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Abstract: Background, aim, and scope The Asian Summer Monsoon (ASM) affects ecosystems, biodiversity,
and food security of billions of people. In recent decades, ASM strength (as represented by precipitation) has been
decreasing, but instrumental measurements span only a short period of time. The initiation and the dynamics of
the recent trend are unclear. As a result, the properties of the recent ASM decreasing trend, including whether it
is a part of a longer-term trend must be understood. Several forcing factors may affect the strength of the ASM,
including solar variability, volcanic eruptions, and anthropogenic aerosols. So how aerosols and the ASM interact
will also be examined given that concentration of aerosols in northwest China has been increasing over the
past several decades. Materials and methods Here for the first time, we use an ensemble of 10 tree ring-width
chronologies from the west-central margin of ASM, to reconstruct detail of monsoonal precipitation variability
from July of previous year to June of current year (P;;) back to 1566 CE. The 10 tree ring-width chronologies
are selected on the basis that they are sensitive only to rainfall, providing not only a higher-resolution but also an
appropriate and direct proxy of the ASM over reconstruction from previous studies. Results The reconstructed
P, time series is a proxy for the ASM, measuring the ASM strength over its marginal zone. The reconstruction
captures weak/strong ASM events, and it is found that historical severe droughts and locust plague disasters both
appear during weak ASM events. Notably, we found an unprecedented 80-year trend of decreasing ASM strength
within the context of the 448-year reconstruction, which is contrary to what is expected from greenhouse warming.
Comparison of two sets of historical model experiments (10 runs each) with and without increasing anthropogenic
aerosols shows that this unprecedented decreasing trend is likely due to increasing anthropogenic aerosols,
highlighting that the ASM-weakening effect of increasing anthropogenic sulfate aerosols could more than offset
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the ASM-enhancing effect of increasing greenhouse gases. Discussion Modeling is the only way to identify likely
causes of the decreasing trend, and the results support a mechanism that would otherwise be difficult to measure
directly. Our work further confirmed that anthropogenic aerosol’s role in the ASM weakening in a longer period
of 1934—2013, compared with previous study which spans 44 years (1958—2001). Besides the increase
of sulfate aerosols, other factors, such as PDO and NAO, might have influences on the monsoon weakening,
especially during historical periods without anthropogenic aerosols. Conclusions Our reconstruction provides an
important time series to study the ASM over the past 448 years. The time series confirms known properties of
the ASM (e.g., the 24-year frequency spectrum), reproduces known historical extreme climate events, and offers
opportunities to understand less-known events. Further, the reconstruction can contribute to the debate regarding
the recent behavior of the ASM and help evaluate the relative importance of anthropogenic radioactive forcing
factors. Recommendations and perspectives We expect that the time series will find a wide range of utility for
understanding past climate variability and for predicting future climate change.

Key words: the Asian Summer Monsoon; tree ring; reconstruction; anthropogenic aerosols; ASM decreasing trend

MM X (ASM ) 2 HH 255 PR R B SR S8R 5l
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AHI . XA i Sl 5 4 E 200 mm #2400 mm
R KSR EEACTAT (I 1a; Linet al, 2014) ,
BUENTTREETE YESE L Z
Pl o 2 ASM BRFURZIN, B ZRREK b DXCBAE R K
%) 70% —90% ( Wang, 2006) . % 4& ASM B 23
AL SR GBIy 2E B, X S R A S R S
IKBEPE . FRAR D LR A5 2 OC H B (Wang,
2006; Piao et al, 2010; Liuetal, 2017) . KX FH
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( Lau and Kim, 2006; Bollasina et al, 2011; Zhu
et al, 2012a; Ganguly et al, 2012; Song et al,
2014; Kimetal, 2016; Caietal, 2017) . 4R,
S ASM WA EAE T, X —H.ZhHLH] A
EAHWE (Lietal, 2016; Wuetal, 2016) .

