (1999). A general
model overview is provided in another paper in this
volume (Bush, 2002-this volume). However, two
numerical schemes of relevance to the present study
are the soil moisture scheme and the surface albedo
scheme, so they will be outlined here.

Soil moisture in the model is predicted according
to a simple bucket scheme that uses a field capacity of
15 cm. Evaporation from soils that have 11.25 cm or
greater water content is equal to evaporation from a
saturated surface. Evaporation from drier surfaces is
reduced from that of a saturated surface by the ratio of
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the actual soil moisture to the field capacity. Water in
excess of 15 cm is re-routed as river runoff.

The albedo of bare land surfaces is initially pre-
scribed but may be modified during the integration by
snowfall. There is thus no interactive vegetation in
this model. Although vegetation—climate feedbacks
are known to be important in contributing to the
location of desert margins in the sub-Sahel (e.g.,
Kutzbach et al., 1996, 1998; Zeng et al., 1999), we
are in the present study restricted to examining the
large-scale atmospheric changes that trigger such
feedbacks. In the LGM simulation, surface albedos
were taken from a dataset compiled by CLIMAP
(1981) so that, in some sense, they already account
for estimated LGM vegetation in the area of interest.
For simplicity, albedos for the mid-Holocene simula-
tion are taken to be the same as today (although it is
known that there were changes in biomes; e.g.,
Williams et al., 2000).

Vertical discretization in the model is done in terms
of ¢ coordinates, where ¢, a normalized pressure
coordinate, is defined by ¢=P/P* (P* is equal to
surface pressure). Model levels are unevenly spaced
at ¢=0.015, 0.05, 0.101, 0.171, 0.257, 0.355, 0.46,
0.568, 0.676, 0.777, 0.866, 0.935, 0.979, and 0.997.
These coordinates are used, rather than pressure sur-
faces, because they are a terrain-following coordinate
and are, hence, not intersected by model topography.
In Section 4, figures show planform plots of winds on
o-surfaces. Analysis on ¢ levels makes it easier to
interpret circulation anomalies at high elevations, such
as over the Loess Plateau, and relate them to lower
tropospheric anomalies on the same o level.

3. Results from the Loess Plateau

Grain size analyses of loess—paleosol sequences
have been used as proxies for paleoclimatic conditions
by many workers (e.g., Rutter, 1992; Ding et al,,
1993, 1994). The ratio of the fraction of particles less
than 2 um (wt.%) to the fraction of particles greater
than 10 um (wt.%) is termed the grain size index. This
index is very sensitive to loess—soil alternations (Ding
et al.,, 1994) and is therefore a good indicator of
deposition paleoenvironments. Geochronological con-
trol of the sequences is based on magnetostratigraphy
(Rutter et al., 1991) combined with an orbital time

scale (Ding et al., 1994), as well as 14C and thermo-
luminescence dating (Sun et al., 1998b).

Grain size analysis from four sites along the Plateau
(Yulin, Fang Ta, Dayancha, and Wupu) clearly reveals
the glacial—interglacial transition from coarse to fine
grain size deposits, respectively (Fig. 1). The analysis
also indicates that, in general, there is more deposition
during glacial periods than during interglacials. There
is also a gradual thinning of deposits from northwest to
southeast as distance from the particle source increases.

Based on grain size analysis of the loess sequences,
the locations of the desert margin at the LGM and in
the mid-Holocene, relative to today, have been esti-
mated (Fig. 2). Note that the margin locations are not
exact and will most likely change as new data are
collected (even for the present margin). Nevertheless,
the migration pattern shown is such that the desert
margin at the LGM was farther southeast than today,
indicating drier conditions and desert expansion,
whereas it was farther northwest during the mid-
Holocene, indicating moister conditions and desert
retreat. Because of the lack of data, the exact location
of the mid-Holocene margin is not known (as noted
by the arrow in Fig. 2).

4. Model results: mid-Holocene

In the mid-Holocene simulation, annual mean
winds near the surface over northern China were
primarily from the north/northwest, as they are today
(Fig. 3). This implies that deposition on the Loess
Plateau (near 37°N, 110°E) at this time would still
have been regulated by the climatological northerly/
northwesterly winds, as has been suggested for times
throughout the last glacial cycle (Lu and Sun, 2000).

