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Abstract This study tackles one of the most debated ques-
tions around the evolution of Central Asian climate: the
“Puzzle” of moisture changes in Arid Central Asia (ACA)
throughout the past millennium. A state-of-the-art Regional
Climate Model (RCM) is subsequently employed to inves-
tigate four different 31-year time slices of extreme dry and
wet spells, chosen according to changes in the driving data,
in order to analyse the spatio-temporal evolution of the
moisture variability in two different climatological epochs:
Medieval Climate Anomaly (MCA) and Little Ice Age
(LIA). There is a clear regime behavior and bimodality in
the westerly Jet phase space throughout the past millennium
in ACA. The results indicate that the regime changes during
LIA show a moist ACA and a dry East China. During the
MCA, the Kazakhstan region shows a stronger response to
the westerly jet equatorward shift than during the LIA. The
out-of-phase pattern of moisture changes between India and
ACA exists during both the LIA and the MCA. However,
the pattern is more pronounced during the LIA.

1 Introduction

1.1 The prerequisite for studying the climate in ACA

Previous studies suggest that the recent warming trend is
very likely to be human-induced (Santer et al. 1996; Hegerl
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et al. 1996; Stocker et al. 2013; Ramaswamy et al. 2006;
Santer et al. 2003). The evolution of future global climate
change has become one of the main concerns during the
twenty first century. Central Asia, one of the largest deserts
of the globe, is likely to be extremely vulnerable to the
future warming (Chen et al. 2010). Recurring climatic phe-
nomena can have a large influence on societies, economies,
and human health, with extreme events potentially lead-
ing to crises of some kind. Extreme drought events, which
affect extended areas and persist over a prolonged period,
are defined as “exceptional drought events” (Shen et al.
2007). They may affect the economy, environment, and
society of densely populated areas in Asia, hence there is an
urgent need to address this issue for planning and securing
the future mitigation and adaptation strategies under global
warming scenarios.

An investigation of moisture variability of the past mil-
lennium will help us to understand how the climate system
responded to the natural forcings over a period of time
longer than the available observational data. This will lead
to the improvement of the future climate simulations. Var-
ious proxy data make the past millennium the best doc-
umented historical climate period. Despite the existence
of long-term climate reconstructions, the regional hydro-
climatic change in ACA over the past millennium is poorly
understood. Our knowledge about the sensitivity of the
severe climate conditions (e.g., droughts, floods, etc.) to
changes in climate forcing is mostly limited to the modern
instrumental records (Easterling et al. 2000). The published
climate reconstructions like the Monsoon Asia Drought
Atlas (Cook et al. 2010) are based on proxy data which are
not homogeneously distributed over the Asia. The analysis
of local effects is a challenging approach when using such
data, as the time resolution of proxies does not allow the
investigation of inter-annual and seasonal changes.
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Previous studies based on different proxy data show
that there is an out-of-phase behavior in moisture changes
between the ACA and monsoon Asia (Chen et al. 2008;
Chen et al. 2010; Cook et al. 2010; Fallah and Cubasch
2015; Polanski et al. 2014). According to Chen et al. (2010),
this out-of-phase relation is more evident during the LIA.
They proposed that the strengthening and southward shift
of the westerly jet stream may have contributed to the
moist LIA in the ACA. Sato et al. (2007) have studied
the origins of water vapor over ACA in the recent climate.
They concluded that the westerly circulations are major
drivers of moisture changes in ACA. Lioubimtseva et al.
(2005) concluded that the cyclones which originate from
Mediterranean are transported by westerly jet stream into
the ACA.

1.2 Regime behavior in the climate system

According to Lorenz (1969), the large-scale dynamics make
the atmospheric long-term predictions possible. His funda-
mental work introduced application of the chaos theory in
the atmospheric studies. He suggested that the atmosphere,
which is a nonlinear system, may present deterministic
regime behavior that is conditional to random changes
(Slingo and Palmer 2011). Palmer (1993) have introduced
the concept of extended-range atmospheric predictions by
using the Lorenz convection model (Slingo and Palmer
2011). He showed that the climate response is predictable,
even when a weak forcing in the Lorenz equation was
included. Following this concept, Ruti et al. (2006) used
NCEP-NCAR reanalysis and 40-year European Centre for
Meduim-Range Weather Forecasts (ECMWF) Re-Analysis
(ERA-40) to show that although the extra-tropical tropo-
sphere is extremely chaotic, the subtropical jet strength
shows a bimodal regime behavior. In this paper, we use a
RCM to study the high resolution regional response of the
climate to the forcings of the past millennium.

