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Tree rings reveal hydroclimatic fingerprints of the Pacific Decadal
Oscillation on the Tibetan Plateau
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Abstract

Predicting hydroclimatic changes on the Tibetan Plateau (TP) is crucial for managing water and ecosystems for the well-
being of millions of people. Our understanding of the synoptic conditions on the TP is, however, still limited due to the
paucity of meteorological measurements and proxy-based, high-resolution climate reconstructions. Here, we use state-of-
the-art dendroclimatological techniques to investigate the paleoclimatic potential of drought-sensitive Picea likiangensis
var. balfouriana forests between 4000 and 4500 m asl on the southeastern TP (SETP). The newly developed tree-ring
width chronology correlates significantly with yearly changes in regional relative air humidity (RH) (r=0.85, P<0.001,
1978-2011). A new 407-year-long reconstruction of RH over the hydrological year from previous year August to July of
the year of ring formation shows that, despite the generally humid conditions, four of the ten driest years are observed in the
twentieth century with 1983 having been the driest. On the other hand, seven out of the ten most humid years were found in
the eighteenth century. Our reconstruction reveals that the Pacific Decadal Oscillation (PDO) is the dominant climate driver
at multi-decadal scales, but the relationships are not stable over time, with unknown underlying mechanisms. Although our
study demonstrates the importance of the PDO for hydroclimate projections on the TP, caution is advised when considering
only its most recent fluctuations.

Keywords Climate dynamics - Dendroclimatology - Drought extremes - Hydroclimate - Proxy reconstruction - Relative
humidity - Tree rings

1 Introduction 2010; Trnka et al. 2018). Increasing air temperatures will
change the pace of the hydrological cycle as more water
Drought extremes, which are characterized by above-aver-  evaporates to the atmosphere. This may result in increased

age seasonal or annual water deficits, have a wide range of  rainfall variability at different time scales (Yu et al. 2017)

ecological and economic consequences (Mishra and Singh ~ and lead dry regions to become drier and humid regions

to become more humid (Chou et al. 2009). Such crucial

- - ] : ; changes, which are expected to accelerate in the future, sig-
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as hydrological, biogeochemical and ecological processes
(Chen et al. 2018). Predicting how hydroclimate will change
in a region therefore plays a major role in water resources
management and the assessment of drought or flood risks,
and has important implications for human communities
(Bordi and Sutera 2007). This effort, however, remains a
challenge because of the interplay of multiple synoptic cli-
matic drivers and because of the paucity of climate records
in both space and time.

The Tibetan Plateau (TP), also known as the “Water
Tower of Asia”, harbours the snow and ice that feed the
headwaters of Asia’s major rivers (Xu et al. 2008). Fore-
casting future hydroclimate changes on the TP is therefore
critical to the wellbeing of billions of people in Asia. The TP
has experienced significant warming over the past decades
(Duan et al. 2015; Liu et al. 2017), which we now know to be
unprecedented in at least the past six centuries (Liang et al.
2009; Zhu et al. 2011). Consequently, severe permafrost
melting (Wu and Zhang 2010) and a remarkable shrinkage
of glacial areas (Yao et al. 2012) have been reported. None-
theless, our knowledge regarding hydroclimate variability
on the TP is still limited and controversial. Some studies

suggest that the severity and spatial extent of drought stress
has been increasing (Ding et al. 2018; You et al. 2015) due
to the exponential response of saturated vapour pressure to
increasing air temperature (Eamus et al. 2013; Seager et al.
2015). Increases in precipitation have not been sufficiently
significant to counterbalance this trend (Wan et al. 2017). In
contrast, other studies report a trend towards overall more
humid conditions (Lamsal et al. 2017; Zhang et al. 2017a),
which are more favourable for vegetation.

Hydroclimate variability on the Tibetan Plateau is par-
ticularly high because of the complex interplay of different
synoptic drivers (Fig. 1), including the effects of the Indian
(Webster et al. 1998) and East Asian monsoons (Morrill
et al. 2003; Winkler and Wang 1993), the Atlantic Multi-
decadal Oscillation (AMO) (Krishnamurthy and Krishna-
murthy 2016; Liang et al. 2016), and other common external
climatic forcing factors such as solar (Duan and Zhang 2014,
Wang and Zhang 2011) and volcanic activity (Anchukaitis
et al. 2010). Indeed, because of the complex mountain struc-
ture and orography of the TP, which strongly influence local
circulation, different determinant drivers affect hydroclimate
variability at the local level in different regions of the TP.

