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Abstract Based on accurate dating, we have determined
the stable carbon isotope ratios (8'°C) of five Crypto-
meria fortunei specimens from Mt. Tianmu, a subtropical
area in southern China. The five 8'3C time series records
are combined into a single representative §!°C time series
using a “numerical mix method.” These are normalized to
remove temporal variations of 8'* C in atmospheric CO, to
obtain a carbon isotopic discrimination (AB3C) time series,
in which we observe a distinct correlation between A'*C
and local April to June mean relative humidity (RH 4y;p)
(n=64, r=0.858, p<0.0001). We use this relationship to
reconstruct RH y; variations from ap 1648 to 2014 at Mt.
Tianmu. The reconstructed sequence show that over the
past 367 years, Mt. Tianmu area was relatively wet, but in
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the latter part of the twentieth century, under the influence
of increasing global warming, it has experienced a sharp
reduction in relative humidity. Spatial correlation analysis
reveals a significant negative correlation between RH yy;
at Mt. Tianmu and Sea Surface Temperature (SSTs) in
the western equatorial Pacific and Indian Ocean. In other
words, there is a positive correlation between tree-ring
813C in Mt. Tianmu and SSTs. Both observed and recon-
structed RH 4,y show significant positive correlations with
East Asian and South Asian monsoons from 1951 to 2014,
which indicate that RH .y from Mt. Tianmu reflects the
variability of the Asian summer monsoon intensity to a
great extent. The summer monsoon has weakened since
1960. However, an increase in relative humidity since 2003
implies a recent enhancement in the summer monsoon.

Keywords Mt. Tianmu, China - Cryptomeria fortunei -
Tree-ring 8'°C - Relative humidity - Asian summer
monsoon

1 Introduction

Quantifying the nature of ongoing climate change is an
imperative concern in today’s world. Paleoclimatic time
series records from around the globe are necessary to fully
understand past climate change and more recent anthropo-
genic impacts (Jones and Mann 2004). The acquisition of
high-resolution paleoclimate data is of special significance
for understanding climate change as a means of testing
and improving climate models, and improving the accu-
racy and reliability of model-based predictions. However,
the instrumental climate record is currently very limited
and far from meeting the needs for detailed climate change
simulations. Among the various geological and biological
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proxies available for detailed climatic reconstruction, tree
rings have several significant advantages, including: dating
accuracy, high resolution, temporal continuity, and wide
geographic availability (Mann et al. 2008; Cook et al. 2010;
Sano et al. 2009; Liu et al. 2010a, b, 2012b, 2015).

Tree ring studies contain a number of well-known cli-
mate proxies. Among these, stable carbon isotope records
(8'3C) have unique advantages, such as known fractiona-
tion mechanisms, high signal/noise ratios and good pres-
ervation of the low-frequency signals (Leavitt and Lone
1989a, b; Gagen et al. 2011; Treydte et al. 2009; McCa-
rroll and Loader 2004; Liu et al. 2012a, 2014). Stable car-
bon isotope records are especially useful for paleoclimate
studies in regions where climatic characteristics are not
captured well by conventional tree-ring width and density
studies (Loader et al. 2011; Liu et al. 2007).

In China, the relation between tree-ring 8'3C and climate
has been explored in some detail, and tree-ring 8'°C has
been shown to be an effective proxy to reconstruct temper-
ature (Liu et al. 2007, 2012a, 2014), precipitation (Wang
et al. 2001; Liu et al. 2003), the Palmer drought severity
index (Liu et al. 2010a, b), water use efficiency (Xu et al.
2013), and rainfall intensity in the marginal monsoon zones
(Liu et al. 2008). This research has greatly promoted the
development of dendroclimatology in China.

In this study, we selected Mt. Tianmu as a representa-
tive of a sub-tropical forest in southern China to establish
a relationship between tree-ring 8'>C and climate, follow-
ing strict dendrochronological methodologies. We have
reconstructed April to June relative humidity values in
the region, with more than 300 years of continuous cover-
age. These results provide a reference for further tree ring
research and climate reconstruction in warm and humid
regions. Previous studies from the region showed rela-
tionships between tree-ring 8'*C and climatic factors. For
example, precipitation and winter temperature signals were
found by using two trees (Qian et al. 2002, 1832-1997,
1833-1983), and an August to September maximum tem-
perature was reconstructed using one tree (Zhao et al. 2014,
1685-1985). However, for tree-ring isotopic study, at least
four trees are needed (Leavitt and Long 1984). In another
aspect, these 8'3C time series ended too early to show the
variation trends in the recent two decades. It is, therefore,
necessary to study additional samples from the region
to make a comprehensive assessment of the relationship
between stable isotopes and climate in a context of global
changes over recent decades.