Tt ASM AR Ty SN TR AR L E PRI F0I oA
KRR H B, FET IO 5%, X ASM
RGN T RGNSy . IRIE] . R Kok
U5 B i B AR DT EAT 1 OREWTSE (Waliser
et al, 2003; Ding and Chan, 2005; Li et al,
2015; Uedaetal, 2015) . HATAIZE 02 A Lk
2070 4E R R DA, ASM £ U 55 # % (Wang,
2001) o AHZEFE—2DOFFEHAC I 8] 9 s 2572 it
e, B XA e B RIE RN ARG R, TR
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437 BRI 78 S Bl ag, o R 33 As
RN SE 7
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NI 1566 AELIEK A 448 4EHY ASM K EA1; i+t
WL LTI AT 80 4F ASM W IR g5 #a %, %
X — R SR R Z B KR
1 #RFFE
1.1 WRERMSKEE

5% HH R FH ASM i 25 IX ) 10 M FRAESE
FE 310 A4 (5 S84 MRAEL, Bl 1lafidk1) o X
SRR, IR R R KSR, HREWL. B
et Sy AR R E &R (Liu et al,
2013a; Liu et al, 2013b; 4% £ B 4, 2017; Sun
etal, 2018) ; B %1l, I il 4B, pE A
LA A7 2 S SRR R, BRI A EUIE & & 3R
(Liuetal, 2005; Songand Liu, 2011; Liuetal,
2013c; Maetal, 2015) . Bk 2 /DR 4E 20
PRB, AR %8 5 B2 FHORS B2 0.001 mm 5 B2 ]
ASGHAT I 5, AR AR B8 A T A (] S5 R0 A ] A< 2%
7 2 30 H AR ARL Y 47 B A K AR b X — FE AR i B
(Fritts, 1976) , iz 28 3 4F 1Y J7 1 o B —
O H DIAERS . TR — R B AR R AR AR A AT b
e 4 Hb B /K £ 5 (Liu et al, 2005; Fang et al,
2010; Song and Liu, 2011; Liu et al, 2013a; Liu
et al, 2013b; Liu et al, 2013c; Ma et al, 2015;
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a: location of 10 tree ring sampling sites (red tree shapes) and 39
meteorological stations (all within the box plotted) at the northern
margin of the ASM (black dots). The yellow line is the precipitation
isohyet of 200 mm, and the blue is 400 mm. b: comparison of
reconstructed (red line) by tree rings and the observed (black line)
precipitation data of Py, during 1952—2013.
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Fig.1 Location of the Asian Summer Monsoon (ASM) rainfall
observations Pj; (Precipitation from July of previous year to
June of current year) and tree ring samples
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Tab.1 Information about the 10 tree-ring sites from the northern margin of the Asian Summer Monsoon

Fe A, A Zh ZE TR HARAE ZEAE AR WEELR SRk
No. Site Species  Latitude  Longitude Elevation /m Starting year Ending year  Years Cores References
Jr Az \ .
o i 3831°N  105.46°E  2400—2500 1742 2013 272 125 Liu ctal
Mt. Helan (HL) Pine (2005) **
9 IR ST 08N 103.44°E 2498 1828 2007 180 55 Liuetal
Shoulu (SL) Spruce 1 (2013a) *
H-827 \ g
i & 36.63°N  102.79°E 2370 1721 2008 288 56 Liuctal
Tulugou (TLGO1) Pine (2013b) *
227 \
& & 36.69°N  102.73°E 2146 1726 2008 283 51 Liuetal (2013b) *
Tulugou (TLGO02) Pine
VYA S .
5 I S s eeN 104.07°B 2314 1580 2013 434 48 Liuetal
Mt. Xinglong (XL) Spruce 1 (2013c) **
a9I( \ 3
6 Uz L) i 3550°N  106.50°E  1500—2123 1547 2013 467 73 Song and Liu
Mt. Kongtong (KT)  Pine (2011) **
iA N
7 R B 37.00°N  104.40°E  2400—2700 1666 2013 348 62 Mactal
Mt. Hasi (HS) Pine (2015) **
L X
sl i 34.63°N  104.47°E 2460 1492 2011 520 56 Kok
Mt. Guiqing (GQ) Pine
A
AL S22 S 0N 10424E 2340 1683 2013 331 29 Sunetal (2018) *
Mt. Shouyang (SY) Spruce 2
NEE . BiE
10 RS i 35.14°N 103.94°E 2420 1880 2013 134 29 AR QO17)
Zhunisi (ZNS) Pine (Song et al (2017))