Fig.1 Location of the study
site on the southeastern Tibetan
Plateau
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For instance, a north—south dipole of moisture conditions
was observed in the reconstruction of a meridional moisture
stress gradient index based on a network of 23 moisture-
sensitive tree-ring width chronologies on the eastern TP
(Zhang et al. 2015). To disentangle the influences of differ-
ent synoptic drivers and to gain a deeper understanding of
the mechanisms regulating the hydroclimate variations on
the TP, more high-resolution paleoclimatic data are needed
(Chou et al. 2009; Seager and Vecchi 2010).

Numerous efforts have been undertaken to reconstruct
past climate variability on the TP, including air tempera-
ture (Briuning and Mantwill 2004; Gou et al. 2014; He
et al. 2014; Liu et al. 2009), precipitation (Cai et al. 2015;
Griellinger et al. 2011; Sheppard et al. 2004), and soil mois-
ture indices such as the Palmer Drought Severity Index
(PDSI) (Fan et al. 2008; Fang et al. 2009; Wang et al. 2008)
and the Standardized Precipitation Evapotranspiration Index
(SPEI) (Nie et al. 2017). Climate variables representing
atmospheric drought conditions such as relative humid-
ity (RH), however, have received less attention (You et al.
2015). Representing a key component of a region’s hydro-
climate, atmospheric drought is different from soil drought,
and affects tree physiological processes (Saurer et al. 2000)
and forest productivity (Novick et al. 2016). Understanding
past variability in atmospheric moisture is thus essential for
reducing uncertainties in projections of climate and ecosys-
tem dynamics.

Only a handful of air humidity reconstructions are avail-
able for the TP. According to a summer RH reconstruction
based on tree-ring cellulose 8'%0, a distinct drying trend
is apparent on the eastern TP since the 1870s (Wernicke
et al. 2015). Subsequently, Wernicke et al. (2017) presented
two moisture-sensitive tree-ring 8'80 chronologies for the
southeastern Tibetan Plateau (SETP) that show a humid
period during 1700-1850 CE and a drying trend since the
mid-nineteenth century. Similarly, a tree-ring §'%0-based
reconstruction by GrieBinger et al. (2017) confirms a recent
drying trend on the TP but shows that such a trend is not
unprecedented in regard to the last 1500 years. Conversely,
a RH reconstruction for the period 1751-2005 showed no
significant centennial trend on the SETP from the 1820s
through the 2000s, despite a weakening of the Asian summer
monsoon and climatic warming during the 1980s—2000s (Shi
et al. 2018). The disagreement between the few existing RH
reconstructions for the TP calls for the development of addi-
tional reconstructions of atmospheric drought variability to
deepen our understanding of its underlying synoptic drivers.

Here, we investigate an old-growth Picea likiangensis
var. balfouriana (Rehder & E.H. Wilson) Hillier forest on
the SETP, where hydroclimate variations are potentially
regulated by branches of both the Indian and the East Asian
Monsoon systems (Fig. 1). We develop a 407-year-long RH
reconstruction and study its teleconnection to the major

synoptic drivers with the goal of identifying the main syn-
optic climatic circulation patterns that control hydroclimate
variability in this region.

2 Materials and methods
2.1 Study area and tree-ring sampling

The study area is located in Basu County of the SETP, where
climate is mainly affected by the Asian Summer Monsoon
system and where temperature and precipitation maxima
typically occur during the summer months (Fig. 1). We used
climate data from the Zuogong weather station (29°40'N,
97°50'E, 3780 m asl) for the period between 1978 and
2011. Mean annual temperature over this period was 4.7 °C.
Annual precipitation was 450 mm, with about 82% of the
precipitation falling during the monsoon season (from June
to September) (Fig. 2). The study species is P. likiangensis
var. balfouriana (Rehder & EH Wilson) Hillier, which is a
frost- and drought-tolerant coniferous species growing on
the shady or semi-shady slopes of mountains, where it usu-
ally forms a pure forest.