Relative humidity (RH) is the ratio of water vapor pres-
sure in air to its saturated water vapor pressure at a given air
temperature. Existing research shows that relative humidity
is a dominant factor in the control of interannual tree-ring
8'3C changes (Saurer et al. 1997). Higher relative humid-
ity would result in higher humidity in air in the region and
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an increased likelihood of flooding, and vice versa. Accord-
ingly, it is imperative to research long-term changes in rela-
tive humidity.

2 Materials and methods
2.1 Sampling

Mt. Tianmu (119°24'11"E-119°28"21"E,
30°18'30"N-30°24'55"N), climbs steeply from an altitude
of about 300 m to more than 1550 m, near Linan City, Zhe-
jiang Province (Fig. 1). The mountain has relatively high
humidity year-round, under a subtropical warm and humid
monsoon climate (Zhao et al. 2005), with a range in relative
humidity from 67.0% in winter to 89.0% in summer. The
mean annual temperature is 8.86 °C, with a January mean
air temperature of —2.5°C and a July mean temperature of
20.0°C. Mean annual rainfall is 1419.8 mm (1956-1997,
Tianmushan Meteorological Station).

Mt. Tianmu features a complex vegetation distribution,
with vertical zonation according to elevation. The sam-
pling area is primarily covered with Cryptomeria fortunei,
and Hooibrenkex Ottoet Dietr. Thirty-two trees were sam-
pled at Mt. Tianmu for this study, from which 80 tree cores
were obtained, including 9 trees with 3 replicate cores each
(A-core, B-core, C-core). The samples were taken back to
the laboratory for cross-dating, based on the A-core and
B-core of all trees, using standard tree-ring research proto-
cols (Cook and Kariukstis 1990; Stokes and Smiley 1996)
for built width chronology to ensure definitive calendar
ages for every growth ring. The ring-width chronology for
Mt. Tianmu covers the period 1618-2014 ap. Statistical
characteristics of the standard chronology are shown in the
Supplementary Table S1.

2.2 Extraction of a-cellulose and construction of a §'°C
time series

Generally speaking, ring width and core longevity should
be considered for stable isotope analysis (Porter et al. 2014;
Leavitt et al. 2010). Therefore, we selected C-cores from
five trees with relatively long-lived, wide growth rings and
fewer absent rings for analysis of stable carbon isotopes.
The C-cores from five trees were systematically peeled off
from their most outer layer ring under magnification. Every
ring was sampled and placed into test tubes, and numbered
according to age. The longest sample is 397 years. To accu-
rately document 8'>C changes in the tree rings, we removed
lignin and hemi-cellulose. The cellulose was homogenized
by an ultrasonic cell pulverizer, using the Jayme-Wise pro-
cedure (Leavitt and Long 1984; Stuiver et al. 1987; Liu
et al. 1996, 2012a, 2014). The detailed steps are as follows:
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Fig. 1 Map showing the sampling site and the meteorological station nearby (the monsoon route is from An et al. 2006)

(1) soak the sliced sample in 200 ml of mixed solution
composed of benzene and alcohol (2:1); (2) dip into ace-
tone; (3) add sodium chlorite (NaClO,) and acetic acid until
the sample turns white in color to obtain holocellulose; (4)
repeatedly soak into 17.5% sodium hydroxide (NaOH) 3
times and rinse thoroughly until neutral; (5) soak into ace-
tic acid and rinse thoroughly until neutral. The a-cellulose
is then homogenized and freeze-dried.

The procedure used to determine §'°C in a-cellulose
was as follows: (1) a FLASH 2000 elemental analyzer
and dynamic combustion unit was used to oxidize the car-
bon to CO,; (2) the CO, was transferred to a DELTA V
ADVANTAGE isotope ratio mass spectrometer to measure
13C/12C ratios. One standard cellulose sample (IAEA CH3,
24.724%0) was inserted for every 7 samples. The 0.2%o of
measurement was obtained by repeated measurement of
TAEA CH3. All determinations were completed in the State
Key Laboratory of Loess and Quaternary Geology, Chinese
Academy of Sciences.