¥ JhHS ( Pinus tabulaeformis Carr.) 5 =A% 1. ik (Picea crassifolia Kom. ) ; =A% 2. ER A2 ( Picea purpurea Mast. )
HAERBAEC AR o IR EUHEREE, RS REIRC AR, oo EREUR R LR

Pine: Pinus tabulaeformis Carr.; Spruce 1: Picea crassifolia Kom.; Spruce 2: Picea purpurea Mast.

* represents that the chronology was published data; ** represents that the chronology was update data and the old chronologies from these sites
were published; *** represents that the chronology was unpublished data.

®2 PrAFREIFPIARRE I

Tab.2 Correlations among all chronologies

el IR MRl IR L LI HEEV 01 EEE 02 Bl FEREL
Mt. Guiging Mt. Kongtong Mt. Xinglong ~ Mt. Hasi ~ Mt. Shouyang Tulugou 01  Tulugou 02  Mt. Helan  Mt. Shoulu

IS
2 0.51, 465
Mt. Kongtong
AVYA
“Fém 0.50, 432 0.37, 434
Mt. Xinglong
I 8L
e UJA 0.41, 346 0.35, 348 0.45, 348
Mt. Hasi
i 0.45, 329 0.34, 331 0.47,331 0.25,331
Mt. Shouyang
#2794 01
gl 0.40, 288 0.37,288 0.46, 288 0.53,288 0.29, 288
Tulugou 01
5574 02
gl 0.27,283 0.24, 283 0.45, 283 0.44, 283 0.26, 283 0.63, 283
Tulugou 02
T
S 0.23,270 0.25,272 0.28,272 0.45,272 0.25,272 0.42,267 0.37,267
Mt. Helan
ARl 0.32, 180 0.36, 180 0.51, 180 0.58, 180 0.29, 180 0.62, 180 0.53, 180 0.41, 180
Mt. Shoulu
A JeSF
o 0.49, 131 0.61, 133 0.57,133 0.31, 133 0.48, 133 0.43, 128 0.44, 128 0.27, 133 0.35, 127
unisi

P OHRRE r GHAL n, JTA p /T 0.001,
r, n, and all at p<<0.001.
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Fig.2 Regional tree-ring standard chronology in the fringe region of the Asian Summer Monsoon

3 WIHNEFRICH LR X IR SRR AR (STD ) BISTIHRHIE
Tab.3 Statistical characteristics of the regional tree-ring width standard chronology (STD) in
Asian Summer Monsoon northern margin

Ziili  Statistics STD

) Mean sensitivity 0.26

FrifEZ:  Standard deviation 0.26

/%  Skewness —-0.08

&% Kurtosis 2.60

— M F A& R %L First-order autocorrelation 0.36

FIEAE 9 EE YA 56 250 Mean correlation among all series 0.36

FIRFEARES  Expressed population signal (EPS)>0.85

1566 4F (9 4Nith ) 1566 (9 cores)

2 #R
2.1 FHIEEERKKSKERFERRNH

ASM b 25 1 X[ 7K R YR T 1 S 28 XA AR I 2
KUK k% (Ding and Chan, 2005) . S5KJITF
WAL, ASM HAl Xk 7—9 A 700 hPa LT (i
#3000 m K LIF ) B /K IR IR T B BE I R PY K-
o SR, TR B AR A T - HASEY
BTN, 7255 ASM #lE], JE RS2 Easfy
FESCSE S, e L A A — e

