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ABSTRACT

Chinese pine (Pinus tabulagformis) tree;{mg widths were used to reconstruct rainfall

from February to early-July forf\;//u Dangzhao region and from February to mid-July for -1

LaMadong region, Inner Mongolia, China. The predictor variables account for 44.3% and

42.7% of the variance in dw precipitation}\fespectively. Both historical records and ﬂa;c!’w ©

other tree-ring rainfall reconstructions fromAenvironmentally sensitivity zone, saeh-ps-
Qi#:ﬁjt’lern Helan Mountain range and Baiyinaoba@confirm our results. After applying a

10-year moving average, the trends of four tree-ring reconstructions vary amost

synchronously. In-gereratthe Periods of below normal precipitation could be found over

the 1720%7605, 1790s, 184059%860; 18905@ 1910s, 19208C;)19305 and after the late

19605;ear1y 1970shaéé’_ifv:h(§ periods of above norma precipitation occurred over the

165059?17105, 17605%780& 1820s91830s, 187OSC;)188OS, 1940s to early 1960s-and

1990s.
e
\ Aﬂ—eafves-a&ﬁbﬁ—sﬁmﬂg—smnlanl‘,ul_f_mk&&e& fate 1920s was the most severe
/ﬂ@’;@g/\ over o lorve 0 o ren
drought yess-in-a large=seale in nortl China ﬁsr the last 374 years. This event was caused

l 9? O ¢
by the weak East Asian Summer Monsoon circulation. ,Llf\ CW‘-"LT e3’ e ’ﬁi" / >

reol myre Gho ot EASI Fean
Keywords. Inner Mongolia, Pinus tabulagformis, tree ring, precipitation

reconstructions, the East Asian Summer Monsoon




INTRODUCTION

An environmentally sensitive zone defined by is@ines of precipitation, temperature@
and moisture (Zhou 1996; Fu et al. 1998) stretches from the northeast to the southwest of
China(Fig. 1, shaded areain small inset map). Thisis thetransition zone from semi-arid to
arid conditions, namely monsoon to non-monsoon, with annual precipitation of 200 mm to
400 mm (70-90% of which is concentrated in the summer) and annual mean temperature
of S.S}OY to 8.1/5(In the area north of 309 the northwesterly wind is strong and dust
storms occur 40 times per year on average with 72% occurring during March to May
(Wang 1997). Seasonal dry and wet climates alternate due to frequent change of dry-cold
air masses from the Arctic or high latitudes in the winter (East Asian Winter Monsoon,
EAWM), and warm-humid air masses from the equatorial or low latitude oceans in the
summer (East Asian Summer Monsoon, EASM). Jowertase

Be duses oavE

Q'm:/e annual total precipitation isstrongly influenced by the zﬁmmer gonsoon, the
rainfall in this region shows large year-to-year variations that are sensitive to the location,
timinynd intensity of thefummer _I\/LIonsoon (Wang 1990). If the sul;ztropical high
pressure, isstrong and stable, the éummer l\éonsoon extends further north (strong EASM)
resulting in above normal rainfall. On the other hand, drought years usually occur when
the sul(az\tropical high pressure isweak and stays south (weak EASM).

Agriculture isthetraditional primary industry in monsoonal Chinaand the harvest is
largely affected by rainfall. Unfortunately, frequent drought and flooding caused by
monsoon precipitation can result in loss of lives and tremendous property damage.

Therefore, it isvery important to recognize the behavior of the EASM in the past in China

(Fu and Zeng 1997).




Numerous studies concerning the Asian monsoon, including inter-seasonal and

inter-annual variabilities, have been carried out. Recent studies indicate that the Asian

Lower col Monsoon system is characterized by a high rate of climate change within all time scales
(Qian and Lee 2000). These changes are manifested by seasona fluctuations, high

inter-annual and inter-decadal variabil itwd abrupt changes between climate regimes (Fu

and Zeng 1997). However, it was impossible to study climate change and annual variation

e L ecamse ore \adcang M
on along- term scale since there-has-been-ataclof long-term data ,Vvhnh could be used to

study the EASM (Shi et al. 1996).

A
Abundant Chinese historical documents provide much information for paleo/climate
(=

research, especially in Asian monsoon research. A fﬁae-buﬁé;gdo-year-long series of annual
dryness/wetness indices (Academy of Meteorological Science 1982) and cold/warm
intervals(Zhang 1996) \yeté generated from analysisof these documents,

Another high-resolution record whiehi could be used in the ?ﬁaﬁd)monsoon siudy S

tree rings. In dry areas where tree growth is limited by preci pitati%ree rings can be

used to reconstruct rainfall (Touchan et a. 1999) to more accurately portray the dry-wet

variations of the past. It has been demonstrated elsewhere that tree rings from the
mountains of such regions may contain an accurate record of past variations in
precipitationin the variation of their widths, including sites towards the arid limits of tree
growth (Fritts 1976, 1991; Hugheset al. 1994). Thus, an opportunity is presented to derive
information on the past behavior of certain aspects of the monsoon in the case of this
sensitive zone in China. Such information will be of great value in understanding the
natural variation of the EASM on interannual to multidecadal timescales and ;t{ could

contributeto the devel opment of an improved capacity to anticipate its future variations.




This paper discusses monsoonal rainfall reconstructed from tree rings in central
Inner Mongolia. These reconstructions cast light on the variations of the EASM during the

past 350 years.