The tree ring carbon isotope ratio of cellulose is quoted
as 8'3C values (Coplen 1995):

8BC = (Rymoie/ Reandara — 1) X 1000%0 (1

sample

where R="3C/'">C and Rample @0d Ryndarg are the sample
and standard measured ratios, respectively.

813C time series of C-cores of five trees are indicated by
TM1-TM5 respectively, and the five time series are incor-
porated into the main 83C time series TM_com, a repre-
sentative 8'3C time series of Mt. Tianmu, obtained by the
numerical mix method (Liu et al. 2012a, 2014). Statistical
characteristics of every single 8'3C series of a-cellulose and
composite 8'3C are shown in Table 1. The average value of
every 8'°C series ranges from —22.97 to —21.25%o. Gen-
erally speaking, this is identical with previous research of
8'3C in Chinese pine in Helan Mountain and the Huangling
region in Shaanxi Province (Liu et al. 1996, 2004). During
the common period of 5 cores (1848—1976), the statistical
features of composite series are shown in Table 2.

Since the juvenile effects in trees (Freyer 1979; Leavitt
and Long 1984; Liu et al. 1996, 2012b; Hou et al. 2001;
Szymczak et al. 2012) are likely to enrich §'*C values from
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Table1 Statistical Parameter T™I ™2 ™3 TM4 T™5 TM_com
characteristics of the a-cellulose
§°C time series of Mt. Tianmu  Minimum value ~ —23.66%0  —24.53%  —23.41%  —23.69%c  —24.57%  —23.66%¢
Maximal value —19.86%0 —20.73%o —19.35%0 —20.64%0 —20.65%o —20.18%o
Mean value —21.35%o0 —21.81%o0 —21.25%0 —22.20%o —22.97%o —21.66%0
ARI 0.63 0.49 0.65 0.75 0.68 0.56
AR2 0.56 0.49 0.55 0.62 0.55 0.52
AR3 0.47 0.45 0.50 0.55 0.51 0.41
Sequence length 392 337 363 167 172 397
Start and end year  1618-2013  1637-1976  1625-2014  1847-2014  1838-2014 1618-2014
Standard deviation — +0.64 +0.56 +0.62 +0.61 +0.64 +0.57
Skewness —-0.53 -1.02 —-0.18 —-0.08 0.37 -0.41
Kurtosis 0.37 2.19 —0.06 -0.36 1.17 0.31

Table 2 Statistical characteristics of the §'3C composite time series
during common interval (1848-1976)

Statistical term Statistic
Mean value —21.7%0
Standard deviation +0.57%o0
Skewness 0.47
Kurtosis 0.36
Mean sensitivity 0.15
Signal-to-noise ratio 3.22
Mean correlation within series 0.53
Autocorrelation

ARI1 0.72

AR2 0.30

AR3 0.12

close-to-core tree rings (Leavitt and Long 1984; Freyer
1979), it is necessary to remove the interference of juve-
nile effects. Among the 5 sample cores analyzed here, TM4
and TM5 have abandoned samples about 30 years close
to the core in the sample peeling, while TM1, TM2, and
TM3 contain core rings. After consideration, we removed
the data of TM1, TM2, and TM3 from the first 30 years to
eliminate any potential juvenile effects in the §'°C record.
With the elimination of juvenile effects, the statistical

correlation between the individual time series of §'°C in
Mt. Tianmu is shown in Table 3

We noticed the relatively negative 8'°C values of TMS5,
but its explanation is difficult. It may be caused by different
standing conditions. However, the variation in 8'13C of the
TMS series is synchronous with the other 4 cores (Table 2;
Fig. 2a). Previous studies have shown that there is no abso-
lute reference value for comparison, so we have used the
mean of several trees as the true value (Leavitt et al. 1984).
The between-tree variability in the absolute isotopic ratios
is a significant but surmountable problem, and more sam-
ple size in generating the final composite is a good way to
solute this problem (McCarroll and Loader 2004)

There is significant correlation among the five time
series, with significant first-order autocorrelation (AR1) of
5 single series and composite series, indicating that there is
a significant isotope lag effect from the previous year to the
present year, in both the single series and composite series,
and significant correlation between the individual 8'*C time
series. In particular, the correlation coefficients between the
composite series and single series are greater than 0.7, indi-
cating that the composite series effectively captures 8'°C
variations in growth rings of local trees (Fig. 2a).