(Fengetal, 2014) . SHESH W pMIAAE LR
o PP SR RS T E T KRR
AT IR 4R & ( Wang etal, 2008 ) .
B2, BTG SR, TEARFRRIF
T E N, A TR AL TR 46 (Wang
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etal, 2001; Fengetal, 2014) . —H ASM J&55,
TP RRAN AR, bt TRESa ) T5%, HE
7 A —E £ A IR R Bk, Jbdi %k
HiL DX R 7K 6 ASM 38453 / 955 B A 88U ( Ding
et al, 2008; Wang et al, 2008) ; M 1951 —2013
AEZR RGN G HLIX 39 A ul S 5 5ok g, LA
7—9 AMREKE G B 7 A B4R 6 Aok B
(Py) 1956.7%. HIL, JbHhZHIXAIREK AT HR
/N ASM BREAR ., ULAh, S P, 5L RER
GrHLIX 7—9 H BKAEAE S A (B 4a) o
e —mT B, EdEP, 5L —4F7H. 8 HMIA
(RS A KR e M e, X )2 ASM G sl 2 )
Z5 (K5) o HE Py AN SRT—4FE 7—9 H K
AL S 0.574, TR, S Py P8540 T
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—AE 7—9 H KW A OC (K 4b) o I,
HH Py P AN AT FE 7R ASM 5 BE AR Ak 1) — >
RRFEDR, 4675 ASM TEFLTE Bl 2 X 1 9 5
(E4), @& Py EEWERER ASM {53 (Ding
etal, 2008) . I TEE P, ZUEK ASM X
Al ASM 88 T B AT X AE AR / A E B
MO/ P ER, P EfZ s —E 25 (Li
and Zeng, 2002; Wang and Fan, 1999) . H AT,
ST E ) ASM PR R ZRAET —P&H

S e I X A48 781 (Li et al, 2008; GrieBinger
etal, 2011; Xuetal, 2012) FFfSM&EHR, &%
XIEA — B RUFFIME T RRX 2SR
TRk, (HAE REE X R KR 1L (Shi et al,
2014; Shietal, 2017 ) MIWFFE. ARSI T 10
AR AE R A TH AT ST, TR ASM i1
Lt 1 22 S K BT AE AR SR g, PR S AR S 1 A
FP 2 KA AL R S, 5 A ASM F T
I EES (E6) .

30
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4 Previous year

24 Present year

Aty
a: 39 ML K S RIT S A 20 (1951—2013 4F ) . b: 548505 Wl E Z=RILE
21X 39 NG A AR (40 ) FIREK (894 ) 10 SRASE T (1951—2013 4F) o Py N E4FE-EA
MR 6 HAER K. HEEEN 95% HEIHFR.

a: Monthly precipitation and temperature distribution of the averaged observation data from 39 meteorological

Month

stations (1951—2013). b: Correlation between ring width index and monthly averaged mean temperature (red
bars) and precipitation (green bars) meteorological data from 39 stations at the northern margin of the Asian
Summer Monsoon (1951—2013). Py, is the precipitation from previous July to current June. The dashed line is
the 95% confidence limit.

B3 GBS R R T

Fig.3 Climatic data and correlation analysis

*4 Py HENDTBRRGEER

Tab.4 Statistics of the split calibration-verification model for the P, reconstruction

w5 Calibration I Verification

BB Period r R ST t BB Period r R’ RE CE ST t
1952—1981  0.802%*  0.643 2% 459 1982—2013  0.661%*  0.437 0.57 0.36 21 6.16
1984—2013  0.686**  0.471 21% 6.22 1952—1983  0.787%*  0.619 0.66 0.59 245 473
1952—2013  0.766**  0.586 47%* 6.86

#0.05 EHKE, **0.01 BEMAY r HSEREG R r#9FJr; ST: 5545, RE: IRE46M(H; CE: ARG ¢ RALEHIE,
* significant level 0.05, ** significant level 0.01; r: correlation coefficient; R:r square; ST: sign test; RE: reduction of error test; CE:
coefficient of efficiency; #: product means test.
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a: The instrumental P); versus gridded Pj,g; b: The tree-ring series (i.e., the reconstructed Py;) versus gridded P,,s. Py, is the precipitation
from previous July to current June, and P,q is the July— September precipitation of previous year. The two spatial patterns correspond
well, reinforcing the notion that the reconstructed P, is a reliable proxy for the precipitation of the northern margin of the Asian Summer