1.3 Regional climate modeling

Along with the Global Circulation Models (GCMs), RCM
simulations can contribute to a better understanding of the
impact of extreme climate regimes on past environmen-
tal changes (Diffenbaugh et al. 2006). Due to the highly
complex topography of Central Asia, which is not well
represented in coarse-resolution GCMs, RCM simulations
provide more information about the small scale moisture
changes under different boundary conditions. Additionally,
proxy reconstructions present regional climatic variability
which is not resolved by GCM simulations (Thompson and
Anderson 2000).

Fig. 1 Schematic of simplified approach of global (green and red)
and regional (blue) climate simulations for the past Millennium 800–
2005 AD: (i) Millennium Experiment using fully coupled AOGCM in
T31L19 spatial resolution. (ii) Atmosphere-only 200 year time slices
experiments using ECHAM5 model at T63L31 resolution. (iii) High
resolution regional climate model simulations with COSMO-CLM in
a 50 km spatial resolution for 30-year time slices

This study tackles important subjects for which there is
up to now mainly controversial evidences. Here, the sen-
sitivity of extreme moisture events to climate of the past
millennium is tested with a focus over Central Asia. First,
the model set up is presented in Section 2 followed by
results in Section 3. Finally, conclusions and discussions are
presented in Section 4.

2 Data and methods

The general approach of the climate simulations for the
past millennium presented here encompasses a three step
hierarchy of model simulations (Fig. 1). The leading two
steps are similar to the framework of simulations presented
in Polanski et al. (2014), and the third one consists of
additional RCM simulations which are driven by the Atmo-
sphere only General Circulation Model (AGCM) runs. The
general three-step framework works as follows: (i) a fully
coupled atmosphere-ocean-land surface-bio-geochemistry
global model of Max Planck Institute for Meteorology Earth
System Model (MPI-ESM) for the entire past millennium
(1206 model years), consisting of an atmospheric model,
the European Centre/HAMburg version5 (ECHAM5) at a
course spatial resolution of T31 (ca. 3.7◦ × 3.7◦) (Roeckner
et al. 2006), and an oceanic one, the Max Planck Institute
Ocean Model (MPIOM) at a spatial resolution of GR3.0 (ca.
3.0◦ × 3.0◦) are chosen from a set of ensemble members
(for more details about the model selection, refer to Polan-
ski et al. (2014) and Fallah and Cubasch (2015)), (ii) the
ECHAM5 AGCM is selected at a higher spatial resolution
of T63 (ca. 1.8◦ × 1.8◦) for two different time slices (e.g.,
MCA and LIA) with a length of 200 years and (iii) a high
spatial resolution RCM (ca. 0.5◦ × 0.5◦) for 31-year time-
slices. The sea surface temperature and sea ice cover data for
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Table 1 RCM’s time slices

Period Wet Dry

MCA 1060-1090 960-990

LIA 1615-1645 1645-1675

AGCM simulations in step (ii) are taken from the coupled
simulation of step (i) (Table 1).

Here, the AGCM runs of the past millennium from step
(ii) are used as the driving model for RCM time-slice
simulations. For the higher resolution simulations, the
COSMO-CLM (CCLM) model version 4.8 clm17 (Step-
peler et al. 2003; Dobler and Ahrens 2008; Asharaf et al.
2012) is applied with a horizontal resolution of 0.5◦ × 0.5◦
and with 32 vertical levels. The CCLM model is a non-
hydrostatic RCM which uses terrain following height coor-
dinates (Rockel et al. 2008), developed from the COSMO
model, the current weather forecast model used by the
German weather service (DWD).

According to Kaspar and Cubasch (2008), the CCLM
model reaches an equilibrium state after few months in cli-
mate mode. Therefore, the first simulated year is excluded
as spin-up period in the analysis. The model domain is
adapted to cover the entire ACA (Fig. 2). All climate simu-
lations are integrated for a 31-year time-slice which requires
reasonable amount of computational time. Table 2 shows the
model configuration used in this study. Recent data of the
Earth’s surface physical parameters (e.g., orography, land
use, vegetation fraction, and land-sea mask) were used in
all simulations. To consider the orbital configuration of the
past millennium, the routine used by Prömmel et al. (2013)
is applied in this study. This routine estimates the latitudinal
and seasonal insolation at the top of the atmosphere based
on Earth’s orbital parameters.