During summer 2012, we collected increment core
samples from trees at three elevations spanning from the
lowest forest distribution limit at around 4017 m asl to the
upper treeline at around 4495 m asl (Fig. 1; Table 1). At the
treeline, we set up three rectangular plots perpendicular to
the timberline (the upper limit of the forest border with at
least 20% canopy coverage), 30 meters in width and 100 to
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Fig.2 Climate diagram for the Zuogong weather station (3780 m) for
the period 1978-2011. MAT mean annual temperature, MAP mean
annual precipitation. 7em monthly mean temperature, 7mx monthly
mean maximum temperature, 7mn monthly mean minimum tempera-
ture, Precip mean monthly precipitation sum
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Table 1 Site information and

. . Site Lon Lat Alt  Span Trees MSL MTRW SD Skew MS Gini ARI
statistical metrics of the tree-

ring width measurements Upper 97.111 30.129 4495 1377 61 275 067 031 090 025 027 0.74

Middle 97.112 30.133 4250 1583 19 283 059 028 0.77 022 026 0.79

Lower 97.114 30.136 4017 1592 22 238 043 023 087 038 030 055

Composite — - - 1377 102 275 0.67 031 090 025 027 0.74

Span the longest time span of the oldest tree, Trees number of sampled trees/cores (one core per tree), MSL
mean segment length, MTRW mean tree-ring width, SD standard deviation, Skew asymmetry of data distri-
bution, MS mean sensitivity, Gini Gini coefficient, AR! first-order autocorrelation

180 meters in length depending on the distribution of trees
above the timberline. All trees larger than 5 cm in diam-
eter at breast height were cored. Since enough number of
old trees could be accessed in a relatively short distance at
the middle and lower elevations, we took cores from the 30
largest-diameter trees without setting up plots.

2.2 Development of the tree-ring width chronology

In the laboratory, the increment cores were air-dried,
mounted on wooden holders, and polished with progres-
sively finer sandpaper until ring boundaries were clearly
visible. Tree rings were visually examined and cross-dated
with a stereomicroscope (Leica Microsystems, Germany)
by comparing the ring patterns among samples. The ring
widths of each sample were then measured to a resolution of
0.001 mm using the Lintab-5 System (Lintab, Germany) and
then quality-checked and cross-dated using the COFECHA
program (Holmes 1983). To preserve long-term signals in
the tree-ring records and to avoid potential age-related biases
in the response to climate, only tree cores with cross-dated
ages of at least 100 years were retained for further analysis.

In order to get rid of age- and size-related growth trends
while preserving any climate-related variations, a cubic
smoothing spline with a 50% frequency-response cut-off
at the 200-year length was used to fit each raw tree-ring
width series. A tree-ring index series of each sample was
subsequently obtained by calculating ratios of the ring-width
measurements and the fitted splines per year. All tree-ring
index series were then averaged to obtain three elevational
site chronologies by computing the bi-weight robust mean
in order to reduce the influence of outliers (Cook and Kairi-
ukstis 1990). To check the coherence between the three site
chronologies, running correlations were calculated using
a window of 50-year length with 25-year overlap over the
entire common period. Given the strong common variations,
we developed a single composite tree-ring width chronology
from all of the tree-ring series using the same method as for
the site chronologies (Fig. S1).

Standard dendrochronological descriptive statistics were
calculated to assess the quality of the standardized chronol-
ogy. Mean sensitivity (MS) is an indicator of the relative

@ Springer

change in ring widths between consecutive years; a higher
MS suggests more sensitivity of tree-ring growth to inter-
annual environmental changes. The Gini coefficient (Gini)
measures the inequality among values of a frequency dis-
tribution, summarizing data heterogeneity with a single
number. Higher values indicate higher diversity (Biondi
and Qeadan 2008). The first-order autocorrelation (AC1)
assesses the relationship between growth in 1 year relative
to the previous year. Common signal strength was evaluated
using mean inter-series correlation (R,,,) and the percent
variance explained by the first principal component (PC1).
The Expressed Population Signal (EPS) and signal-to-noise
ratio (SNR) are functions of correlation (r) and sample size,
and evaluate the signal strength of the chronology. PC1 and
SNR were calculated for the common period 1851-2000 CE.
The median segment length (MSL) is a useful diagnostic for
determining the maximum low-frequency signal resolvable
in a tree-ring chronology (see Cook and Kairiukstis 1990,
pages 137-153). The Expressed Population Signal (EPS)
indicates the point at which replication within the chronol-
ogy is high enough to ensure reliability; an EPS value >0.85
indicates chronology reliability (Wigley et al. 1984).