Monsoon. Only areas above the 90% confidence level are shown.
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Fig.4 Correlation pattern between the CRU TS V4.01 grid precipitation data and P,; during the period 1951—2012
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The dashed line denotes the 95% confidence limit. The reconstructed Pj; time series is a proxy for the ASM.
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Fig.5 Correlation between ring-width chronology and observed monthly averaged mean precipitation data from
39 stations in the fringe region (1951—2013)
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Tibet Plateau (Xu et al, 2012).
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Fig.6 Comparisons between our reconstructed precipitation series (red line) and other series (black line)
representing Asian Summer Monsoon (ASM)
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a: comparison between Pj; and the averaged dryness wetness index of the fringe region of the Asian Summer
Monsoon (ASM) derived from Chinese historical documents (r=-0.26, 1609—2000, p<<0.001; Chinese Academy of
Meteorological Sciences, 1981; Zhang et al, 2003). The gray horizontal line denotes the mean of the ASM fringe P,
precipitation during 1566—2013. b: comparison between the P, and the historical locust plague events in the fringe
region of the ASM (Li, 2008). c: dominant spectral features of the reconstructed Py, during 1566—2013 obtained by
using Multitaper Method spectral analyses. d: dominant spectral features of the reconstructed Py, during 1914—2013.
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Fig.7 Properties of the reconstructed P;; index
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£S5 1566—2013 AT (mean—20) 4EFIHLIE (mean +20) 4F
Tab.5 Extreme drought (mean—20) and wet (mean +20) years during 1566—2013

W45 Fif7K B4R Fie 7K
Extremely drought year Precipitation /mm Extremely wet year Precipitation /mm
1928 240 1605 428
1586 241 1781 421
1929 246 1804 420
1759 247 1604 414
1932 253 1956 411
1966 258 1786 409
2000 258 1897 409
1747 259 1675 407

1566—2013 4E R AFEKISME (mean ) 2y 333 mm, —PARifEZE (1o) 37 mm. 5E XFEKEALT 296 mm (mean—1g) Jy
FRAE, FKERT 370 mm (mean+ o) HIREAE, 7Eit X 448 G, IR TR0 4 15.6% (70 4F) Al 16.1% (72
) o B XFEKERT 259 mm (mean—20) N4, KT 407 mm (mean+20) IR

The mean precipitation of the reconstruction is 333 mm for the period from 1566 to 2013 AD, and 1o is 37 mm. We defined a dry year
as having a value lower than 296 mm (mean— 1), and a wet year as having a value higher than 370 mm (mean+ lo). In the past 448
years, wet and dry years accounted for 15.6 % (70 years) and 16.1 % (72 years), respectively. Extremely dry or wet years were defined
as having a value lower than 259 mm (mean—20) or higher than 407 mm (mean+20).

ZUA R R TR SRR, R T Siom TR (K 6) o ik, ASM LA
XN =, SECEEYDE. JLicRiy AYIESDTIE R (ZE49, 2008; Tianetal, 2011) i
BRI RAETE Py FPAITP BT 540y (7o), Renl PSR 1 Py PFIRIVEy ASM U1

#6 WTHEMBEDE Py, FBHEE (HEIZPEOERE, 1981; 5KEETAF, 2003) LIK
WEICHEEL (2289, 2008) MUXTLL
Tab.6 Comparisons between reconstructed P,;, the dryness/wetness index (Chinese Academy of
Meteorological Sciences, 1981; Zhang et al, 2003), and the locust disaster index during some extreme years (Li, 2008)

W ARy Rk B PR WEGEAFAry WG] **
Extremely drought year Precipitation /mm Dryness/Wetness grade* Locust disaster year Locust disaster level**

1928 240 5 1928 3
1586 241 5 1587 3
1929 246 5 1930 4
1759 247 5 1761 3
1932 253 3 1932 2
1966 258 3