However, the wind difference indicates that the
westerly wind component over this region was weaker
because of a cyclonic circulation over the Tibetan
Plateau (Fig. 3c). This circulation anomaly was the
result of increased latent heat release by an enhanced
south Asian monsoon during the summer months of
June—July— August (JJA; see Bush, 2002-this volume).
This circulation anomaly increased surface conver-
gence over the western portion of the Loess Plateau,
and precipitation averaged from 100°E—115°E and
32°N—-40°N increased by 13%. Despite the fact that
the area was nearly 2 °C warmer during the mid-
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North
Yulin 20k SE —> Fang Ta
GS (um; Md) GS (um; Md)
2C 80 60 40 20
0 41 111 0 __I_I__I_I_I_l

-

S0 i ] ;
T Datum ] ;

Desert-Loess
.' _Transition

40km SE —>

South
Wupu
Dayancha 50km SW —> P 5180
GS (um; Md) GS (pm; Md) Stage

40 35 30 25 20 15

] / “TLika)12£1.3 1
2 - 2 - * -
L1-1 1 {.2=
E TL(ka) 27421 i i GS

’é —
£ 3
= E M :
;D. 7] \ £ 4 S :
Q 5 {
- / 2 | i
|
5 MS | GS 5 A= T mame 4
L1-2 | i : ,
! 2/ ]
"] [l / 6 T T T T
7 Tlika) 3 %27 20 40 60
. / Magnetic Susceptibility (10-3s1)
L1-3 ] “
8 1 TL(ka)48t37
L1-4 ]

9 .

0 20 40 60 80
Magnetic Susceptibility (10-3S1)

MS
GS
um
Md

20 60 100
Magnetic Susceptibility (1073sl)

Magnetic Susceptibility (10'381)

Magnetic Susceptibility
Grain Size

Micron

Median diameter

Fig. 1. Cross-section along the desert-loess transition zone during the last glacial period. Thermoluminsescence chronology is from Sun et al.
(1995, 1998b). Samples were taken every 10 cm. Grain size analysis was performed on a PRO-700 SK Laser Micron Sizer. An analysis of 20
replicate samples indicated a precision of +3.5%. Bulk magnetic susceptibility was determined using a Bartington MS-2 susceptibility meter.
Magnetic susceptibility values represent one reading on an approximately 50-g bagged sample.

Holocene summertime, evaporation increased by only
4% because of weaker wind speeds.

Mean annual freshwater flux was therefore in-
creased over the Plateau region, and there was a general
wetting of the land surface (Fig. 4). North of 45°N,
however, there was increased subsidence and a drying
of the surface. This subsidence was caused by large-
scale descent of the northern branch of the cyclonic
winds, and was an amplification of the descent that
occurs today during the summer monsoon months (see
Broccoli and Manabe, 1997).

For our purposes, the desert margin in the simu-
lations is defined as the 2-cm soil moisture content
contour which, in the control simulation, bounds the
Taklimakan Desert to the west and a majority of the

Gobi Desert to the east (bold line in Fig. 4a). Soil
moisture is a reasonable indicator of aridity because
its numerical calculation involves all the variables that
are involved in the more classic definitions of climate
zones such as the Képpen classification (e.g., Lamb,
1972). In particular, regions of low soil moisture have
been shown to correlate well with K&ppen category B
climates (desert and steppe; Broccoli and Manabe,
1997) and so will be used as an indicator of surface
aridity in these simulations.

Model results indicate that, although there was not
much change in the northern desert boundary near
45°N, there was a northwestward migration of the
southeastern boundary (Fig. 4b). As this boundary
migration is below the equivalent resolution of the
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model, we determine the statistical significance of 37°N—-42°N (which encompasses the southeastern
wetting in the region by a simple #-test for soil desert margin). Averaged in time, soil moisture in this
moisture averaged over the region 95°E—110°E and area is 2.079 in the control simulation with a variance
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indicates the region that includes the field sites and in which the statistical analysis is done.

of 0.0086 (191 degrees of freedom). In the mid-
Holocene simulation, the mean is 2.756 with a var-
iance of 0.0158 (191 degrees of freedom). Moistening
of this region is therefore statistically significant at
more than the 99% confidence level.

Simulated migration of the desert margin is in the
same geographical direction as that inferred from
loess sequences, although it is most likely underesti-
mated in the model since vegetation feedbacks are
ignored and spatial resolution is relatively coarse for
this type of comparison. Nevertheless, temporal stabil-

ity of area-averaged soil moistures indicates that the
climatic conditions responsible for the simulated
change were driven by persistent, large-scale atmos-
pheric conditions and, in particular, by changes in the
mean summer monsoon as described above.

5. Model results: Last Glacial Maximum

Annual mean winds near the surface in the LGM
simulation indicate that, as in the mid-Holocene
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simulation, winds over the Loess Plateau were pri-
marily from the north/northwest (Fig. 5a). The wind
difference (Fig. 5b) indicates that the westerly com-
ponent in this region was stronger, however, this was
because of changes in the westerly monsoon winds
during the summer months of JJA (see Bush, this
volume).