2.3 Growth-climate relationships

In order to decipher the climate signals embedded in tree
growth variations, we calculated the Pearson Product-
Moment Correlation coefficients (r) between tree-ring indi-
ces and climate variables for the period 1978-2011. Because
the climate conditions of the previous year may affect tree-
ring growth in the current year (Fritts 1976), correlations
between the tree-ring width chronologies and monthly cli-
mate variables were calculated from previous May to cur-
rent September. The climate variables include monthly mean
temperature, monthly total precipitation, and monthly mean
relative humidity measured at the Zuogong weather station
(Fig. 2). In order to better represent the water availability
conditions, we calculated potential evapotranspiration (PET)
using Thornthwaite’s empirical method (Kumar et al. 1987),
and reference evapotranspiration (ET,) using the FAO Pen-
man—Monteith method, which explicitly incorporates both
physiological and aerodynamic parameters (Allen et al.
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1998). The Standardized Precipitation Evapotranspiration
Index (SPEI), another commonly used drought index, was
also calculated based on climate records from the Zuogong
weather station using the R package SPEI (Begueria and
Vicente-Serrano 2017). All calculations and significance
testing were processed using the R software (R Core Team
2018).

Due to the short time span of climate records from the
nearest climate station (starting in 1978), we also correlated
the composite tree-ring width chronology with climate vari-
ables from CRU TS4.01 spatially gridded climate data (https
://crudata.uea.ac.uk/cru/data/hrg/cru_ts_4.01/) (Harris et al.
2014) obtained from the KNMI Climate Explorer (http://
climexp.knmi.nl). Although the CRU data cover the period
1901-2016, most of the instrumental records in our study
region do not predate the 1950s. We therefore focused only
on the period 1950-2011.

2.4 Calibration/validation tests

The climate variable with the highest correlation with the
composite chronology was reconstructed over the full length
of the chronology. A linear regression was used to develop a
transfer function with the tree-ring chronology as the inde-
pendent variable and the climate data as the dependent vari-
able. To validate the linear model, a cross-validation method
(Michaelsen 1987) was used. The verification statistics cal-
culated over multiple leave-one-out regressions include:
Pearson’s correlation (r), explained variance (R, adjusted
explained variance (Rzadj), root mean square error (RMSE),
reduction of error (RE), sign test (ST), and product means
test (PMT) (see Cook and Kairiukstis 1990, pages 178—185).

2.5 Regime shift tests of the climate reconstruction

To characterize the temporal variation of the climate recon-
struction, regime shift analysis was conducted using the
Shift Detection Program version 3.2 (http://www.beringclim
ate.noaa.gov/regimes/). The algorithm for the program is
based on sequential t-tests that can detect the possibility
of a regime shift in mean values through time (Rodionov
2004). The sliding window for calculating the t-tests was set
at 10 years with a significance level of P <0.05. The climate
states and abrupt changes were compared with the pattern of
climate changes reported in other studies around the region.

2.6 Spectral coherence analyses

Pacific Decadal Oscillation (PDO) is the leading principle
component of monthly sea surface temperature (SST) anom-
alies in the North Pacific Ocean poleward of latitude 20°N
(Zhang et al. 1997). In this study, we performed a spec-
tral analysis using a multi-taper method (MTM) (Thomson

1982) to decompose the series and explore the relationship
between the RHg; reconstruction and the Pacific Decadal
Oscillation (PDO) over the common period. In particular, we
examined the spectral coherency characteristics and identi-
fied the peak response band of the association between the
two series at muti-decadal scales. The monthly PDO series
were generated based on UKMO Historical SST and Rey-
nold’s Optimally Interpolated SST datasets. The data are
publicly available at http://research.jisao.washington.edu/
pdo/PDO.latest.

3 Results
3.1 Tree-ring width chronology

Mean tree-ring width increased from 0.43 mm at the lower
site to 0.67 mm at the upper treeline with increasing standard
deviation. High sensitivity of tree radial growth to environ-
mental variations was indicated by reasonably high values of
mean sensitivity (ranging from 0.22 to 0.38) and Gini coef-
ficients (ranging from 0.26 to 0.30) (Table 1). A total of 102
crossdated cores from the upper treeline and two lower ele-
vations sites were used in this study (Table 1). MSL ranges
from 238 at the lowest site to 283 at the middle site, with
an overall mean value of 275 for the composite chronology.

Consistently strong correlations among the three site
chronologies were observed over the full length of the chro-
nology (Fig. S1), indicating the suitability of these tree-ring
series for the development of a robust composite chronology.
As the number of samples decreased back in time, a well-
replicated chronology period (1605-2011 CE) was selected
on the basis of expressed population signal (EPS) being
above 0.85. The 50-year moving Rbar for the composite
chronology ranges from 0.31 to 0.54 (Fig. 3).

