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ABSTRACT

Rapidwarming has led to an aggregated environmental degradation over theTibetanPlateau (TP) in the last few

decades, including accelerated glacier retreat, early snowmelt, permafrost degradation, and forest fire occurrence.

Attribution of this warming in recent decades has mainly been focused on anthropogenic forcing. Yet, linkages to

the Atlantic multidecadal variability (AMV), an essential part of the climate system causing decadal to centennial

fluctuations of temperature, remains poorly understood for the TP, especially at long time scales. Using well-

replicated tree-ring width records, we reconstructed 358 years of summer minimum temperature (MinT) of the

wholeTP.This reconstructionmatches the recentwarming signal recorded since the 1980s, and captures 63%of the

variance in 1950–2005 instrumental records.A teleconnection from theNorthAtlantic to theTP is further identified

based in observations and simulations with an atmospheric general circulation model (AGCM). We propose that

half of themultidecadal variability of TP summerMinT can be explainedby theAMVover the past three and a half

centuries. Both observations and AGCM simulations indicate that the AMV warm phase induces a zonal dipole

response in sea level pressure across the Atlantic–Eurasia region, with anomalously high surface pressure and

corresponding downward atmospheric motion over the TP. We propose that the descending motion during warm

AMV phases causes negative rainfall and positive temperature anomalies over the TP. Our findings highlight that

the AMV plays a role in the multidecadal temperature variability over the TP.
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1. Introduction

Significant global warming has been observed since

the early twentieth century (Trenberth et al. 2007).

Warming rates are nonuniform in latitude and altitude.

High-altitude regions, such as the Tibetan Plateau (TP)

(which is known as the world’s ‘‘third pole’’ or Asia’s

‘‘water tower’’), are experiencing faster warming rates

than other regions at the same latitude, especially in

winter and spring (Liu and Chen 2000; Xie et al. 2010).

The TP’s warming continued during the global warming

hiatus period of 1998–2013, whereas lowland areas in

eastern China slightly cooled (Duan and Xiao 2015).

The trend of annual mean temperature over the TP

reached 0.448C decade21 in 1980–2013, which is 2–3

times above the pace recorded for the Northern Hemi-

sphere (NH) and global mean for the same time interval

(i.e., 0.238 and 0.168Cdecade21, respectively) (Duan and

Xiao 2015).

The environmental impacts of recent TP warming

include accelerated glacier retreat, early snowmelt,

and permafrost degradation (Chen et al. 2015; Kang

et al. 2010; Yao et al. 2012). Moreover, the TP

warming further changed spatial-temporal patterns of

monsoon precipitation (Jin and Wang 2017; Thompson

et al. 2000; Yang et al. 2014), which, together with the

melting of glaciers, has posed unprecedented threats

to the freshwater supply as well as social and eco-

nomic risks to the densely populated regions down-

stream (Jin andWang 2017; Kehrwald et al. 2008; Piao

et al. 2010).

The fast and persistent TP warming observed in

recent decades has been attributed to increasing an-

thropogenic greenhouse gas forcing and snow/ice

albedo feedbacks (An et al. 2016b; Liu and Chen

2000; Pepin and Lundquist 2008), especially during

the global warming hiatus (You et al. 2016). This

effect is further enhanced by black carbon deposition

over snow and glaciers (Flanner et al. 2007). In-

creased absorbing aerosols, mainly black carbon,

associated with biomass burning and fossil fuel con-

sumption are ranked together as the second largest

driver of Asian warming, accounting for half of the

warming in some TP regions (Ramanathan et al. 2007).

Altogether, most attribution studies of recent TP warm-

ing have focused on anthropogenic forcing. However, on

decadal to centennial scales, the relative roles of an-

thropogenic forcing and natural variability remain poorly

understood.

In particular, sea surface temperatures (SSTs) over

the North Atlantic basin show predominant variabil-

ity characterized by spatially coherent SST anomalies

(Enfield et al. 2001). This variability is referred to as

Atlantic multidecadal variability (AMV), which shows

an oscillatory behavior between warm and cold phases

with a period of 50–70 years (Schlesinger and

Ramankutty 1994; Sun et al. 2015). The AMV con-

tributes to the multidecadal variability of the NH

climate (Delworth et al. 2016; Li et al. 2013; Sun et al.