The westerly midlatitude jet at 50—55°N is weaker
in the LGM simulation because of anticyclonic flow
around the cold, high pressure zone over the Fenno-
scandian ice sheet (centered near 25°E, 60°N). This
anomalous circulation is extensive and weakens winds
over central Asia throughout the entire troposphere
(Fig. 6). North/northwest of the Tibetan Plateau,

A.B.G. Bush et al. / Global and Planetary Change 32 (2002) 361-374

modeling shows an anomalous upper level conver-
gence between the westerly trades, which exhibit not
only reduced speeds but more anticyclonic curvature
downstream of the ice sheet and an upper level anti-
cyclone over the Plateau (marked by an “H” in Fig.
6b). This anticyclone is caused in part by low-level
convergence and ascent during the summer months, as
well as by northerly flow towards a site of strong
upper level divergence over the exposed Sunda shelf.

In addition to forming strong upper tropospheric
convergence over the Loess Plateau region, the ice
sheet also induced large-scale subsidence over the
region west and north of the Tibetan Plateau (Fig. 7).
Averaged from 40°E to 90°E and from 30°N to 70°N,
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there was a 19% increase in mid-tropospheric subsi-
dence. This subsidence suppresses precipitation and
decreases soil moisture across much of north-central
Asia. Anomalous upper level wind convergence was
strongest, however, in the region above the Plateau (cf.
Fig. 6b).

Averaged over the region 95°E—110°E and 37°N—
42°N, annual mean soil moisture was 1.958 with a
variance of 0.0161 (59 degrees of freedom), so there
was a net drying of approximately 6% compared to
today. This drying is statistically significant at the

88% confidence level. However, there is not much
simulated change in the eastern desert boundary near
the Loess Plateau (Fig. 8). The western margin, on the
other hand, expanded to the west and northwest to the
Kara Kum (east of the Caspian Sea) as a result of the
increased large-scale subsidence over the region.
Although the simulated soil moisture changes do not
produce a significant southeastward migration of the
desert margin, simulated drying near the Loess Pla-
teau does agree with inferences made from loess—
paleosol sequences.
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Fig. 8. Difference in annual mean soil moisture (LGM minus control). Units are cm water. The contour interval is 1 cm in (a) and 0.5 cm in (b).
Dark shading in (b) indicates regions that are wetter than today. The rectangle indicates the region that includes the field sites and in which the

statistical analysis is done.
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6. Discussion

Migration of climatic zones through the late Qua-
ternary has dramatically influenced land surface pro-
cesses and the biomes that they support (e.g., Webb et
al., 1998; Prentice et al., 1991; Wright et al., 1993).
For arid regions, such as central Asia, loess can be
used to distinguish between dry, glacial climates and
wetter, interglacial climates. The Chinese Loess Pla-
teau, in particular, appears to have been in close
proximity to a desert throughout the Quaternary given
its continuous record of loess deposits (e.g., Rutter et
al., 1996).

The task of determining where the desert margin
was at the time in question, however, is exceedingly
complex because it depends on such factors as pre-
cipitation, evaporation, and radiation, as well as wind
direction and strength. One method of estimating how
these quantities were different in the past is to perform
direct numerical simulations. We have therefore ana-
lysed the factors that play a role in changing the
surface hydrology (as a proxy for desert conditions)
in a set of GCM experiments. Comparison of field
data with GCM results is complicated by the differ-
ence in spatial scales, so the model data are analysed
for significance and for the large-scale dynamics from
which surface hydrology is calculated.

The mid-Holocene simulation exhibits a statisti-
cally significant wetting of the soil surface in the
region of the Loess Plateau. Migration of the soil
moisture contour used to denote the desert margin was
from southeast to northwest, in agreement with the
direction of migration inferred from the loess record
based on grain size analysis (Sun et al., 1999). The
enhanced summer monsoon circulation is consistent
with other modelling studies of the mid-Holocene
(e.g., Kutzbach and Otto-Bliesner, 1982; Prell and
Kutzbach, 1992) and is shown here to have been
responsible for the hydrological changes north of the
Tibetan Plateau. In particular, the stronger cyclonic
cell over the Tibetan Plateau converges winds and
increases precipitation over the western part of the
Loess Plateau near 105°E.

Nevertheless, simulated aridity exhibits spatial var-
iability, with some regions becoming wetter and some
becoming drier (cf. Fig. 4). This variability is linked
in part to the patterns of large-scale uplift and sub-
sidence. The vertical circulation associated with the

modern summer monsoon is characterized by low-
level convergence, precipitation, and latent heat re-
lease over the Tibetan Plateau. A low-level cyclonic
cell is thus formed in this region of uplift and
divergence and an anticyclonic circulation forms in
the upper troposphere. Upper level convergence, sub-
sidence, and surface aridity then occurs north and
west of the Tibetan Plateau (Broccoli and Manabe,
1997). The strength of these circulations depends
upon the strength of the low-level monsoon and the
latent heat that is released. In the mid-Holocene, this
monsoon circulation was strengthened by the radiative
changes induced by the Earth’s orbital parameters, and
increased precipitation over the Loess Plateau and
increased drying further north are consequences.