3.2 Relationship between tree-ring growth
and climate

Relative humidity from previous year August to the cur-
rent July of ring formation was the climate variable that
correlated best with tree-ring growth (r=0.85, n=33,
P <0.001). The second best correlation was found to be
total precipitation over the same season (r=0.65, n=33,
P <0.001), although no significant correlations were found
for any individual month (Fig. 4). However, significant but
clearly weaker correlations were found between tree growth
and monthly temperatures of previous November and cur-
rent February and April (Fig. 4). These climate-growth
relationships were similar at each of the three elevational
sites (Figs. S2—-S4). Furthermore, we found significant but
lower correlations between the composite chronology and
drought indices including vapour pressure deficit (VPD) and
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Fig.3 Tree-ring width chronology for the site LGX, southeastern
Tibetan Plateau. The bold red curve in a is a 20-year Sacizky-Golay
filter (Savitzky and Golay 1964). The horizontal lines in b denote the

Standardized Precipitation-Evapotranspiration Index (SPEI)
during previous and current summer (Fig. S5).

The spatial extent of the climate-growth relationships was
further examined by calculating correlation fields between
tree-ring indices and spatially gridded CRU data. The cor-
relation fields between the tree-ring width chronology and
spatially gridded RH (Fig. S6) and precipitation (Fig. S7)
show a correlation peak on the SETP. However, the correla-
tions are lower than those with RH recorded at the weather
station.

3.3 Reconstruction of mean relative humidity
of the hydrologic year (RHg;)

Based on the above growth-climate relationships, the mean
RH of the hydrologic year (from previous August to cur-
rent July of tree ring formation, RHg;) was reconstructed.
The relative humidity data recorded at the Zuogong

@ Springer

spans of all tree-ring samples. The dotted line in ¢ indicates the 0.85
expressed population signal (EPS) threshold, above which chronolo-
gies are considered reliable

weather station were used to develop the transfer func-
tion over the period 1978-2011. The transfer function was
a linear regression model of RHg; against the composite
tree-ring width chronology as follows:

RHg; =41 + 14.5 X TRW (1)

where TRW is the composite tree-ring width chronology.
The final model accounted for 72% (P <0.001) of the total
variance in the RHg; over the calibration period 1979-2011
(Fig. 5b). In the leave-one-out cross validation, the values
of r (0.83) and R? (0.69) are high and close to the values
found in the calibration. The reduction of error (RE), sign
test (ST), and product means test (PMT) are all significant
at P<0.001, with MSE being 3.75 and RMSE being 1.94
for the validation (Table 2). These statistics suggest that the
calibration/regression model is strong and stable. The RHg;
was reconstructed for the period 1605-2011 by applying the
tree-ring data to the transfer function (Fig. 5a).
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3.4 Variations in the RHg, reconstruction

The shifting points identified in the regime shift analy-
sis provided an objective criterion for detecting the
warm/cold periods from the reconstructed RHg; history
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(Fig. 5b). Eight distinct drought episodes were identi-
fied: 1635-1656, 1736-1777, 1811-1823, 1864-1877,
1885-1894, 1907-1919, 1977-1997, and 2007-2011.
Similarly, five noticeable long-lasting humid episodes were
found in 1778-1787, 1878-1884, 1895-1906, 1920-1976,
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Table 2 Calibration and verification statistics of the annual (previous August—July) mean relative humidity (RHg,) reconstruction model using

the leave-one-out method for the period 1979-2011

Calibration Validation
r R? R, F r RE MSE RMSE ST PMT
0.85"" 0.72"* 0.71"" 79.96™" 0.83"" 0.69 3.75 1.94 26+/7- 409"

The climate records are from the Zuogong station, southeastern Tibetan Plateau

r Pearson’s correlation, R* variance explained, Rzadi variance explained adjusted by degrees of freedom, RE reduction of error, ST prediction sign

test

‘4+’: pair of actual and predicted temperatures showing same sign of departure from their respective mean values; ‘—’: different sign of depar-
ture; a non-parametric test is then performed based on the numbers of ‘+’ and ‘—’, PMT: t-value of product means test. ***P <0.001

Table3 The ten driest and the ten most humid years over the past
four centuries based on the hydraulic year mean relative humidity
(RHg,) reconstruction