2017), especially for surface air temperatures (Knight

et al. 2006; Tung and Zhou 2013; Yao et al. 2017;

Zhang et al. 2007).

Potential teleconnections between AMV and TP

temperature are poorly understood, due to the lack of

long temperature records over the TP and the scarcity of

studies assessing mechanisms linking AMV and TP cli-

mate. This motivated the development of a reliable long

temperature reconstruction for the whole TP. Among

existing temperature reconstructions over the TP, most

are of local to regional scales (An et al. 2016a; Shi et al.

2015; Thompson et al. 1989; Tian et al. 2006; Wang et al.

2015; Yao et al. 2012). The quantitative interpretation of

the d18O signal in TP ice cores as a temperature proxy

remains challenging due to the difficulty of deconvolving

precipitation and temperature signals (Yao et al. 2013).

Tree-ring records are useful because they are more

widely distributed than glaciers, and trees at high ele-

vations are unambiguously sensitive to growing season

minimum temperature (night temperature) (Korner

1998; Rossi et al. 2008; Shi et al. 2015). With a proper

detrending method, tree-ring width (TRW) is a reliable

proxy for local to hemispheric temperature reconstruc-

tions decadal to multicentennial scales (Jansen et al.

2007).

This study combines 28 TRW chronologies over the

TP (defined as 278–388N, 758–1038E) which are sensitive

to local summer (defined as June–August) minimum

temperature (MinT), providing a reconstructed summer

MinT record over the whole TP. The linkage between

TP summer MinT and Atlantic SST is analyzed with

instrumental and reconstructed data, and the connection

mechanisms are further explored using both observa-

tions and AGCM simulations.

2. Materials and methods

a. Tree-ring width data processing and screening

In this study, we compiled a dataset combing tree-

ring width data of 127 sites from the International

Tree Ring Data Bank and temperature reconstruc-

tions over TP (Li et al. 2012; Li et al. 2011; Shi et al.

2015). All TRW measurements were detrended with

signal-free Regional Curve Standardization (sf-RCS)

(Melvin and Briffa 2014a,b), the portions with EPS

(expressed population signal) value less than 0.85
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were truncated, and the number of trees in the last

year of each chronology is shown in the appendix (see

Table A1). Then the chronologies were Z-score nor-

malized and linearly regressed over the maximum

period of overlap with the 1950–2016 Climatic Re-

search Unit (CRU) TS4.0 (0.58 resolution) summer

(June–August) minimum temperature of the local

grid point. Note that the instrumental record became

available in 1950 for the TP. First, 25 TRW chronol-

ogies were selected based on their significant corre-

lation coefficient (P , 0.05) with CRU TS4.0 summer

MinT of the local grid point (Table A1). An addi-

tional three chronologies with P , 0.10 significant

level were also incorporated. Therefore, a total of

28 TRW chronologies are used for our climate re-

construction (Table A1). To test the robustness of

sf-RCS method for retaining temperature signal, P

and R values were also calculated using high-pass

filtered TRW chronologies and local CRU summer

MinT data by their 20-yr loess smoothing trends

(Table A1). The majority of the sampling sites were

located at elevations above 3000m above mean sea

level (MSL); only four of them were located below

3000m MSL. The TRW chronologies range between

155 and 1445 years (Table A1), with species fromAbies

(13), Picea (6), Juniper (3), Tsuga (3), Pinus (2), and

Sabina (1) (shown in Fig. 1).

b. TP chronology construction and calibration with
TP instrumental temperature

To test for any systematic differences in trends or var-

iability between chronologies at contrasting elevations, we

separated the 28 chronologies into two groups of above

and below the mean elevation of 3528m MSL and show

the averages in the appendix (see Fig. A1a). Thereafter,

all the 28 chronologies were averaged into one chronology

referred to as the TP chronology (Fig. A1b), which

shows a decreasing moving standard deviation (STD)

with increasing replications. To ensure spatial coverage

and reconstruction quality, only the part of chronology with

STD values lower than 0.50 was retained, which is equiva-

lent to a replication ofN5 9. Then, the newTP chronology

(spanning 1648–2005) was calibrated to CRU TS4.0 sum-

mer (JJA) averaged monthly MinT of TP over the period

1950–2016 using a linear regression model. The model was

verified using the leave-one-out verification method over

1950–2005; this method systematically deletes one part of

pair of data andderives a forecastmodel from the remaining

data, this model was tested on the deleted data.

c. Reconstruction error calculation

The reconstruction errors were calculated as follows:

CRU summer MinT and TP chronology were randomly

FIG. 1. Location and species of chronologies used for the TP

summer minimum temperature reconstruction.