DATA AND METHODS

Sites Descriptionsand Sampling

Two sampling sites, Wu Dangzhao (WD, 4048- 50N and 11018.5-20.5E), and La
Madong (LM, 4046- 47N and 11116- 17.5E) were locatedyﬂ the soutl}\Ofacmg slope of—?;ne'
Shan Mountai n% ghe northern margin ofirg:SM (Figure 1). The elevation of the WD site
rang%from 1500 m to 1800 m while the LM site rangé\from 1300 m to 1600 m. The Yin
Shan Mountains (2300 m at the peak of Mt. Da Qing) stretch from east to west in central
Inner Mongolia. This is an important boundary between temperate grassland and desert
scrub and is also the boundary of agriculture-pasture land and pure rangeland. The
Ulaanchabu Plateau is north of these mountains and the Tumote-Dalarlte Plains lie to the

south. Severe and frequent droughts are the most serious threat to crops and animal

husbandry (Wu 1991).
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Figurel. Location of the sampling sites (A), meteorologica stations(a) and

other two comparison tree-ring sites, Baiyi naobao? and the north Helan
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Because of both natural impacts (such asdrought) and human activity (logging and

wars) trees rarely exist on the exposed southern slopes of the Yin Shan Mountains but

~

trees are relatively more abundant on the northern sl 08&"7 Cacriere
]M C On these site(s)egetatlon Is sparse and Chinese pine (Pinus tabulaeformis) is the
“’DW Ofbof\/l 2 (L)PYﬁrro d J"‘AA/] o
dominant tree species, alt ugh &—Fevanmpeis (Platycladus orientalis and(sz/pe; us

< ebold and 2uce. ) ard Sagn wh N
rigida) amet(Berula Plafyphylla Becur. Most of the Mountains have nutrient-poor soil and

are covered by sparse vegetation (Figure 2). The sites are very open, with 30 mto 100 m

between trees and a discontinuous canopy.

" 520 A+

The WD site has a nutrient-poor soil layer about S-ese+e=9 cm deep. & the LM site)most

of trees grow on the rocks. Two increment cores from each of 65 treeswere collected from He

WD site. The oldest core sampled has 283 annual rings. Two cores from each of 55 trees

Yo 7bo/s nD
were collected from, LM site and the ol dest core, ack to /\1 525,48. Cores were collected in

e summer 1997 and 2001 separately.
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Figure 2. Thetypica sampling condition in the La Madong ste gost Lppercs =2
e
of trees we collected grow on the rocks4<5hotograph by Yu ﬂo caadlel
Li).
Chronology Development
N
In the Iaboratory@treeuring samples were prepared, cross/dated/ and measured
o
following standard practices (Stokes and Smiley 1996; Holmes 1986). Cores with any

S
ambiguities of crossfating were excluded from further analysis. The rate of absent rings
/
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inAWD group ® 3.13%, andAib LM group is<igido.

The individual ring-width measurement series were detrended and standardized to
ring-width indices by using #&& ARSTAN (Cook and Kairiukstis 1990; Dendro-
chronology Program Library, http://www.ltrr.arizona.edu/software.html).  Undesirable W/NL&

el % Leéﬂgglgzgi( staf]a;gynamlcsfrela%é-%dm not related to climatic variation,
wgse' removed from each series during the detrending process. To conserve the maximum
common signal at the lowest frequency possi blbeach ring-width measurement series of
each individual core was standardized with only conservative negative-exponential or
straight-line fitting. The individual radial series were combined into a single chronology
using a bi-weight robust mean. Sub-sample signal strength (SSS) was used to assess the
adequacy of replication in the early years of the chronologies (Wigley et al. 1984)-4a
rier Fostmi- the-teansinguehsonciogies-langaseand o ensure the reliability of the
reconstructed clim@Ne restricted our analysisto the period with 2 SSS of at least 0.75.
This threshold corresponds to a minimum sample depth of 2 series (trees) for WD. The
ring-width chronology from the WD site extends from 1734 to 2001. Meanwhile a
minimum sample depth of 5 series (trees) for, LM site extends from 1627 to 2001. The

statistical features of standard series are listed in Table 1

Table 1,7 The ?A(Cal character }tlts of b(/)V and LM Chr}‘/ ologies ,

V4
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Tablel atistical characteristicsof @ WD and LMvchronoI ogies.
Statistic LM WD
Mean sensitivity 0.29 0.47
Standard deviation 0.44 0.52
Skewness 0.44 112
Kurtosis 277 291
First order autocorrelation 0.51 0.46
Mean correlation between al series 0.33 0.62
Mean correlation between trees 0.32 0.62
Mean correlation within atree 041 0.63
Expressed population signa (EPS) 0.82 0.97
% Variancein 1'' PC 36.6% 63.37%
SSS period (>0.75) 1627-2001 1734-2001
% missing rings 1.16 313

The WD chronology, based on 69 cores from 40 trees covering the period AD 1719 to 2001.

s

Common interval analyseswere performed on 45 series from 33 trees for the period 1880

The [

to 1987.ALM chronology Abased on 60 cores from 50 trees covering the period AD 1525 to

2001. Common interval analyseswere performed on 38 series from 33 treesfor the period

1837 to 1988.
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Shiguai (1961-1990, 1100 m elevation at 4036N and 11023.5E ) and Hohhot (1951-2001,
1063 m elevation at 4029N and 1113 1'E) meteorological stations were used in the tree-ring
climatic response analysis. Homogeneity was tested by both double-mass analysis, a
graphical technique (Kohler 1949&2511d the Mann-Kendall (Mann 1945) statistical method.