The capability of the model of identifying the “excep-
tional” droughts during historical period was tested prior

Fig. 2 Regional climate model’s domain and the orography in meter

Table 2 COSMO-CLM model configuration parameters

Convection Tiedtke

Lateral Relaxation Layer (rlwidth) 800 km

Microphysics Kessler

Radiation Ritter and Geleyn

Rayleigh Damping Layer (rdheight) 13 km

Robert-Asselin time filter (alphaass) 0.7

Time integration Leapfrog,�t = 150s

Turbulence Prognostic Turbulent

Kinetic Energy (TKE)

to applying the model for simulating the past millennium.
The recent climate (1979–2005) simulation was validated
against the global data set of monthly PDSI (Dai-PDSI,
hereafter) (Dai 2011a; 2011b; 2011c). Dai-PDSI is cal-
culated from the Climate Research Unit (CRU) monthly
surface air temperature (Jones et al. 2001) and precipitation
data from National Centers for Environmental Prediction
(NCEP). The soil texture-based water-holding-capacity map
from Webb et al. (1993) is applied as available water
capacity (AWC) in the Dai-PDSI calculation.

We have additionally calculated the PDSI from the output
of CCLM, driven by ECMWF ERA-Inrerim reanalysis data
at a resolution of approximately 0.7◦. The results reveal that
the COSMO-CLM is able to capture the PDSI patterns of
the recent climate (not shown). The classical PDSI calcula-
tion method, following the one of Palmer (1965), is used to
estimate the drought index frommonthly surface air temper-
ature and precipitation data from climate simulations. Dry
area index is calculated based on the percentage of the grid
points under dry conditions in each time-step. According to
Dai (2013), the threshold of PDSI< −2 is suitable for such
a consideration.

Following Zhao et al. (2014), the first principle com-
ponent of 200 hPa zonal wind over 30◦–50◦ N and 60◦–
100◦ E is used as the West Asian Subtropical Westerly Jet
(WASWJ) displacement and the second one as the WASWJ
strength. Expanding this domain up to 5◦ does not affect
the EOF analysis results. The EOF patterns from AGCM
and RCM simulations were similar as in the study of Zhao
et al. (2014) (not shown). The positive values of the stan-
dardized Principle Component (PC1) time-series (with unit
standard deviation and zero mean) indicate an equator-ward
shift of the WASWJ. The positive values of the standard-
ized PC2 time-series reveal the strength of the WASWJ. As
in the study of Zhao et al. (2014), the summer (JJA) season
is considered in our analysis. The AGCM simulations were
previously validated against the reconstructions of summer
monsoon failure index (Fallah and Cubasch 2015; Polanski
et al. 2014).
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Fig. 3 Yearly mean of standardized (zero-mean and unit-variance)
dry area (black line) and rainfall (blue line) anomalies of ECHAM5
simulation over arid Central Asia domain for a Medieval Climate
Anomaly (MCA) 900–1100 and b Little Ice Age (LIA) 1515-1715.

Red and green area indicates dry and wet periods selected for RCM
simulations. Time-series are smoothed using a 31 years running mean
filter
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c) 2D Mixture model for LIA

P
C

2

PC1
−3 −2 −1 0 1 2 3 4

−3

−2

−1

0

1

2

3

4
d) 2D Kernel PDF for LIA
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Fig. 4 Scatter plot of the leading two Principle Components (PCs) of
200 hPa u-wind and centers of mixture components (filled squares)
with their covariance ellipses from AGCM simulations for aMedieval
Climate Anomaly (MCA) and c Little Ice Age (LIA) (blue color

indicates the regime 1 and red color the regime 2) and Kernel Proba-
bility Density Function (PDF) estimates for the two PCs during the b
Medieval Climate Anomaly (MCA) and d Little Ice Age (LIA)



Past millennium climate change 1083

3 Results

3.1 Time-slice selection

The combined model-proxy comparison over the mon-
soon region with new paleo records revealed that the
AOGCMwas capable of capturing the majority of historical
Asian droughts (Polanski et al. 2014; Fallah and Cubasch
2015).