Our tree-ring 8'3C composite showed a significantly
increasing trend in recent decades (Fig. 2a), consistent with
a previous study that is 17 years shorter than ours, in the

Table 3 Statistical correlation

813c/ABC
between the §'3C and A'3C time
series TM1 TM2 TM3 T™M4 TM5
313c/ac T™M1
TM2 0.50/0.39
TM3 0.68/0.70 0.49/0.36
TM4 0.48/0.68 0.68/0.55 0.50/0.71
TM5 0.57/0.59 0.39/0.22 0.48/0.51 0.38/0.60
TM_com 0.79/0.80 0.72/0.61 0.80/0.81 0.75/0.90 0.74/0.76
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Fig. 2 a Single and composite 8'>C time series (with 30 years of juvenile growth removed); b composite Mt. Tianmu A'3C time series

region that the 8'°C series had shown an increasing trend
from 1975 to 1997 (Zhao et al. 2014).

A large amount of isotopically “light” carbon has been
emitted into the atmosphere due to the use of fossil fuels
since the start of the industrial revolution. This has been
sufficient to decrease 8'°C values in atmospheric CO, and
in plants (McCarroll and Loader 2004; McCarroll et al.
2009). Therefore, to understand climatic effects in tree ring
8'3C records, it is necessary to filter out the anthropogenic
imprint of fossil fuels (McCarroll and Loader 2004).

Adopting the approach developed in the study of 8'3C
ratios from CO, in ice core bubbles (McCarroll and Loader
2004) to 83 C of atmospheric CO,, we obtained a normal-
ized carbon isotope fractionation time series (Carbon Iso-
topic Discrimination, A). A is defined as:

tree)/(l - 613Ctree/1000) (2)
where 6'7C,; is the 6°C value of CO, in the atmosphere,
and 6"°C,,,, is the measured 6"°C value determined in tree
ring cellulose.

A= (s"C, -s"C

This value serves to remove atmospheric variations
in the 8'°C time series that are unrelated to climate. We
observe that all five of our individual A'>C time series and
our composite A'>C time series show significant correla-
tion (Table 3). This indicates that these chronologies share
a common high frequency signal, and the composite A'*C
time series record captures changes in the individual tree
ring time series. Figure 2b shows the composite tree-ring
time series of A'*C in Mt. Tianmu. We examine the impli-
cations of our A'®C time series in terms of climate in the
following discussion.

3 Climate data

We selected a 64-year meteorological record from the
Hangzhou station (120°17'E, 30°23'N, altitude: 43.2 m,
1951-2014), which is located in the same climatic region
and incurs no data loss.
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Prior to the study, we perfomed homogeneity and muta-
tion tests (Potter 1981; Peterson and Easterling 1994;
Easterling and Peterson 1995) on the records, select-
ing four meteorological stations as references, includ-
ing Tianmushan (119°42'E, 30°35'N, altitude: 1502.9 m,
1956-1997), Chunan (119°02'E, 29°62'N, altitude:
172.2 m, 1998-2014), Ningguo (118°98'E, 30°62' N, alti-
tude: 89.0 m, 1956-2014) and Huangshan (118°15'E,
30°13'N, altitude: 1836.3 m, 1956-2014). The results of
the homogeneity and mutation tests indicate that the mete-
orological data at the point are true and reliable, and are
suitable for detailed study.

We note that there exit discrepancies of RH between the
Tianmushan (nearest to our sampling site) and Hangzhou
station (Xu et al. 2016), which may be caused by a different
geographic location (e.g., altitude, plain/forest). However,
the RH record of the Tianmushan station is much shorter
(42 years) than that of the Hangzhou station (64 years). The
Tianmushan records only extend to 1998, with incomplete
coverage in some years. More importantly, the decreasing
trend in relative humidity (RH), which is discussed below,
recorded in nearby stations in large scale, was not observed
at the Tianmushan station.

We used the meteorological data from China Integrated
Meteorological Information Service System (CIMISS,
http://data.cma.cn). The monthly mean temperature, pre-
cipitation and relative humidity at the Hangzhou mete-
orological station are shown in Fig. 3a. The mean annual
precipitation is 1421.7 mm and the precipitation reaches a
maximum in June. The monthly mean temperature peaks in
July and August, and the annual average relative humidity
is 77.4%, with 2 peaks in June and September.