O
\ 5 Baotou (1951- 2001) station was used asyreference. The test was done by using computer
programs in the Dendrochronology Program Library
(http://web.ngdc.noaa./gov/paleo/softlib.html). The results show that Shiguai and Hohhot
he l"mﬁ enei ™y
have no irhemegeneity. Figure 3 shows the seasona distribution of precipitation for three

stations. It should be noted that the Shiguai station was removed in 1991.
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Figure 3. Average monthly precipitation values from the Shiguai(e),

Hohhot(@jnd Baotou( A ) meteorological stationsin theregion of the

sampling sites.

I dentification of Climate Response

Ecological site observationsand comparison with instrumental rainfall records (see
below) indicate that the ring widths in the site are sensitive to precipitation variation. The

typical growing season in this area is from late-March to early October (Inner Mongolia

Forest Agency 1995).
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In this study, we used non-overlapping 10-day mean temperature and total
2.

precipitation data from t-hg/prior September to current October from both L Shiguai and
Hohhot stations.

The correlation function analysis results indicated that tree-ring width shows a weak
response to temperature and a strong response to precipitation. Tree growth is especially
influenced by precipitation from February to early-July (July 10) at WD, and February to
mid-July (July 20) at LM (Table 2). The correlation between the chronology from WD and
total precipitation from February to early-July (July 10) issignificant, with »=0.60 (£=30,
p<0.0001, t=3.97). Meaadaﬂem correlation between the chronology from LM and total

n

precipitation from February to mid-July (July 20) is also significant with r=0.63 (#=50,

p<0.0001, t =5.62) (Table 2).
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Table 2.}%orrelation between observed precipitation and ring width indices
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Table2 The correlation between observed precipitationand ringAWidth indices.

Month LM WD
Prior August 0.15 0.32*
Prior September 0.15 05* 0,50
Prior October 0.18 0.22
Prior November -0.15 -0.12
Prior December -0.10 0D+ -0,/0
January -0.14 -0.05
February 0.44* 04 0,40
March 0.33* 0.03
April 0.38* 0.31
May 0.26 0.17
June 0.29 04* 0,40
July 0.24 0.31
August 0.13 -0.01
February to early-July 0.55% 0.60*
February to mid-July 0.63* 0.50%

- WD: 1961-1990. LM: 1951-2001.

use Pn-J&SbS /‘pf@

dr€ dr7 (orrﬁ/ééwff
S?C;M’L'rﬁwf— Qij‘ P < 0,01
MO/ /9 < 0,00 [ 7
ifeco | |ist fresc
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temperature rlseCs)the tree rLeegs more water for @ fast growdrg. More water
%preClpltatlonZ partly attnbutp’to the frontal movement of the East Asia Monsoon, tould
cause a wide ringj/fwater decreas@ree growth could slow down, producing a narrow
ring. In the flood season, however, the correlation between precipitation and ring width
becomes less significant and has a non-linear relationship (Shao and Wu 1994).
Meteorological research demonstrated that the grea{émount of rainfall (flooding) occurs
during the period of late July to early-August (July 21 to August 10) i;r—éhhot region
(Wang 1997).

Generaly speaking, February to early summer rainfall is a crucial factor for the

commencement of tree growth, formation of new needl?s)and the effective length of the

growing season in the study regions.

RECONSTRUCTIONS

Wu Dangzhao (WD) Rainfall Reconstruction From February to Early- July (Rz7g)
According to the correlation resultsand also considering that the autc:?correlation in
the STD-WD chronology is significant with »= 0.381 (N=282), a transfer function
between tree-ring width (predictors) and total precipitation of February to early-July
(predicted) is designed asfollows:
— Rao7e =56.6W(y-27.5 W1y +74.6 010

X L
"’lf [IN=2901r=0.666, R*=44.3%, R%4= 40%, F=10.35(]

{0 Z/(
/ | standard error-32.62, P<0.0001, r=4.20 {
n

)ﬂp/‘6 /\/ﬂ\7\ where R,z is total precipitation of February to early-July (to July 10th )f, W(,) and W,

are the indices of the STD()-WD and STD:1)-WD chronologies, separately. For the

-10-




calibration period of 1962-1990 (N;=29), the equation is highly significant. The predictor
variable accounts for 44.3% (and 40% when adjusted for loss of degrees of freedom) of
the variance in the precipitation. Fig. 4a shows the comparison of actual and estimated
total precipitation of February to early-July (July 10) over WD region for the interval of

1962-1990.

/.

Figuré 4, Comparison between bbserved (thick lines) and tree-ring
estimated (thin lines) precipitation (mm). (a) February to early-July
(to July 10™) for WD; (b) February to mid-July (to July 20™) for
LM.
ro | % ) rcs
o .
The jackknife replication technique (Monteller and Tukey 1977) was used to assess
o C ans<
the accuracy of the calibrated regression equation sme€ the observation series is short.
This procedure could be carried to its limit, where the observations in the calibration
period are left out one at a time and calibrations are made on the remainders (Gordon
ho tbzlies I-PV‘”(J""Q»
1980). This is also called a "*leave-out-one'* procedure. The jackknife results revel that tee-
all values of r, R?, R%;, standard error of estimate, t—valuand Durbin-Watson statistics
are close to the values found on the total data set (Table 3). The small difference between
each item shows the stability of the calibration function.
d s co&A'
We also usg\poweﬁnx bootstrap resampling approach (Efron 1979; Young 1994) to do

verification. This method is used for t@t the available observations of a variable contain,‘,«j

-1-




Table3. Cadlibrationand verification statistics for WD regression.