2000 258 5

1747 259 4 1748 3

*20 e 20 4EH, B0 & T EAURESA R A R T A ERGEIN 2200 AR5 R, HatsrbEd T A (BdE) L a2k s10
SRR TEARDLIN 0 5 A AER O E SR BENETEBE, 1981 ): 1 90— 20—l 3 S——IEH; 4 %——1n' S9%—5
o MG E L (A5, 2008 ) ¢ 1 F—— MG, A RF—FA/NER Rl U EREE (el Jusi
) o 28—, WABALL R KR AR, Al fEE (RTBOSEIAR) o 3 B——REHK, 24K
ZWRA—BIPERIRIC, AL Y HRETT . XA A 3 BRI (AU =2 ) , KA HELIK I o 4 Fe——IMER,
ZA XU 4 A R A AR A BRI, ST R, WAl (i, SR — ) Fa Rk Bk
JME, FEAESYITE. . WA EE,

* During the 1920s, hundreds of Chinese climatologists processed more than 2200 local annals and many other historical writings
nationwide and abstracted more than 2200000 characters (data). The degree of annual dryness and wetness during the last 510 years was
classified into 5 grades (Chinese Academy of Meteorological Sciences, 1981): Grade 1 —very wet; Grade 2—wet; Grade 3—normal,;
Grade 4—dry; and Grade 5—drought.

** The definition level of locust plagues (Li, 2008): Grade 1 —Occurrence grade. The first generation of locusts appeared in only one or

two small areas, and there was almost no harm to agriculture output. Crop harvest reached about 80%—90%. Grade 2—Impact grade.
The first generation of locusts appeared in two or more areas, and there was harm to agriculture, with crop harvest about 60%—80%.
Grade3 — Hazard grade. The first and the second generation of locusts appeared in many areas, and there was huge damage to agricultural
production. Crops harvest was about 30%—50%, and production was difficult to restore. Grade 4— Disastrous grade. More than two
generations of locusts appeared in multiple areas to almost national scope. There were enormous disasters to agriculture output with no or
less than 10%—20% harvest, and the people could not survive. The disaster was often accompanied by famine, plague and war.
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a: the reconstructed P;; during the past four centuries (red curve). The sloping black line denotes an 80-year decreasing trend of
Py, during the period 1934 to 2013. b: eighty-year running trend (red line) for reconstructed Py, The gray area denotes the 95%
confidence intervals. The blue horizontal line indicates the greatest 80-year decline in precipitation of approximately 0.62 mm-a™".
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Fig.8 The reconstructed P;; time series
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A B AR5 (Bollasina etal, 2011) .
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#HIFAEH NAO 5 PDO 33,
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Year

c: A7 AR

a: the reconstructed Pj; in the fringe region of the Asian Summer Monsoon. b: monthly North Atlantic Oscillation (NAO)

index (Lu et al, 2006) from previous July to current June. ¢: monthly Pacific Decadal Oscillation (PDO) index (Watanabe

and Yamazaki, 2014) from previous July to current June. The black lines represent their linear trends during the period
1934—2013. This demonstrates that the decreasing trend of Py is not caused by any trends of NAO and PDO.
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Fig.9 The reconstructed Py, Pacific Decadal Oscillation and North Atlantic Oscillation during the period 1881—2013
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T NN BRI, 18404 LLoke—8 H Bk
Rainfall trend (mm/day/year), all forcing without aerosol, JJA, beyond 1940
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a: All forcing but without anthropogenic aerosols. b: All forcing including global emissions of solar irradiance,
greenhouse gases, ozone, volcanic aerosols, and anthropogenic aerosols. Blue rectangular outline is the
northern regions of China, and the black dot indicates that the rainfall trend passes the 95% significant level. c:
Comparisons between Pj; and rainfall trends for the northern regions of China. The black and red lines indicate
the 21-year running averages of rainfall changes of the northern regions of China simulated from climate model,
and the blue line is the Py, series after applying 21-year running averages. The result shows that the decreasing
trend in Py, from 1940 to 2013 is potentially contributed by anthropogenic aerosols. JJA=June—August.
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Fig.10 Boreal summer rainfall trends since 1940 simulated by a coupled climate model (Rotstayn et al, 2007)
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