It is the summer monsoon, therefore, that deter-
mines the strength of the cyclonic low, and it is the
interaction of this low with the trade westerlies that
governs the mean moisture flux and winds over the
Loess Plateau region. Since these are the primary
factors that determine soil moisture and, hence, by
inference, loess texture, this analysis suggests that it is
the strength of the summer monsoon, rather than that
of the winter monsoon, that is a critical factor in
determining desert margins near the Plateau.

In the LGM simulation, soil moisture also exhibits
a high degree of spatial variability, although the
changes (in particular, the drying in central Asia)
have a greater magnitude than in the mid-Holocene
simulation. Although there is an overall drying of 6%
over the Loess Plateau region, the simulated southeast
desert margin, as represented by soil moisture,
remains in approximately the same position. There
is, however, a large expansion of the northern desert
margin toward the northwest and west (cf. Fig. 8) in
agreement with palynological, pedological, and sed-
imentological evidence (Lioubimtseva et al., 1998).
One component of the LGM drying may be attributed
to the almost 10% decrease in the hydrological cycle
(which is coupled to decreased atmospheric CO,;
Bush and Philander, 1999), although the large
increase in tropospheric subsidence downstream of
the Fennoscandian ice sheet is responsible for drying
over much of central-western Asia.

It is known, however, that particle deposition in the
region of the Loess Plateau is not governed by the
relatively slow, climatological winds but rather by
episodic and comparatively violent haboob-type fron-
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tal flows that are turbulent enough to suspend and
transport particles vast distances from the source
region (e.g., Deer, 1984; Pye, 1987; Middleton,
1991; Mitsuta et al., 1995; Simpson, 1997). Associat-
ing the strata of relatively coarse-grained deposits in a
sequence with dry glacial conditions and the prox-
imity of an expanded desert, while associating the
strata of finer-grained deposits with moist interglacial
periods and a shrunken desert, is to over-simplify the
mechanisms by which these deposits came into being.
Haboob-type flows are also known as gravity cur-
rents, and their structure can be divided into three
distinct parts: the head, the body, and the tail. The
head of a gravity current has a distinct shape: it is
generally thicker than the body or tail by a factor of
approximately two, and it exhibits stronger turbulent
suspension than either the body or the tail. The head is
therefore able to carry much coarser sediment than the
body of the current, and it can keep them suspended
for a longer time than the body can suspend finer
particles. It is therefore possible for some coarse
grains to bypass more proximal regions where fine
grains would be deposited from the body and tail of
the current. Some coarse particles, therefore, may not
be deposited adjacent to the source, but farther down-
stream.

In addition, recent aqueous experiments (Gladstone
et al., 1998) have shown that there is another mech-
anism by which the distance that coarse particles are
transported may be substantially increased. Adding
small amounts of fine sediment to a coarse-grained
particle suspension in a gravity current has a much
larger influence on flow velocity, run-out distance,
and sedimentation pattern than adding a small amount
of coarse sediment to a fine-grained gravity current.
The experiments show that adding small amounts of
fine particles to a coarse-grained particle suspension
current in water results in enhanced flow velocities
and enhanced transport of coarse particles. The par-
ticle mixtures created in the laboratory currents could
be analogous to those present in the air currents that
produced the loess sequences, and this suggests that
the grain-size distribution of the desert source is
another important factor in determining the geograph-
ical pattern of deposition.

While simulation of haboob-type flows is beyond
the capability of modern GCMs, the synoptic con-
ditions out of which they emerge (and which has been

shown here to be different than today at both time
periods) is likely to have altered the spatial distribu-
tion of deposits throughout the Quaternary. Further
work on sections from the Loess Plateau is in progress
in an attempt to link spatial patterns of grain-size and
deposition amounts to the known deposition pattern of
gravity currents and haboob-type flows that are
spawned by the synoptic-scale flow.

7. Conclusions

We have demonstrated that numerical simulations
for the mid-Holocene and for the LGM give statisti-
cally significant wetting and drying of the Loess
Plateau region, respectively. Moreover, these trends
and the migration of the desert margin that they imply
are similar to those suggested by grain size analysis of
loess—paleosol sequences taken from the Chinese
Loess Plateau. Analysis of the model results indicates
that it was the increased intensity of the summer
monsoon that was responsible for the mid-Holocene
wetting. Drying at the LGM was a combination of a
reduced hydrological cycle as well as an increase in
large-scale subsidence over western Asia in response
to orographic downstream effects of the Fennoscan-
dian ice sheet. While the model neglects important
factors such as vegetation—climate feedbacks as well
as mesoscale air currents, it nevertheless reproduces
the first-order changes in surface hydrology that have
been inferred from sequence stratigraphy.
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