Calibration Verification
Jackknife Bootstrap (50 iterations)
Mean (range) Mean (range)
v 0.666 0.666 (0.635-0.71) 0.649 (0.366-0.802)
R’ 0.443 0.444 (0.403-0.504) 0.429 (0.134-0.643)
Rzadj 0.40 0.422 (0.38-0.485) 0.409 (0.103-0.63)
Standard error 32617 32.0066 (30.516-32.615) 30.32 (24.031-35.653)
of estimate
e
t 4.21 4.485 (2.277-5.141) 4.665 (2.083-7.096) w,ja ’ 495
/__/ e AW
Durbin-Watson ~ 2.297 2.289 (1.921-2.478) 2.268 (2.07742.36)
roumJ &l ( VQ{MS
‘ ‘ :
+D W! ]lk}u fjﬁawrra/& F/&U’S/
H |
lpat L
_3/ (
ol = 0,67 etec
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the necessary information to construct an empirical probability distribution of any statistic
of interest. It is often used when the data set istg small (Cook and Kairiukstis 1990). By

l@hg-beetst:aﬁw,éﬂer 50 eif?e iterations, we obtained Llag equivalent results with

,Uvﬂ{:\ts those of Jackknife method. Again, all values of 1, R’ R, standard error of estimate,

r n° ! . .
t—valu@nd Durbin-Watson statistics are close to the values found on the total data set

D
(Table 3). \L,eéqf Pu:%,z He »
oSt Both Jackknife and bootstrapping results indicate that the calibration regression

wkr b]
:'Or v ‘\7\ ¢

e

model for WD site has relatively stable correlation estimates.

- /
. . . . /”‘ . . .
Table 3. y{atlon and verification statistics for_y_W{ﬁegressmn.

> o
P rd 4

-

yd e Table3”

, we also use the sign test (S, S2),
reduction of error (REMnd product mean (t) (Fritts, 1991) to verify the precision and
reliability of our reconstructions(Table 4>shows—tbe—sfaﬁsﬁe&l—ehapac;episﬁes—e£.the
recenstructions. For the precipitation of February to early July in WD, in general, the

vl [ cr.,[ﬂm:\ < 11\—“3,'1—\&5 L . .
items-a-table4 indicate that the R,7g reconstructed data track the independent observations

quite well from 1961 to 1990. Only the sign test S; (n= 21) does not reach the 99%

I 7 confidence level 23), but at the 95% leve@:ZI). Thus, the Ra7e reconstruction sarety-

contains useful information.



Table4 Thedtatistical characteristicsof verification of WD and LM reconstructions.

S\ (a, b) S>(a, b) t RE

LM  37(30,32) 39(31,33) 5.9 0.39

WD 21(21,23) 23(21,22) 42  0.42

a=95% significant confidence level; b= 99% level. RE & reduction of errotls), Sye sign

test. Sy isthe general sign test between observation and reconstruction that measures the

associations at all frequencies. S», which reflects the high-frequency climatic variations, is

—

asimilar test to that mentioned above, and it is made for the first differences; tq—product

mean (Fritts 1991).
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Therefore, the total precipitation from February to early-July for the WD area was

reconstructed based on the model (1) for the period of 1719 to 2001 (Fig. 5a).

LaMadong (LM) Precipitation Reconstruction From February to Mid- July (Rz7m)

For the same reason that stated above, we here again use standard chronology from

LM. It should be noted that auto/f::orrelation in the STD-LM chronology is significant
with ;=Co.37 (;=401). TranL;fer functions were established and the dsatistical
characteristicsof moddl are:
e o fAPQM =12.5W’(-3.7 W’(s1) +6.8 020
i W’J’L" %& ( ’(:’ [IN=5001r=0.653, R?=42.7%, R%,q= 40.3%, F=17.510]
LA standard error=43.56, P<0.0001, = 5.90
Lol 2 ardl

whereP,7y istotal precipitation of February to mid-July (July 20), /\W ‘v and Wy are
the indicesof the STD(,-LM and STDy+1)-LM chronologies, separately. For the calibration
period of 1952-2001 (&=49))the equation is highly significant. The predictor variable
accounts for 42.7% sl 40.3% when adjusted for loss of degrees of freedom) of the

variance in te precipitation. Fig. 4b shows the comparison between observed and

tree-ring estimated total precipitation of February to mid-July (July 20) over LM region

-13-




Table5 Calibrationand verification statisticsfor LM regression.

Cdlibration Verification
Jackknife Bootstrap (50 iterations)
Mean (range) Mean (range)

7 0.653 0.653 (0.593-0.688) 0.637 (0.319-0.786)

R? 0.427 0.427 (0.352-0.473) 0.416 (0.102-0.618)

R%a 0.403 0.415 (0.338-0.462) 0.403 (0.083-0.61)
Standarderror  43.554 43.088 (40.105-43.553) 41.495 (30.445-50.734)

of estimate
t 5.901 5.919 (5.051-6.493) 5.946 (2.33-8.086)

Durbin-Watson 1.996

2,006 (1.826-2.186) 1.974 (1.857-2.108)

see cum Mﬁ




€S
as"‘”

]
. A

for theinterval of 1952-2001. jowd ©
ol VL .