FIG. 2. (a) Instrumental (CRU TS4; blue line) and reconstructed

TP (278–388N, 758–1038E) summerMinT (black line). Gray shading

indicates 95% confidence interval of the reconstruction. The green

line is the number of chronologies, and the thick black line is the 30-

yr loess smoothing. Transparent light blue bars show the two

coldest epochs of the reconstruction. (b) Z-score normalized CRU

TS4.0 TP summer MinT and January–August averaged SST of

Atlantic Ocean (258–758N, 58–658W; ERSST V4 dataset), green

and red shadings indicate cold and warm AMV phases, and thick

blue and red lines are 30-yr loess smoothing.

1 JULY 2019 SH I ET AL . 4057



divided into two halves within the 1950–2005 calibration

period. Each half was used to calculate a linear cali-

brationmodel and validated with the other half, yielding

56 error values. The 2.5th and 97.5th percentiles of the

error population after 1000 repeating were defined as a

95% confidence interval of the summer MinT recon-

struction (Carré et al. 2012).

d. Observations of atmospheric circulation and
AGCM experiments

The observed monthly mean sea level pressure

(SLP) for the period 1901–2012 were obtained from

NOAA’s Twentieth Century Reanalysis version 2c

(20CRv2c) (Compo et al. 2011). We remove the linear

trends in the variables [e.g., surface air temperature

(SAT) and SLP] from 1900 onward by using a linear

least squares fitting method, and the aim of this pro-

cedure is to highlight the multidecadal variability su-

perimposed upon the centennial scale trends. We

conduct numerical experiments using the SPEEDY

(Simplified Parameterizations, Primitive Equation

Dynamics) model, which is an AGCM of intermediate

complexity, with simplified physics and an horizontal

resolution of triangular 30 (T30; 3.758 3 3.758) with

eight vertical levels (Kucharski et al. 2016). An SST-

forced AGCM experiment was performed to in-

vestigate the impacts of the Atlantic SST forcing

on the global atmospheric circulation. To achieve

this aim, observed monthly-varying SSTs from the

HadISST1 product are prescribed over the entire

Atlantic basin (608S–608N, 708W–108E); over the re-

maining ocean basins (i.e., Indo-Pacific basins) we

prescribed observed monthly climatological SSTs

(Fig. A2 in the appendix). An ensemble of five

members was performed by using small initial per-

turbations to the atmospheric state; this experiment is

referred to as ATL_VAR_AGCM. The model in-

tegrations start in 1872 and run to 2013. The results of

the five ensemble members from the ATL_VAR_

AGCM experiment were averaged and analyzed for the

period 1900–2013.

3. Results

a. TP summer MinT reconstruction

Correlation analysis using high-pass filtered data has

shown 25 out of 28 TRW chronologies are significantly

(above 95% level) correlated with local CRU summer

MinT (Table A1). There are 22 trees on average at the

end year of chronology (Table A1). No more than

FIG. 3. Correlation coefficients of (a) reconstructed and (b) CRU

TP summerMinT with January–August averaged SST (1950–2005,

SST, ERSST V4 dataset). All data are linearly detrended and re-

sults are only shown where P , 0.05. Black rectangles indicate the

SST region used in this study (258–758N, 58–608W).