Rank  Driest years ~ Number of SDs Most Number of
from mean humid SDs from
years mean
1 1983 -2.85 1786 2.65
2 1641 -2.83 1778 2.56
3 1914 -2.48 1787 2.56
4 1740 —2.45 1863 2.48
5 1852 -2.22 1719 2.46
6 1912 -2.21 1784 2.20
7 1635 -2.12 2000 1.96
8 1889 -2.08 1783 1.88
9 1937 —2.06 1966 1.79
10 1671 -2.01 1704 1.75

and 1998-2006. According to the reconstruction, the most
humid period occurred during the period 1778—1787. The
twentieth century was also characterized by general above-
average humidity, especially during the period 1998-2006,
which was the second most humid episode in the past four
centuries (Fig. 5b). In spite of the generally humid condi-
tions, four of the ten driest years are observed in the twenti-
eth century, with 1983 having been the driest. On the other
hand, seven out of the ten most humid years were found in
the eighteenth century (Table 3).

3.5 Correlations with PDO and global SST

A close association between PDO and the reconstructed rela-
tive humidity variations was detected, especially at decadal
scales (Fig. 6). This teleconnection was further evidenced
by the significant correlations between the instrumental
records of relative humidity (Zuogong station) and the mid-
western Pacific SSTs (Fig. S8). According to the spectral
coherence analysis, our reconstructed RHg; was significantly
correlated with the PDO reconstruction of MacDonald and
Case (2005), peaking at a 39-year periodicity (Fig. 6b). This
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relationship, however, was not temporally stable through-
out the common period since 1605 CE. A general antiphase
relationship between the two series is observed over the past
four centuries, except for a significant inphase epoch occur-
ring in the first half of the eighteenth century (Fig. 6b, c).
In the instrumental period of PDO, the inter-series correla-
tion is weak before approximately 1950 (r=0.08, P> 0.05),
then becomes significant and negative during the period
1950-2000 (r = —0.54, P<0.001). After the beginning of
the twenty-first century, a sharp reversal from a negative
to a positive relationship is observed (r=0.68, P <0.01)
(Fig. 6a).

To further test the association between PDO and our
reconstructed hydroclimate record, we correlated the RHg,
against HadISST1 sea surface temperatures (SST) over the
periods 1870-1950 (Fig. 7a) and 1951-2010 (Fig. 7b). We
found continuous positive correlation fields in the tropical
Pacific Ocean before 1950, but not over the equatorial areas
(Fig. 7a). In the period 1951-2010, the significant corre-
lation fields moved northward to the mid-western Pacific
(around N30°). The correlation fields in the north Atlantic
also strengthened during this period (Fig. 7b). Despite minor
changes in the amplitudes, these northward shifts of the
response centre from the tropical Pacific to the north-cen-
tral Pacific were also observed in the correlations between
reconstructed RHg; and SST from both ERSST VS5 (Fig. S9)
and ICOADS V2.5 (Fig. S10) datasets.

4 Discussion

4.1 Moisture-controlled tree-ring growth at high
and low elevations

It is generally assumed that trees in high-elevation forests,
especially at treelines, respond positively to vegetation-sea-
son air temperatures, as is observed in many extratropical
treelines (Korner and Paulsen 2004; Kullman 2002; Smith
et al. 2009). Such a response has been found at a number of
treeline sites on the TP (Liang et al. 2009; Lv and Zhang
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2013; Zhu et al. 2011). In this study, however, we report
a moisture-sensitive P. likiangensis var. balfouriana forest
along an altitudinal gradient in Basu County, SETP. Accord-
ing to the correlation analyses between tree-ring widths and
climate variables, the strongest climatic signal in tree-ring
growth is mean RH from previous August until the end of
July of the year of tree-ring formation, followed by total
precipitation over the same seasonal window. In terms of
temperatures signals, the correlations were generally weak
despite the positive correlations occurring in previous
November and current February and April. This suggests a
secondary growth limitation resulting from low temperatures
that occur prior to the growth season (Fig. 4), possibly due
to cold stress or short growing season. Thus, air dryness
outweighs the positive effect of temperature and moisture

|
40 60 100

Periodicity (Years)

80

availability and seems to be the major factor controlling the
variation in tree growth at treeline. Drought-sensitive tree
growth at treelines has also been observed in southern and
central parts of the TP (Liang et al. 2014; Liu et al. 2015;
Yang et al. 2013).