The results of the Jackknife and bootstrap tests (Tabl«;'e') show that the calibration

regresson modd for LM site has relatively stable correlation estimates. Statistical

X
characteristicsof sign test (Si, S,), reduction of error (Rl?ﬁnd product meen (t) for LM

| 1oVl
February to mid-July rainfall reconstruction ar(;\in Table 5 5/

Table 5. CM}] and verifieafion statisticsfor ’LM;cgrcssion.

y
A p Vg
> 'r,)' /‘
/ z rd pd
r 7
p s
/ s : 4
: /Table 5
/ l_,w"’? rd
) Y 4 /
: /
{ >

Based on equation (Zepthe total precipitation from February to mid-ly
was reconstructed for LM area for the period of 1600 (SSS>0.75 from 1648) to 2001

(Figure5b).

DISCUSSION

Comparison Between Reconstructions and Historical Documents

We have been-able-to use'Jf historical documents to check the reliability of our
reconstructions. A great volume of Chinese historical writings contains abundant climatic
descripti onsm are of considerable value for studying climatic fluctuations. During the
1970°s,hundreds of climatologists processed these materials from more than 2200 local

/
annalsand many other historical writings nation-wideand abstracted from them more than

t characters (data). The dryness/wetness (D/W) of

2, Joo, 000

-14-



Table 6 Five wet/dry classes (P-grade) divided from the two precipitation

reconstructions

Years Percentage of the
total (%)
P-grade Wet/Dry Range LM WD LM WD
| wettest R >R, +1.170 47 33 11.7 11.7
1l wet / Rp +0.330<R, SRy~ 102 70 25.5 24.9
/
+H.170
11 norma ©~ R -0330<R, SR 106 70 26.5 24.9
+0.330
\Y, dry / Rm-1.170<R, SRy-0.33 100 71 25 25.3
—— i
. 5 ”
\Y drought RisRp -1.170 45 37 11.3 13.2

R isthe precipitation mean, an{? is standard deviation. R, isthe precipitation at t year.
For LM February to mid-July precipitation, R = 154 mm ando= 31 mm (1601 to 2001).
For WD February to early-July precipitation, R, =103 mm, ando= 24 mm (1720 to 2001).
Lrred drble to
/70&/1 Z // p; xalan

o 0N 'lf\Q_



Table 7 The correspondence between reconstructed low precipitation from February to

early July (or mid July) and documented drough years
camSaew g LeR - roan all (IMW\X

Yex Wu Dangzhao LaMadong

=2z 2* e D

@ t — Mol AS
B o

&

jd’“” *L%Qt’ed ‘- Documentf descriptions
4 P-grade 7  ( P-grach
<Aaififal gainfall "
() &

1750 93 4 109 5 severedrought in BaotouA\

1758 70 5 92 5 severe drought in Baotou and
Hohhot, no rainfall for the whole
year, nothing could be eaten except
bark and grassroots, peopleeven ate
each otherg~

1777 92 4 118 4 severe droughtgl

1800 75 4 119 4 severedrought in Baotoxyl

1877 99 3 144 4 severe drought in Baotou and

1878 74 5 158 3 Hohhot for two years, wheat was as
preciousas pearl syﬁ

1883 100 3 169 2 severe drought in Baotou and
Hohhorm
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1891

1905

1926

1928

1929

1941

1942

55

80

65

53

73

95

60

93

110

132

86

54

135

133

severe drought in Baotou and
Hohhot for several years, no
rainfall, cannot plant, no harvest,
nothing left in the food bank,
countless people diedfx

severe drought in Baotouf| ~

severe drought in Inner Mongoliaon
large scale

severe drought in Inner Mongoliaon
largescale

severedrought in Inner Mongoliaon
large scale for four years (in north
China), n(iftl' g i n téhjjidd; especi@i)
in 1928, itkas no rain for spring and

summer, nothing grew, livestock
5-"z=vv.f.:,Q *h) J-?o_\l«

were-killed-because-of mo-foedf| -
severe drought in Baotoup_A

severe drought in Baotoug/l”

-37-




5
W
each year in the recent 510-year period wer€ classified into 5 grades: grade 1 — wettest,

grade 2 - wet, grade 3 — normal, grade 4 — dry, and grade 5 — drought (Academy of

Meteorological Science 1982).

Many dry or drought and wet years identified in the historical records emerged also in
coflré fq e
our reconstructions. Historical records and reconstructions p,rc statlstlcally sngmﬁcanm
)

-l/b‘/\s Sy lao
23: é,.) &}979/})4) 0001, t =3.96) and —[9 22 for WD (@260 1
B

" 3.62).