FIG. 4. Land surface CRU summer MinT anomalies corre-

sponding to the AMV positive phases in (a) 1927–62 and (b) 1995–

2016 with respect to the AMV negative phase of 1963–94 (in 8C).
Rectangles show the region of the Tibetan Plateau. Results are

only shown where P , 0.01.
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12.2% of tree-ring series in any given chronology have

an earliest year falling within the same 5-yr period. The

robustness of the calibration was tested by both un-

detrended and linearly detrended TP chronologies and

CRU summer MinT values (Figs. A3a,b), both showing

R values above 0.7 for the central and northern TP,

where published TRW data are lacking. In the eastern

half, R values fall to 0.28–0.42. The R2 between TP

chronology and TP (278–388N, 758–1038E) averaged

summer MinT reaches 0.63 for 1950–2005 (R2 5 0.57 if

linearly detrending both series) and 0.43 for 1901–2005

(Fig. A4). The RE (reduction of error statistic), CE

(coefficient of efficiency), product means test (PMT),

and sign test (ST) are 0.61, 0.60, 3.76, and 19.45 re-

spectively for the leave-one-out calibration test for

1950–2005, suggesting that our TP chronology is a robust

proxy for past TP summer MinT. Next, the equation of

MinTJJA 5 0.65 3 chronology 1 5.28 (in 8C), derived
from the calibration of undetrended data within 1950–

2005, is used to reconstruct TP summer MinT spanning

1648–2005 (Fig. 2a).

In both the instrumental record and our reconstruc-

tion, a warming phase in the 1900s to 1940s was fol-

lowed by a cooling period in the 1940s to 1970s, with

cold temperature anomalies in the 1970s comparable to

those in the 1910s. Rapid warming is observed since the

1980s, with an accelerated rate since the 1990s. As a

result, the warmest epoch of the whole reconstructed TP

temperature occurs in the 1990s to 2000s (Fig. 2a). Prior

to the twentieth century, two cold intervals are re-

constructed in the 1720s to 1730s and 1810s to 1820s (light

blue bars in Fig. 2a). The latter follows the 1809 unknown

and 1815 Tambora eruptions. The years 1816 and 2005

are associated respectively with the coldest and hottest

summer MinT values in the whole record. These anom-

alous cold/warm intervals and multidecadal variability

patterns are robust for chronology compositions above

and below the mean elevation of our selected 28 chro-

nologies (Fig. A1a).

b. Links between TP summer MinT and Atlantic SST

The highest correlation coefficients were found between

instrumental/reconstructed TP summer MinT values and

Atlantic SST averaged over January–August, suggesting

that the precondition of Atlantic Ocean could modulate

the following TP temperature (Figs. 3a,b respectively;

1950–2005 linearly detrended series). The CRU TP

summerMinT is significantly correlated with theAtlantic

SST averaged over the area used to define the AMV in-

dex (258–758N, 58–608W;R25 0.36,P, 0.001, 1901–2005;

Fig. 2b). Moreover, a wavelet coherence analysis shows

that Atlantic SST and CRUTPMinT are highly coherent

for periodicities of 20–30 years in the post-1950s period

(Fig. A5a); the lack of coherence before the 1940s could

due to the low quality of theCRUdata over theTP,where

extensive climate observations started since the 1950s. In

FIG. 5. Z-score normalized TP summer MinT reconstruction of this study (black line) and

AMV reconstruction by (a) Mann et al. (2009) (blue line) and (b)Wang et al. (2017) (red line).

The thick lines result from 30-yr loess smoothing.
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addition, Fig. 3 also shows that instrumental and re-

constructed TP summer MinT values are strongly and

negatively correlated SSTs over the Southern Ocean (with

absolute R values sometimes higher than those for Atlantic

SST) and positively correlated with SSTs over the north-

western tropical Pacific.

In the last 100 years, warm AMV phases occurred in

1995–2005 and 1927–62, and a cold phase in 1963–94

(vertical green lines in Fig. 2b). To examine the effects of

AMV phase changes on summer MinT of the entire

Eurasia continent, we compare the anomalies of CRU

summer MinT for the two warm AMV phases with re-

spect to the cold one (see Figs. 4a,b for 1927–62 and

1995–2016 respectively). Despite the lower greenhouse

gas forcing, the summer MinT of 1927–62 is significantly

higher than that of 1963–94 over the central-western TP,

the eastern TP, and north-central China (Fig. 4a; P ,
0.01). Warm anomalies of summer MinT for 1995–2016

are much larger in amplitudes and cover a greater area

than those for 1927–62 (Fig. 4b), mainly due to the

added effects of global warming.