Relative humidity, an indicator of atmospheric drought
conditions, is strongly associated with global warm-
ing because of the exponential relationship between the
saturated vapour pressure in the air and air temperature
(Ding et al. 2018; Eamus et al. 2013). The increase in
atmospheric water demand results in a higher potential
to pump moisture out of soils and plants, known as the
global-change-type drought sensu Eamus et al. (2013). In
addition to RH, we calculated the vapour pressure defi-
cit (VPD) based on the instrumental records and found
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Fig.7 Correlations between the
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significant and negative correlations between VPD and
tree-ring width variations (Fig. S5). When air humidity is
low, trees tend to close their stomata at the cost of reduced
carbohydrate assimilation and, subsequently, reduced tree
growth (Adams et al. 2009; Eamus et al. 2013; Will et al.
2013). This global-change-type drought is presumed to
be exacerbated on the TP given the occurrence of above-
average warming (Imtiaz et al. 2013; Xu et al. 2018).
Significant correlations were also found between the
total annual precipitation from previous August to current
July and tree-ring width (Fig. 4). These results indicate the
importance of annual precipitation for tree growth (Fig. 4).
According to the climate records, the study area receives
less than 300 mm precipitation per year, representing the
dry pole of the Tibetan Plateau (Xu 2001). Water avail-
ability, which is anyway limited because of the low pre-
cipitation in this area, is further lost during surface runoff
due to steep slopes and shallow soil layers (Xu 2001).
The combination of low precipitation, water loss due to
steep terrain, and enhanced evapotranspiration have most
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probably made water the limiting factor for tree growth in
the studied forests, regardless of elevation.

4.2 Comparisons with other reconstructions
and documents

To further examine the reliability of the RHg, reconstruction,
independent hydroclimate reconstructions from the study
area and surrounding regions were obtained and compared
(Fig. 8). These reconstructions include a Palmer Drought
Severity Index (PDSI) reconstruction based on tree-ring
width data from northern Tibet (Wang et al. 2008), two sum-
mer RH-sensitive tree-ring 8'30 records from the southeast-
ern Tibetan Plateau (Wernicke et al. 2017), a SPEI recon-
struction based on tree-ring width data from Biru County of
the eastern Tibetan Plateau (Nie et al. 2017), and the closest
grid point of the spatio-temporal summer PDSI reconstruc-
tion from the Monsoon Asia Drought Atlas (MADA) (Cook
et al. 2010).
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Fig.8 Comparisons between
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To highlight low-frequency climate signals, all of the
compared reconstructions were smoothed using 20-year
Savitzky—Golay filters (Savitzky and Golay 1964). Several
salient feature periods of our reconstruction were found
to correspond to some or all of the other reconstructions
(Fig. 8), particularly the two severe dry periods 1907-1919
and 1977-1997, despite different reconstruction targets. The
three cold episodes identified in this study form a zigzag-
like pattern in the period 1865-1920 (Fig. 5b). Similar
pattern was observed in the tree-ring 8'%0 variations from
the Xinpu site (Wernicke et al. 2017). Another prominent
drought period around the 1650s was observed in all the
other hydroclimate records but with varying amplitudes and
timings. The long-lasting drought period around 1750, how-
ever, was generally out of phase with other reconstructions,
demonstrating the regional heterogeneity of hydroclimate
variations on the TP (Fig. 8).

In addition to the persistent dry or humid periods, our
reconstruction discloses a number of extreme years. It is
noteworthy that four out of the ten driest years occurred in
the twentieth century (i.e., 1914, 1912, 1937, and 1983);
these events are all well documented drought years on
the TP (Tibet Archive 1990). For instance, the year 1983

T T T IIIIIIII

1700

lllllllll

1750 1800

Year

1850 1900 1950 2000

was characterized as the driest in the past four centuries
(Table 3), possibly resulting from the strongest and most
devastating El Nifio event on record (Ashok and Yamagata
2009; Caviedes 1984).

4.3 Tree-ring based RHg, reconstruction reveals
regime shifts of the PDO

The PDO is a leading mode of climate variability that
affects precipitation regimes over Asia (D’Arrigo and
Wilson 2006; Krishnamurthy and Krishnamurthy 2014)
and North America (Mantua and Hare 2002). Although
the factors controlling its periodicity and strength remain
to be resolved, PDO climate information has been use-
ful for improving annual climate forecasts because of its
strong tendency towards multi-year persistence (Mantua
and Hare 2002). Hydroclimate variations in Asia (one of
the central response regions of the PDO) are in antiphase
with the PDO (Yang et al. 2017; Yu et al. 2018; Zhang
et al. 2017b). The Walker circulation is closely associ-
ated with tropical Pacific SST anomalies (Nakamura et al.
1997; Yu et al. 2018). During positive PDO phases, SSTs
tend to be anomalously low in the central North Pacific
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and coincident with anomalously warm SSTs in the east
(Mantua and Hare 2002). Low pressure over the North
Pacific causes enhanced counter-clockwise winds over
the North Pacific that strengthens the westward wind over
the equatorial Pacific. This leads to a stronger El Nifio
and colder SSTs in the western Pacific. The transport of
moisture from the Bay of Bengal and the South China Sea
to the study area is inhibited, leading to anomalous diver-
gence there (Xue et al. 2018; Yang et al. 2017). During
negative PDO phases, the distribution for SST anomalies
is nearly opposite that during positive PDO phases (Man-
tua and Hare 2002).