//—/
91979, p<0.0001, r =

)Q]pavo se \9h—<,"<9 head

i
i )
—corretated -at-the 99%tevel with Spearman rank correlatlon ¥ ?ZO for LM (1%_ 379, \’% ‘
1

ar %
Both the precision and resolution of series derived from historical documents y{ likely
hecansk aré J’)en ods
to be higher after 1900 due-to many more records betrg available than in earlier times
n
(Zhang 1995). The correlations rise to —0.46 for LM (#=80, 1900-1979, p<0.0001, t = 4.6)

n }%u««gh‘me corcllor e WS ~
and -0.28 for WD (#=80, 1900-1979, p<0.001, t = 2. 6)t This-is-meinly-due-to-thatinth < - - cont

-

_ < T

eaﬂi%’there- were-tess-historical records-available-(Zheng+995). |, SIve -
ey el DU € eSS Te UL et Wl‘*ﬂ\

Another-approach-is-that u/dlrectlyAuseMe local annals from g \areas Bearby i
(for example Baotou city, 30 km south of WD; and Hohhot city, 20 km east of LM) te=test-
our-rexomstrerettons. Some severe drought years in these historical records emerge in the

%\ two reconstructions. The years with precipitation of February to early July (or mid July)
c,J
\r \ A ¢ /

6
¢! 4(” )
A, 2
@@ N

0

wer an RiSR,, 1.170(see Table 6 for the definition of severe drought) are described as
severe drought” in original documents (Institute of Meteorology of Inner Mongolia 1975;
Council of Inner Mongolia 1976). Seme,(::;(amples, jwerEETTea-fesw. are given in Table 7.
We should note that many drought years which appear in the reconstructions no records
are available in the historical documents, the reason we have stated above.

Table

-15-
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In-she-%bba7,/4most all severe drought years in the historical documents correspond

to low precipitation years in the reconstructions.
WS
—Butsanecase; Ihe year 18834«‘5\ an exception. It was recorded as “severe drought in

Baotou and Hohhot). However, in two tree-ring reconstructions no drought is evident.

noY
Rainfall in WD was 100 mm corresponding to prempltdtlon(orade _}2 whieh—means
PR 0 ? LS class -L'"-)? as \ ‘,./(‘Jf'

“nessfE Precipitation in LM was 169 mm ,co::espeﬁd—-to-psec{magnn(grade 2) whieh-

JC(/\‘vro/ when ‘Lff rslat rg (,VLV\C L\

means=swwet™ Probably an artificial mistake was-ptaeed-in the historical document)}hﬁ‘
OxXCreise.

featuzeshould be-viewed-with caution when we use historical documents.
To make a better comparisowe divided precipitation reconstructions into five

equally probable classes, precipitation-grade (P-grade), based on standard described in

Table 4 (Academy of Meteorological Science 1982). Rercentage-in-the-Fable-4-displays
B P/rf-(’ﬂ‘L?W
it khe frequeney of wet (LM: 1+ 2 grade=37.2%; WD: 1+ 2 grade=36.6%) and dry (LM
Par a&af a—
4 + 5 grade=36.3%; WD: 4+ 5 grade=38.5%)/\hr larger than the normal ones (LM: 3

grade= 26.5%; WD: 3 grade= 24.9%). In the WD regiop. the frequency of = y:orsis
it D froen Tz
hi ?Qher than that of wet and normal years,sinee WD is 120 km northwest awas=te LM sites,
an (S

s MoOre sensitive to monsoong related precipitation. tr-another-words;-the-stronger—
mensoon_the more rainfall

environmentally sensitive transition region, 120 km can make a big difference in response

1. In such an

-16-




to strong or weak monsoon front variation.

Table 7. e correspondence’ between reconstructed low preci

July (or mi(yy@:u

tation from v

February to ear ed drought years”

-

Table 7 3 //'
4/! 3 ; 4 / /l

From the observation records, we know that the range of precipitation from February

—_—

to mid-July in LM region is about 504354 mm, and the average is 154 mm, but in the more

Q"\ ‘/:- wt
west, WD area the range of February to early-July precipitation is only 47180 mm,and

A

of The Lecamse Ha
mean 34 103 mm. FVD region receives much less precipitation than LM, simee WD site is in
the far northwestern margin of the EASM. This—ts-just—t:he—mag,or_feaame—oﬁ-the_EASM e x,t,Q
N 7@« FYPUP L "

climate—in—its—margin—regions. Despite — similar trend bat the

N 5 X
precipitation amoun are different. .

~)
pre,

We then Calculated the c’Orrelaj,Len between the hwl dryness/wetness (W/D) 1)

1nd1ces and prempltatlon grade (P grade) for the dlfferent time mtervafs The“correlaflon wagfg\'. s )
/ s
, \¢

t them is llkely to be hlgher step by-step For example LM snfes reach 0 47 after (}/{tt v

v \f) ,
4 ¢ - \ P37/
r e’ s
879 (N=101, 9-1979, p<0 OOOI), ) /

wit Otrer

Comparison Between Reconstructions

structions—in—North—China—and—Dunde-lee—~Eap lt;
cC €S ina a

Ay




Y'\' }u,f
o &7 Shrerd™

The movement of the EASM front, to a certain degree, reflectsAstpangAuee-kzgf
A Monsoon in the past. Thusit is very important to determinewhether our reconstructionsdr,
thts—pamar have regiona or local climatic signals. We here compare them to other two

annual-resol ution reconstructions, which come from environmentally sensitive zone?:ga
ne e _
MONSOoN Margip, agesveth
\“%@?WJ m northern Helan Mountain (NHL), 400 km away in the west of our study

WW’E area. The rainfal reconstruction, May to July ﬁ)reg gltatlon from this site is based on
Chinese & tree-ring 1:9;.@:rom 1726 to 1997 (Liu et al. 2004).