The TP summer MinT reconstruction was further

compared with two annual AMV reconstructions (Mann

et al. 2009; Wang et al. 2017) (Figs. 5a,b). Using 30-yr

smoothed series, reconstructions of TP summer MinT

and AMV have been coherent at the multidecadal

scale since 1648, with an exception during the coldest

interval of the 1720s to 1730s, but this interval coin-

cides with the coldest epoch of coral-based tropical

Atlantic SST reconstruction since 1552 (Saenger et al.

2009). The R2 values between 30-yr smoothed TP

summer MinT reconstruction and AMV reconstruc-

tions are 0.44 and 0.50 respectively (P , 0.001 in

both cases), indicating that a large part of the multi-

decadal variability in TP summer MinT can be ex-

plained by the AMV. The coherence of TP summer

MinT reconstruction with instrumental and reconstructed

AMV indices is further confirmed by wavelet coherence

analysis (Figs. A5b,c).

We further investigate the physical mechanism con-

necting the TP summer MinT and AMV using obser-

vations and atmospheric general circulation model

(AGCM) simulations (see section 2 for details). The

difference of observed sea level pressure (SLP) and

JJA-mean surface air temperature anomalies between

the warm and cold AMVphases is shown in Figs. 6a and

6b, respectively. The SLP anomalies mainly show an

east–west dipole pattern across the Atlantic–Eurasia

region with positive (anticyclonic) anomalies over

South and East Asia and negative anomalies over the

NorthAtlantic. Significant high-pressure anomalies are

observed over the TP region during warm AMV phase.

FIG. 6. (a) Differences of the JJA-mean sea level pressure (SLP; units: hPa) between the warmAMVphase 1995–

2010 and the cold AMV phase 1963–94 in 20CRv2c dataset (1995–2010 minus 1963–94). (b) As in (a), but for the

JJA-mean surface air temperature (SAT; units: 8C) over the Eurasian continent. In (a) and (b), the long-term linear

trends of SLP and SAT from 1900 onward (using a linear least squares fitting method) were removed before the

composite analysis. (c) Regression map of the JJA-mean sea level pressure (SLP; units: hPa) with respect to the

normalized AMV index at decadal time scales in the ATL_VAR_AGCM simulations. The long-term linear trend

of sea level pressure for 1900–2013 was removed before the regression analysis. (d) As in (c), but for the JJA-mean

surface air temperature (SAT; units: 8C). Dotted shadings in (a)–(d) indicate areas above the 90% confidence level.
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We also examined the SLP anomaly patterns using

several other atmospheric reanalysis datasets (i.e.,

NCEP and ERA-20C), which are shown in Fig. A6. The

main structures of the AMO-related SLP pattern are

consistent throughout different atmospheric reanalysis

datasets, showing a zonal dipole structure across the

Atlantic–Eurasia region. Nevertheless, it is noted that

in 20CR2 and ERA-20C the SLP anomalies over

tropical North Atlantic and southern Asia are stronger

than the NCEP dataset.

The simulated responses of summertime SLP and sur-

face air temperature to the AMV forcing are further

examined using an AGCM stand-alone pacemaker ex-

periment forced by the observedmonthly-varyingAtlantic

SST and climatological Indo-Pacific SST using the

SPEEDY AGCM (see section 2 for details). The results

are shown in Figs. 6c and 6d. In response to the AMV

forcing, the simulated SLP anomalies generally resemble

observations, showing a clear zonal dipole structure with

high SLP anomalies east of 308E and low SLP anomalies

west of 308E, with some differences in Arabian Penin-

sula and northern China. The simulated SAT anomalies

associated with the warmAMV phase show a continental-

scale warm pattern across Eurasia, which is in accord with

the observed anomalies (Fig. 4).

The zonal dipole pattern of SLP anomalies associated

with the AMV is crucial for understanding the remote

impact of AMV on summer TP SAT. In response to the

warmAMVphase, the SLP field shows strong anomalous

low pressure over the North Atlantic region, resulting

from the anomalous ascending motion generated by the

warm AMV SST anomaly in this region. In contrast,

anomalous surface high pressure prevails over South and

East Asia during the warm AMV phase. These down-

stream remote responses of atmospheric circulation to

North Atlantic SST can be physically interpreted. It can

be reasonably speculated that the warm SST anomaly in

theNorthAtlanticmay give rise to strong upwardmotion

and upper-level divergence, and the corresponding out-

flow heads eastward and converges over South and East

Asia, further inducing a compensating subsidence and an

anomalous high in that region.