4 Correlation between A*C and climatic factors

To ascertain the representative significance of the compos-
ite Tianmu A'3C time series in terms of climate, we apply
Pearson correlation functions to assess the covariance
between the A'*C time series and primary climatic factors
(average temperature, precipitation, and relative humidity)
from the Hangzhou Meteorological Station (Fig. 4a). Tem-
perature and relative humidity are the main climatic factors
that appear to influence tree ring 8'°C. The temperature
relationship is expressed as a negative correlation between
A"C of tree ring and temperature from the previous August
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temperature, precipitation and —A— Relative humidity(%) £~
relative humidity at the Hang- | —-©—- Temperature( C) i AN 1
zhou Meteorological Station 25 [ Precipitation(mm) d \
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ture, precipitation and relative 3 ;\? | —_
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during 1951-2014 ap; b scatter diagram of the correlation between
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to July of this year, while relative humidity is positively
correlated with tree ring A'*C for every month during this
period. In addition, there is significant correlation between
tree ring A'*C and temperature from August to October of
the previous year and from the growing season March to
July of the current year. Figure 4a shows that higher rela-
tive humidity values would result in higher A'*C values,
and vice versa. There is an inverse correlation between
local temperature and relative humidity (Fig. 3b). Conse-
quently, the observed inverse correlation with temperature
given in Fig. 4a is reasonable.

The above results also conforms to known 8'3C isotopic
fractionation mechanisms in plant cellulose (Farquhar et al.
1982). There is a reasonable physiological explanation. As
Cryptomeria fortunei absorbs CO, through foliage, and in
the case that relative humidity is higher in the growing sea-
son (lower temperature), the foliar surfaces will open wider
and thus absorb more CO, into the foliage for photosyn-
thesis. Lighter carbon atoms (20) escape from within the
foliage by transpiration, leaving a higher proportion of *C
behind, therefore enriching the '*C content of the foliage.

The growing season of Cryptomeria fortunei, Hooi-
brenkex Ottoet Dietr is from April to October (Jiang et al.
2012). After a combination of months, we find that the cor-
relation with mean relative humidity (RH ;) in the grow-
ing season, from April to June, is 0.86 (n=64, p <0.0001)
(Fig. 4b) and the correlation with mean temperature from
April to June is 0.75 (n=64, p<0.0001). Although there
is high correlation between A'3C and RH (r=0.80, n=63,
p<0.001) during the previous August to October as well as
temperature (r = —0.64, n=63, p <0.001), the values of the
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1951-2014); ¢ comparison of reconstructed and observed mean
relative humidity sequence from April to June during the period
19512014 ap at Mt. Tianmu; d comparison of first-order difference
sequence

first difference are quite low, being 0.18 and —0.04, respec-
tively. This correlation does not meet the requirements for
climate reconstruction.

We, therefore, are more inclined to reconstruct RH yyy
by the A'C time series, since a change in RH,y;; is more
likely to determine a change in tree ring carbon isotopes at
Mt. Tianmu.

Mt. Tianmu is in a subtropical zone, with higher sum-
mer temperatures and relatively less summer rainfall from
July to September. This pattern results in lower relative
humidity during mid-summer (Fig. 4a shows a low in July).
The highest relative humidity is in early summer, coincid-
ing with the early growing season of Cryptomeria fortu-
nei. We performed analysis of partial correlation among
temperature, precipitation, and average relative humidity
from April to June. With precipitation held constant, the
correlation between RH y .y and mean air temperature from
April to June is r=0.74 (p <0.001); With temperature held
constant, the correlation between RH 4y,y and precipitation
from April to June is ¥=0.30 (p <0.05), indicating that the
mean temperature from April to June is the main control-
ling factor influencing RH ,\;, while precipitation does not
exert a significant influence on RH yyqy.

Also, 8'3C variations are linked to the vapor pressure
deficit (VPD). According to the equation (Castellvi et al.
1997): VPD=¢e*(T,) — e~e*(T,)[1-hy/100], there exists
a negative correlation between VPD and RH. A decrease
in RH leads to an increase in VPD. Thus, A'*C would
decrease and, ultimately, 8'3C would increase, and vice
versa.
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5 Results and discussion

According to the analysis above, we designed the following
transfer function to carry out a simulated reconstruction of
mean relative humidity from April to June at Mt. Tianmu:

RH g = 4.921A3C + 6.655 3)

(n=64, r=0. 858, p<0.0001, R*=0.737, R ;=0.732,
SE=2.676, F=173.336, D/W=1.455), where RH y is
the mean relative humidity in the growing season from
April to June in Mt. Tianmu, and D/W is the determination
coefficient of Durbin-Watson. It is observed from the table
look-up that when n=64, D/W lies between 1.41 and 1.47,
indicating that the reconstructed equation is free from first-
order autocorrelation.