\LQ” A/ C—Tﬁther@ is from Balyinaobao (BYAB), 600 km away eastern of LM,Ai‘hﬂner

\,D*T/) il Mongolia (Liu et al. 2003). The total precipitation from April to early July (July 10) =

groluing-scaseRsietie-site \Was constructed using Picea koraiensistree-ring w1dt1}(5
ak~ Lo ls A e

Precipitation changes ¢n al tle=A regions emer environmentally sensitive zone in
northern China are shown in Fig. 5. Many smaller-scale variations can be found in al

annual-resolution series. These : ed,%xcept the low

correlation between WD and BY AB (Fatde®), the wet or dry extreme events are well
coyrefﬁ ’Q (Tﬁ}"{’g))

matehed m—meq:me% for example, the severe drougl}; in 1792, 1839, 1867, 1900,
@ AR (9\ a r,()ﬂa rs

1928§1929, 1966 2. It looks-tke that trees we selected responded strongly and quite

ml/r/nr«d veviahuet 1n 55 “"3*"
synchronously to a-lasge-seale climatic chenge This means that the sagge climatic systems,
Aom\va‘cﬁﬁ L)U

_presumably-refated-to the EASM front affec;\the precipitation from February to July in a

large region in north China. The-tree

lismatic change.
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Table 8 Correlations between rainfall reconstructions from LM, WD, Baiyinaobao

(BYAB), and northern Helan Mountains (NHL).

Original series

After 10-year moving average

r (N, p) r
LM WD BYAB LM WD BYAB
WD 0.62 (282,
0.60
0.0001),
BYAB 0.8 (163, 0.15 (163,
0.14 0.13
0.0001) 0.06)
NHL 029 (277, 037 (277, . 028 (161,
0.24 0.32 0.1
0.0001) 0.0001) 0.0001)
Figures:



.-'/ / ~ —~ - - -
// -~ p // /
Figure 5. Precipitation changes in the four regions over environmental
~
sensitivity zone in Northern China. (a) February to mid-duly (to July 20" )
L

for LM region; (b) February to early-July (to July 10™) for WD; (c) May to
July precipitation for the North Helan Mountains; (d) April to early July (to
July 10™) precipitation for Baiyinaobao. The curves overlapped in (a) and (b)

show the changing sample size for each year.

Ben

Since these four sites are all located in the margin of the EASM, the reconstructed
climatic factor (rainfall from late spring, or spring, to early summer) in these regions
should be related to the EASM front rainbelt. This comparison also could indicate a spatial
and temporal connection of spring to early summer climatic condition for the northwestern

to northeastern along the environmentally sensitive zone (the margin of the EASM).

// e -
o’ "‘/'

W CorrelationS between rgjnfall reconstmctioryfrom LM, WD,I__/«""

/
Baiyinatbao, and nox:t,heé Helan Mountains.~

d ”
7 Vg

4‘,‘.‘

y, 7
'
x/ /

" Table8 /

........

N{,d' / d provg  of climals Yire
" we use, another high-resolution recordg (10% annual{ accumulation from Dunde ice cap
A N ~ A
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(Thompson et al. 1988), to makeA comparison. Dunde is the closest ice cap site to our

tree-ring sites. As calculated, the correlation between Dunde ice annual accumulation and
tree-ring precipitations are very low, not significant. Rotated empirical orthogonal
function (REOF) analysison these fivet - en-and-ice-accumulation—
show an
revealed that dl tree-ring rainfall reconstructionshave the same signs, but /Qpposite sign
for ice accumulation. That means that there are dii‘fcrjmt variation trends between Dunde

recons Trucke
ice| annual {accumulation and tree-ring precipitation. However, there is the same trend
/\

[

within al four precipitati orﬁ series.
The results demonstrate the existence of spatially coherent modes of the EASM

Hha % i
precipitation variation in the LM, WD, Baiyinaobao, and northern Helan mountains, a¢

oLl QM"‘\L"J
¥egst reflect large-scale modes of climate forcing on tree growth. Also # revealed a<faet
+ha
that g Dunde ice cap is not strongly influenced by the EASM system. Thus, the
reconstruction from Dunde ice cap is not well suited for comparison with our eastern

recamsL o -=
Chinatree-ring recongtructions* they %errxeﬂecthg—&@ different climatic syster/f

s n M
Decadal to Multi-Decadal Variation, Analysisen Reconstructions
Lagader o recognize @e climatic variationy at decadal to multi-decadal time scales,
four reconstructed precipitation series and Adryness-wetness indices were smoothed by a
10-year moving average (Figure 6). The dry and wet periods could be surveyed more
clearly. The trendsof four tree-ring reconstructionsvary almost synchronously, in spite of

some low correlations between them (Table 8).

Afreemroving-average, correlation between LM and WD an<}\dryness/wetness Inde:(Z

e an r-value 4, ,
are dightly higher thar}‘original series, witl}\%ue 0.25 ngLM (/=)369, p<0.0 ?Z\and 0.24
. h 4'/ JyPe S)‘”"/ InCaS IS Fncs

30 WD (= 250, p<0.01). However daeing 1860s¢1 870s they-are-controversy. LM and
(ﬁ /e peraao( d)%
-20-
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e
~ S gharlihee

WD display relatively Weh but dey=in dryness/wetness sries, ()1’

ot
In general, wasthis margin of the EAS]\Zﬂle periods of below normal precipitation

(— s e
could be found mr the 1720557605 1790s, 18405@18605 1890se 1910s, 19205@1 930s 0:‘ f . ;;:94
@ { ~LH > =l

and after the late 1960s0ear]y 1970s. The periods of above normal precipitation occurred
o © & © =
over the 1650s$1710s, 1760s#1780s, 1820s-9 1830s, 1870s#1880s, 1940s & early 1960s

191"01 f’o(’ O

and 1990s. These periods were dedueted from the smooth curves. Since 1880, the

n n
variation trends are quite similar to the precipitation variation in 2fortheast and »orthwest

China feusassbyz-04ian (Qian and Zhu 2001).