Previous modeling studies have suggested that

the tropical Atlantic SST forcing can generate a

TABLE A1. Detailed information of TRW chronologies used in this study: latitude, longitude, species, elevation, correlation coefficient

with CRU summer minimum temperature at the local grid point (R), and corresponding P value;Rd and Pd are P andR values calculated

with TRW chronologies and summer minimum temperature data high-pass filtered by their 20-yr loess smoothing trends, start and end

year of each chronology with EPS value above 0.85, and number of trees at the end of the year.

ID Lat (8N) Lon (8E) Species Elev (m) R P Rd Pd Start End

No. of trees at

end of year

BT005 27.45 90.15 Tsuga 3392 0.29 0.03 0.31 0.02 1735 2006 7

BT006 27.47 89.5 Picea 3505 0.38 0.00 0.37 0.00 1539 2005 14

BT012 27.45 90.7 Pinus 3440 0.26 0.05 0.33 0.01 1681 2003 36

BT013 27.25 89.38 Pinus 2412 0.57 0.00 0.58 0.00 1817 2005 8

BT019 27.92 89.75 Juniper 3352 0.45 0.00 0.28 0.03 1757 2006 14

BT020 27.45 90.15 Abies 3392 0.33 0.01 0.41 0.00 1753 2006 7

CHIN018 29.28 100.08 Abies 4150 0.25 0.07 0.26 0.05 1615 2006 57

CHIN042 31.95 98.87 Picea 4098 0.24 0.10 0.24 0.10 1617 1996 13

CHIN045 29.62 94.67 Juniper 4480 0.31 0.04 0.29 0.05 1642 2003 12

CHIN047 31.12 97.03 Picea 4081 0.36 0.01 0.29 0.06 1636 2005 20

CHIN074 31 97 Juniper 4450 0.32 0.01 0.32 0.01 565 2010 23

INDI016 31.2 77.23 Picea 3000 0.42 0.01 0.42 0.01 1776 1989 10

INDI019 30.75 78.42 Picea 2400 0.34 0.04 0.34 0.03 1835 1990 10

NEPA009 27.43 86.28 Abies 3600 0.33 0.02 0.35 0.01 1651 1998 25

NEPA020 29.3 82.05 Abies 3450 0.36 0.05 0.35 0.06 1751 1979 20

NEPA021 27.63 87.95 Abies 3740 0.46 0.00 0.43 0.00 1660 1999 35

NEPA022 27.45 86.05 Abies 3720 0.42 0.02 0.41 0.03 1738 1978 8

NEPA026 27.38 87.13 Abies 2900 0.27 0.08 0.31 0.04 1785 1993 10

NEPA039 28.03 85.07 Tsuga 3115 0.29 0.05 0.27 0.06 1750 1996 18

YL 28.27 98.93 Tsuga 3150 0.40 0.00 0.26 0.05 1759 2005 32

BD 27.88 99.03 Abies 3300 0.46 0.00 0.30 0.02 1670 2005 31

GS 27.72 98.5 Abies 2600 0.35 0.01 0.30 0.02 1640 2005 15

DR 29.02 99.201 Abies 4221 0.51 0.00 0.35 0.01 1700 2011 35

XL 30.73 100.17 Abies 3522 0.30 0.00 0.41 0.00 1764 2012 31

DF 32.17 101.05 Abies 4113 0.36 0.00 0.40 0.00 1785 2012 34

BY 31.24 98.83 Abies 4012 0.44 0.00 0.41 0.00 1787 2012 37

MYL 31.63 102.96 Sabina 3750 0.57 0.00 0.51 0.00 1785 2009 23

GZ 28.37 99.77 Picea 3444 0.45 0.00 0.26 0.05 1475 2003 25
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Gill–Matsuno-type response of atmospheric circulation

(i.e., a Kelvin wave propagating to the east and a Rossby

wave to the west of the heating), characterized by a low-

level anomalous low over the tropical Atlantic and a

high over South Asia and the Indian Ocean, explaining

the interannual teleconnection of the tropical Atlantic

to the Indian summer monsoon (Kucharski et al. 2009;

Wang et al. 2009). Both observations and simulations

reveal that, at multidecadal time scales, SLP anoma-

lies show zonal dipole responses to the Atlantic SST

forcing, supporting a dynamical Gill–Matsuno-type

response.