Four different time-slices (two 30-years periods within
each AGCM simulation) are selected to study the possible

drivers of the extreme climate events during the past millen-
nium (Table 1 and Fig. 3). The severity of the drought could
be determined by its intensity, duration, and spatial coverage
(Shen et al. 2007). Dry area time-series are used to identify
the spatio-temporal extension of the drought across the past
millennium. Additionally, monthly total rainfall anomaly
over ACA is used as a metric for moisture variability.
The region between 60◦ –100◦ E and 35◦–50◦ N is used
for calculating the rainfall anomaly over ACA to make sure
that the selected area is located in the westerly-dominated
ACA. Figure 3 shows the yearly average of standardized
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Fig. 5 The composites of the 30 nearest points to the left (regime 1)
and right (regime 2) centers shown in Fig. 4a of the PDSI for a regime
1 during the Medieval Climate Anomaly (MCA), b regime 2 during

the Medieval Climate Anomaly (MCA), c regime 1 during the Little
Ice Age (LIA) and d regime 2 during the Little Ice Age (LIA)
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time-series of dry area (PDSI< −2) and rainfall anoma-
lies for two AGCM time-slices (e.g., MCA and LIA) over
the ACA domain. MCA presents two different trends with a
“tipping point” in late ninth century, showing a shift to more
wet conditions over ACA after 1000 AD. LIA exhibits clear
fluctuation on intra-annual and inter-decadal time scales
with a maximum for mid-seventeenth century. Times where
the values cross ±1 represent particularly high amplitudes
(extreme) events (red and green area in Fig. 3 present dry
and wet spells, respectively).

3.2 AGCM simulations

We focus on the leading two PCs of 200 hPa wind corre-
sponding to the westerly jet displacement and strength to
identify the structures of moisture changes over westerly-
dominated ACA. Figure 4a and c shows the phase-space
of the leading two PCs of 200 hPa westerly wind for
AGCM simulations. The two dimensional Gaussian Kernel
Probability Density Function (PDF) estimate of the two PCs
is also shown in Fig. 4b and d. Following previous stud-
ies using the Mixture model (Fallah and Cubasch 2015;
Fallah and Sodoudi 2015; Hannachi 2007; Hannachi and
Turner 2013; Turner and Hannachi 2010), the multivariate
distribution is decomposed into two Gaussian distribution
components. Each component is defined by a specific mean
and covariance. The selection of two components is based
on the fact that the Akaike information (Ljung 1999) is
minimized using the two components. The centers of the
mixture model (filled squares) and the covariance ellipses
(solid lines) are shown in Figs. 4a and c for MCA and LIA
periods, respectively. By using the two-component Gaus-
sian mixture model, the phase states are clustered into two
regimes. Red color indicates the states belonging to the left
regime and blue color indicates the states related to the right
regime (Fig. 4a and c). The two dimensional Kernel PDF
estimate for the MCA period shows similar probabilities
for the two regimes (Fig. 4b and d). During the LIA, the
left hand-side regime was more probable. We refer to left
hand-side regime as regime 1 and to the right hand-side as
regime 2, hereafter.

To recognize the drought patterns associated with the
preferred regimes, the composite of PDSI for the 30 near-
est points to the centers of each component is calculated.
Figure 5 presents the composites of PDSI for AGCM sim-
ulations. The PDSI patterns corresponding to regime 1
present dry spells over ACA with wet spells over India and
East China. This pictures is reversed for regime 2. As seen
in Fig. 4a, the westerly jet displacement or PC1 is the major
driver of the preferred regimes in AGCM simulations. The
left hand-side or regime 1 is located in the negative val-
ues of PC1 or northward shift of westerly jet and regime 2
in the positive values or equator-ward shift of westerly jet.

Comparing the preferred regimes between MCA and LIA
reveals that the dry conditions were more frequent during
theMCA over ACA (Fig. 5). During theMCA, both regimes
were equally probable, but during the LIA, regime 1 showed
the highest probability (as shown in Fig. 4a). In contrast
with the regime 1 of MCA, regime 1 of LIA shows values
of PDSI greater than -2, which indicate near normal con-
ditions. The PDSI composites related to different climate
regimes point to the out-of-phase pattern between India and
the ACA.

3.3 RCM simulations

To gain more information about the small scale climatic fea-
tures of ACA during the past millennium, we consider the
preferred regimes of the westerly jet from the RCM simu-
lations. Figure 6 shows the centers of mixture components
for AGCM and RCM simulations. The difference between
the two regimes is larger during MCA. For example during
the dry period of MCA, there is a displacement of about 2.5
for PC1 (jet’s displacement) and 0.5 for PC2 (jet’s strength)
in the phase space. This behavior is more evident in the
composites of the 30 closest points to the regime centers
of dry MCA (Fig. 7). The dry MCA presents a changing
pattern between a normal PDSI condition over most of the
Asian domain (regime 1) and a dry pattern over monsoon
regions with severe dry conditions over North India, Kaza-
khstan, and Tibet (Fig. 7b). The regime 2 of the wet MCA
is expected to be more probable than regime 1 of the wet
MCA (Table 3). During this regime, there is an increase in
the wet conditions over East China, Kazakhstan, and North
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Fig. 6 The centers of mixture components for AGCM simulations
with ECHAM5 (squares for Medieval Climate Anomaly (MCA) and
diamonds for Little Ice Age (LIA)) and RCM simulations with
CCLM (circles). Numbers indicate the different RCM simulations
(ref. Table 3). Red colour indicates the regime 2 and blue colour the
regime 1
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Fig. 7 The composites of the 30 nearest points to the left (regime
1) and right (regime 2) centers shown in Fig. 6 of the PDSI for a
regime 1 of dry Medieval Climate Anomaly (MCA), b regime 2 of