¢ ’ 4," Flg 6 )
L~ . -
{‘ ] I}
of A @go’—/é bl pesen T
Figure 6. Comparison witsm drynessiwetness mdxces,/LM , horth Helan e
A

Mountains, ABaiyinaobao on decadal to multi-decadal time sde

hed using a 10-year moving average.

NA" b | TRt
Itisworth te-mete that all five curves exhibit striking similarity ef variation after 1900.

e e
Precipitation in WD, Ll\%jnd north Helan Mountains ¢ mcreasﬁ»g very=elearly since '

1970s, which foIIowed the 1ncreasasg eiﬁe northern Hemisphere mean temperature. Ty,

§254 34 A& Moctern
gxcept Baiyinaobao,/seem hz?/e a}pg‘j,;te g ,mi’g_lrend to Nerth Hemisphere 'T_!Emperature =

curve (Folland et dl. 2001)7Frehab=ly the EASM front is becoming stronger aés_’tile result of /nuresces
il 3 heod
e hj) Nesh Hemisphere Z{Emperature‘ ipeeease. The late 1990s is-the—peried—with the most

precipitation in L WD region gr the last 270 years (Figure 6).




Another striking feature is the late 1920s severe drought event which is displayed in
(H‘S‘»/f? 87
all smoothed In LM it was the period with the lowest rainfall in the past 400 years,
curves, l\é} p el p y
and the lowest precipitation in WD for last 270 years. In north Helan Mountains and

s casn”
Balyi naobag itsaa-n period wagh a significant precipitation reduction.

CONCLUSIONS

OuC - O )
‘Eye results of-Hs=paper show that there is great potential # reconstrucf the EASM
front retated-precimtan ir};\g.np\;i ronmentally sensitive zone in north China through ring
indices over the past 400 years. Using Chinese pine ¢#iras-tabmipeformsyring-width data,
rainfall from February to early-July for/-\Wu- Dangzhao region and from February to
mid-July forA La Madong region, Inner Mongolia, China, were reconstructed. The
explained variances account for 44.3% and 42.7% in the precipitation. Many dry or

drought and wet years in our reconstructions could be identified in the historical records.
Thereconstructionsalso could be compared with other tree-ring seasonal precipitation
reconstructions fron})\envi ronmentally sensitive zone, such as northern Helan Mountain
and Baiyinaobao. Many smaller scale variations can be found in all annual resolution

| . Brose jrbarsnret
series. Trees we selected responded strongly and quite synchronously to this-large-seale

C/L‘/’SV"’_W\ o@mro:tf-

climaticehange-such-as severe-drought in-179:

This comparison also cemhd indicat;a gpatial and temporal connection ofAspring to early
summer climah% cendition- for the northwest to northeast along the environmentally

sengitivity zone.

A2
Another striking feature i§\ late 1920s severe drought event whseh=ts displayed in all
Wi cla LYued @ ree

smoothed curve£> Eate=#920s was the most severe drought event in a lesge=seale in north er ~




versy
China for the last 400 years. This event was most likely caused by the weakest EASM

\ | . car
circulation. Lﬁﬁlc-\ )‘7‘74 late 19705 , ..

The information from this paperwill be of va;l\ynderstanding the natural variatjen
//
of the EA8SM on interannualto multidecadal timeScales, and so ceuld contribug€ to the

development of an impfoved capacity to ap#Cipate its futur«s/y;ﬂélions.
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Figure Captions:

Figure1l Location of the sampling sites (A), meteorological stations () and other two
comparison tree-ring sites, Baiyinaobao) and the north Helan Mountain. The
shaded area in the whole China map (inset in low right) indicates the
environmental sensitivity zone.

Figure 2 The typical sampling condition in the La Madong site, most of trees we

collected grow on the rocks. Photograph by Yu Liu.

Figure 3 Average monthly precipitation values from the Shiguai(e), Hohhot(m) and
Baotou( A) meteorological stations in the region of the sampling sites.

Figure4 Comparison between observed (thick lines) and tree-ring estimated (thin lines)
precipitation (mm). (a) February to early-July (to July 10™) for WD; (b) February to
mid-July (to July 20™) for LM.

Figure 5 Precipitation changes in the four regions over environmental sensitivity zone
in Northern China. (a) February to mid-July (to July 20™ ) for LM region; (b)
February to early-July (to July 10™) for WD; (c) May to July precipitation for the
North Helan Mountains; (d) April to early July (to July 10®) precipitation for
Baiyinaobao. The curves overlapped in (a) and (b) show the changing sample size
for each year.

Figure6 Comparison within dryness/wetness indices, LM, WD, north Helan Mountains,
Baiyinaobao on decadal to multi-decadal time scales. All curves were smoothed

using a 10-year moving average.
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