Consistent with the zonal dipole of SLP anomalies,

the simulated summer rainfall across the Atlantic–

Eurasia region also exhibits a dipole-like pattern in

response to the AMV SST forcing (Fig. A7). Warm

AMV phases lead to wet anomalies over the North

Atlantic and adjacent continents, and dry anomalies

over parts of South and East Asia, including the TP,

where the descent-induced adiabatic warming may

contribute to the warm SAT anomaly. The dry anom-

alies over the TP region during warm AMV periods

may favor enhanced incoming solar radiation and

reduced surface evapotranspiration (Trenberth and

Shea 2005; van der Ent et al. 2010), further leading to

the warm SAT anomaly in summer through land–

atmosphere feedbacks.

However, more work is still needed to fully explore

the potential mechanisms connecting the multidecadal

North Atlantic SST variability and summer tempera-

tures on the TP. While the changes in SLP, SAT, and

rainfall identified in observations and the AGCM sim-

ulations in this study identified a clear link between

North Atlantic SSTs and SLP over South Asia, they

only hint at a possible dynamical mechanism. The Gill–

Matsuno-type dynamical response to North Atlantic

heating needs to be further tested and validated. In

addition, the links between the large-scale atmospheric

circulation response and surface temperatures over the

TP also require further investigation.

4. Discussion

The unprecedented increase in the last decades of TP

chronology is not likely due to a sharp decreased sample

replication, since there are still an abundant number of

trees at the end year of the 28 chronologies. The high co-

herence of high-pass filtered TRW chronologies and local

summerMinT could suggest moderate non-climate-related

signal remaining in the TRW chronologies. By pooling 28

chronologies spreading all over the TP, we believe the site-

specific nonclimatic signals could be further removed, and

the relationship betweenTP chronology and temperature is

strengthened as chronologies are aggregated.

Atlantic circulation is a major source of natural vari-

ability of Northern Hemisphere climate (Delworth et al.

2016), includingmultidecadal variations inNHtemperature

(Knight et al. 2006; TungandZhou2013;Zhang et al. 2007).

We report that the negative AMV phase during 1963–94

offsets the greenhouse forcing–induced warming trends for

the entire TP, leading to anomalous cold summer condi-

tions during this epoch. In fact, the TP is one of the few

regions over Eurasia where summer MinT values reflect

AMVphase alternations over 1927–94. In 1995–2016, CRU

FIG. A1. Chronology compositions for above and below mean

elevation and their 30-yr loess smoothing (blue and black lines

respectively). (a) Horizontal dotted lines are the number of chro-

nologies for each composition. (b) Average of all chronologies and

replication number, red box indicates the interval used for TP

MinT reconstruction.

FIG. A2. Schematic graph for the prescribed bottom boundary con-

dition in the SST forced AGCM experiment ATL_VAR_AGCM.
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summer MinT values are higher than those of 1963–94 for

most regions of Eurasia. Since the mid-1990s, the positive

AMV phase has amplified summer warming of Eurasia

caused by anthropogenic forcing (Zhang et al. 2007). This

mechanism could also explain the unprecedented warm

period observed in the TP summer MinT since the 1990s.

However, an increased anthropogenic global warming

signal of the last decades could be solely responsible for the

unprecedented warming. While a quantitative attribution

of warming trends to AMV versus anthropogenic forcing is

outside the scope of this study, our findings suggest that

both theAMVphase and anthropogenic forcing need to be

considered when predicting future TP decadal temperature

variations.