dry Medieval Climate Anomaly (MCA), c regime 1 of wet Medieval
Climate Anomaly (MCA), and d regime 2 of wet Medieval Climate
Anomaly (MCA)

Table 3 The probability of the PDF’s mode for different regimes of West Asian Subtropical Westerly Jet derived from RCM simulations

Probability 1 = dry MCA 2 = wet MCA 3 = wet LIA 4 = dry LIA

of PDF’s mode (960–990 AD) (1060–1090 AD) (1615–1645 AD) (1645–1675 AD)

Regime 1 0.20 0.14 0.18 0.22

Regime 2 0.17 0.17 0.13 0.16

Numbers in parenthesis indicate the simulation periods
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Fig. 8 The composites of the 30 nearest points to the left (regime 1) and right (regime 2) centers shown in Fig. 6 of the PDSI for a regime 1 of wet
Little Ice Age (LIA), b regime 2 of wet Little Ice Age (LIA), c regime 1 of dry Little Ice Age (LIA), and d regime 2 of dry Little Ice Age (LIA)

India. Generally, the area over Kazakhstan shows a more
sensitive response to the regimes of westerly jet during the
MCA than during the LIA (Fig. 8).

During the LIA (Fig. 8), most of the Asian domain
shows near normal conditions (−2 <PDSI< 2). The region
around the Bohai Sea in East China, however, shows a
dry spell for all the preferred regimes. The Kazakhstan
region does not show the alternating pattern which existed
throughout the MCA under changing regimes in westerly
jet.

4 Conclusions and discussion

This study focuses on the dynamical drivers of the mois-
ture changes in central Asia during the past millennium
by using the ECHAM5 AGCM and COSMO-CLM RCM
simulations. After evaluating the performance of models in
detecting the wet and dry regimes of the observational and
reanalysis data, we applied them for the climatic moisture
extremes of the past millennium. Our model experiments
covered different possible climate behaviors throughout the
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past millennium which could be clustered into wet and dry
spells. By comparing the dynamical behavior of westerly
jet in the selected time-slices, we studied the differences of
internal variations of the climate system between extreme
dry and wet spells.

Following Lorenz’s idea of predictable climate response
to different forcing, we analyzed the existence of a regime
behavior in the westerly jet stream from model output.
The evolution of the westerly jet showed a clear bimodal
behavior. This regime behavior existed in both RCM and
GCM simulations. The existence of the bimodality is mostly
linked to the subtropical westerly jet displacement. The
analysis based on the regional response of the hydro-climate
of ACA to the large-scale climate forcing of the past mil-
lennium revealed that, during the MCA, this region was as
sensitive as in the recent climate to the westerly jet stream.
During the MCA the dipole pattern between India and ACA
was not as pronounced as during the LIA. The sensitivity
of moisture changes in Kazakhstan to westerly variability
was stronger during the MCA. During the LIA East China
showed dry patterns and Kazakhstan remained unaffected
by the regimes of westerly jet changes.

We note that our simulations were based on a single
driving model and the timing in the model may be uncer-
tain, preventing us to make any conclusion about a specific
year in the simulations. However, for 30-year time peri-
ods within MCA and LIA, the results depicted the averaged
internally produced climate variability within these epochs.
Using different driving GCMs for dynamical downscaling
with RCMs will largely improve the certainty of the results.
Regarding this, we suggest that considering more realiza-
tions using ensemble of driving GCMs and nested RCMs
will produce a lot of added value in the results. This will
lead to a larger coverage of the sample space. However,
the computational costs will significantly increase in such
approaches.

Finally, it should be emphasized that the main goal of
this study was to investigate the possible drivers of regional
hydro-climate changes during different periods of the past
millennium and the speculations are based on simplified
model set-ups. Any direct comparison of such climate sim-
ulations with proxy reconstructions may be misleading and
would need further improvements.
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