A consistent strong and negative relationship was
observed between our reconstruction (RHg,) and the PDO
at multi-decadal scales during the past four centuries, par-
ticularly in the second half of the twentieth century (Fig. 6).
According to our reconstruction, the driest episode in the
twentieth century started in 1977 and ended in 1997, corre-
sponding to a positive phase of the PDO (Mantua and Hare
2002). This PDO modulation of the decadal variability of
RH was observed in another tree-ring based relative humid-
ity reconstruction in northwestern Yunnan, southeast of our
study area (Shi et al. 2018). Li et al. (2018) found the PDO
to be positively associated with temperatures reconstructed
from tree-ring density series from Sygera Mountain on
the SETP. This is consistent with the negative association
between RH and the PDO observed in our study, which is
due to the inherent negative relationship between air tem-
perature and RH (Ding et al. 2018).

The correlation fields between RHg; and sea surface
temperature (SST) further confirm the distinct teleconnec-
tions between the PDO and hydroclimate in our study area
(Figs. S8-S10). Beyond the SETP, a continuous response
area in southern China was also observed in the correla-
tions between RHg; and the spatially gridded vapour pres-
sure in southern but not in northern China (Fig. S11). This is
consistent with the “North—South Dipole” pattern of annual
precipitation that modulated by the PDO over east China
(Yang et al. 2017). It also provides supportive evidence that
the western edge of the PDO influence region may extend
to the Qamdo Prefecture, SETP.

The teleconnection pattern to the PDO over the SETP
was, however, not temporally stable over the past four cen-
turies. In the instrumental record period of PDO, correla-
tions between our RH reconstruction and the PDO series
shifted after about 1950 from weak positive to significant
negative values, and then to significant positive correlations
around 2000 (Fig. 5b). The first turning point of the twen-
tieth century, around 1950, roughly coincided with a well-
documented regime shift of the PDO from a warm phase to a
cool phase (Nakamura et al. 1997; Newman et al. 2016). The
inherent regime shifts of the PDO may therefore have been
the trigger for the unstable teleconnection to hydroclimatic
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variability on the SETP. However, the second turning point
of correlations, around 2000, is not well evidenced and the
underlying mechanisms are still unknown.

Our reconstruction suggests several shifts in the PDO-
RH relationship in the past, and that such behaviour may
be expected in the future. Caution should therefore be taken
when applying the multi-decadal behaviour of the PDO
observed in twentieth century as a basis for anticipating
or planning for long-term variability in water resources
beyond the immediate future. In particular, we want to draw
attention to a unique epoch in the early eighteenth century,
when a significant and prolonged inphase relationship was
observed between our reconstruction and the PDO. How-
ever, the causes of the unstable interactions between the
SETP hydroclimate and the multidecadal PDO variability
are still unknown. We hope that these results will inspire
continued efforts to enhance the mechanistic understanding
of the influence of the PDO on hydroclimate on the SETP.

5 Conclusions

This study contributes a well-replicated reconstruction of
hydrological-year mean relative humidity (RHg;) on the
SETP over the past four centuries, where air humidity
records are still scarce. We found that the twentieth cen-
tury was characterized by generally more humid conditions,
although four of the ten driest years are observed in this
century, with 1983 found to be the driest over the past four
centuries. Seven out of the ten most humid years were found
in the eighteenth century. Our reconstruction reveals that
the PDO is the dominant climate driver at multi-decadal
scales, but that the relationships are not stable over time.
The mechanisms underlying the PDO-climate relationships
remain unknown. These results imply that the PDO may be a
useful tool for forecasting regional hydroclimatic variations
on the SETP. Additional studies are needed to clarify the
PDO mechanisms governing hydroclimate on the TP. Such
studies will improve our ability to predict future climate
changes under different warming scenarios.
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