The trend of instrumental TP summer MinT closely

follows that of Atlantic SST, which represents a com-

bination of greenhouse gas–induced warming and in-

ternal variability within the Atlantic Ocean. The TP

summer MinT anomaly of 1995–2016 is not unique

compared withmany other regions of Eurasia. Signals of

extra warming contributors, such as snow albedo and

absorbing aerosols, are likely absent in our sampling

sites for summer season, as the warming trends of TP are

asymmetrical across seasons, with the largest warming

trend in spring and winter (Liu et al. 2006, 2009; You

et al. 2008). TP forest stands are far below glaciers and

the 08C isotherm where positive feedback of snow al-

bedo is significant. The warming effect of absorbing

aerosols is prominent in west TP and Himalaya regions

in late spring (Gautam et al. 2009; Lau et al. 2010) and

may have a weak connection with summer minimum

temperature (Korner 1998; Rossi et al. 2008).

However, considerable uncertainties may still exist in

the observations, simulations, and diagnostics presented

in this study. There is a severe lack of instrumental re-

cords prior to the 1950s over the TP, especially for the

surface pressure field (Moore 2012; Liu and Chen 2000;

You et al. 2017). Although there are several reanalysis

FIG. A4. Calibration of the TP chronology with CRU TS4 TP

(278–388N, 758–1038E) summer MinT for periods (a) 1950–2005,

(b) 1901–49, and (c) 1901–2005. All data used in this figure are not

detrended.

FIG. A3. (a) Spatial correlation coefficients of the TP chro-

nology and 1950–2005 CRU TS4 summer MinT. (b) As in (a),

but using linear detrended data. Results are only shown where

P , 0.01. Black rectangles show the TP region defined in

this study.

1 JULY 2019 SH I ET AL . 4063



datasets that span throughout the twentieth century

(e.g., 20CR and ERA-20C), these products are based on

the assimilation of observational surface pressure. Thus,

the lack of observations of surface pressure over TP

makes these products unreliable over the TP for the first

half of the twentieth century. A limitation of theAGCM

simulations is that we only consider the SST forcing

confined over the Atlantic basin, and the influences of

other basins on the TP multidecadal variability should

be investigated and compared with the Atlantic basin in

the future. Additional uncertainties could also arise

from inhomogeneous distribution of the sampling sites,

varying time spans of the TRW records, and interpre-

tations of the correlations and mechanisms linking TP

MinT and AMV. We suggest that more temperature re-

constructions based on tree rings and other paleoclimate

proxies over the central and northern TP are still needed

to test our results.

5. Conclusions

Teleconnection between the AMV and TP is supported

by statistical analyses of observations, temperature

reconstruction spanning the last several centuries, and

AGCM modeling. Although speculative, the AMV

warm phase may induce a zonal dipole response of

atmospheric circulation with an anomalous surface

high and large-scale subsidence over Southeast Asia

and the TP region. This anomalous descending motion

leads to drying and surface air temperature warming.

We conclude that the variability in TP summer MinT has

been modulated by the AMV since 1648. Our results

FIG. A5. (a) Wavelet coherence (WTC) of CRU TP summer MinT with January–August

averaged North Atlantic SST (ERSST V4 dataset), (b) TP summer MinT reconstruction with

January–August averaged North Atlantic SST, and (c) TP summer MinT reconstruction with

annual AMV reconstruction by Wang et al. (2017). Calculations were performed using R

language with the ‘‘biwavelet’’ package. Black contours are significantly coherent at the 95%

level. Arrows pointing to the right mean summer MinT and SST/AMV are in phase; arrows

pointing upmean that SST/AMV lead summerMinT byp/2. The cone of influence (white lines)

designates the area affected by edge effects. In the area inside the cone, edge effects can be

neglected. For theAMV reconstruction ofMann et al. (2009) only smoothed data are available;

as a result, no WTC analysis is feasible.
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suggest a broad impact of AMV on Eurasian climate.

Further investigations are needed to fully understand the

teleconnection from Atlantic SST to Eurasian surface

temperature and to incorporate this information for re-

gional decadal prediction.
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APPENDIX

Additional Analyses

Detailed information about the sampling sites, chro-

nology composition, bottom boundary condition of the

SST-forced AGCM experiment, spatial correlation and

linear calibration between theTP chronology and summer

MinT, wavelet coherence analysis, composite differences

of the sea level pressure, and regressions of vertical ve-

locity and rainfall onto the AMV index are provided in

Table A1 and Figs. A1–A7.
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