The split-sample method (Meko and Graybill 1995) was
used to test the reliability and stability of the reconstructed
sequence of RH ;. The test requires calculation of a
series of statistics, including the sign test (S1, S2), RE, and
CE. If RE >0, the reconstruction is considered to be stable
and the reconstructed equation is considered to have passed
the test. If CE >0, the result of the reconstruction is consid-
ered to be reliable (Liu et al. 2013a).

As the result shows in Table 4, the reconstructed model
is reliable and stable. Especially in two different time peri-
ods, CE is 0.549 (1981-2015) and 0.167 (1951-1985),
much higher than zero and the ideal values. The total
variance explained (R?) is 73.7%. Sign test (S7) is used
to test the similarity between the reconstruction and the

observation sequence; product mean (f) is used to deter-
mine whether the reconstructed and the observed sequences
of each year are the same.

Figure 4c shows that the reconstructed sequence tal-
lies with the observed sequence to a great extent, although
after the first-order difference, there is still a signifi-
cant correlation between the two sequences (Fig. 4d,
r=0.56, p<0.0001, n=63), indicating that our recon-
structed sequence has captured the changes characteristic
of the observed sequence at both high frequency and low
frequency.

Based on Eq. (3), we reconstructed the sequence of
RH \y;; changes at Mt. Tianmu in the period 1648 to 2014
(Fig. 5). We take the mean relative humidity (78.1) from
April to June as the mean value for the period 1951 to 2014,
lo=2.7. We defined the following: dry year < mean—1loc
(75.4), humid year > mean+1lc (80.7), normal year
between 75.4 and 80.7. We find that there are 34 dry years
(accounting for 9.3% of the total sequence) and 83 humid
years (accounting for 22.6% of the total sequence), and
the remaining 250 years are normal years (accounting for
68.1% of the total sequence) over the past 367 years. Humid
years occurred more frequently than dry years in the Mt.
Tianmu region. However, since 1960, a drastically different
drying trend occurred. After 1990, dry years increased, and
after 2000, the drought intensified with continuously rela-
tively drier years and no humid years.

Our RH ,y; reconstruction could be well compared to
other observed RH y; from different stations (Tianmushan,

Table 4 Statistics of the split calibration-verification model for the mean relative humidity reconstruction

Calibration Verification
Period r R ST t Period r R RE CE ST t
1951-1980 0.461%* 0.212 19 4.896%* 1981-2014 0.843%* 0.711 0.838 0.549 29%%* 6.020%*
1985-2014 0.855%%* 0.731 27%%* 6.180%* 1951-1984 0.496%* 0.246 0.840 0.167 23 5.9327%
1951-2014 0.858%*%* 0.737 49%* 6.856%* - - - - - - -
*Significant at the 95% confidence level
**Significant at the 99% confidence level
Fig. 5 Reconstructed mean .
. L . Reconstruction
relative humidity series from 11-vear moving average
April to June during the period e 85} y 9 9
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Hangzhou, Ningguo, Nanjing, Nanchang, Fuzhou, and
Nantong). They all displayed synchronous variation trends
in RH gy (Fig. 6). That is to say, our reconstruction could
represent RH y,; variations on a large scale. It should be
noted they all showed a sharply decreasing trend after the
1960s, likely reflecting the weakening of the East Asian
summer monsoon since then (Xue et al. 2015).

The spatial correlations were also carried out using the
KNMI Climate Explorer (http://climexp.knmi.nl). Calcu-
lations show that there is a significant negative correlation
between RH y;; in Mt. Tianmu and SSTs in the western
equatorial Pacific Ocean and Indian Ocean (Fig. 7), that
is, a negative correlation between the tree ring A*C and
SST. Monsoons from the Indian Ocean and western equato-
rial Pacific Ocean transfer heat to southern China, due to
seasonal temperature increases in the tropics. The nega-
tive correlation between temperature and relative humidity
observed for Mt. Tianmu (r = — 0.76, n=64, p<0.0001),

means that as relative humidity decreases, tree ring 8'°C
values increase, and vice versa.

Calculations show that there is a positive correlation
between either the observed or reconstructed RH yy;y and
the monsoon index of East Asia and South Asia from
1951 to 2014 (Table 5). This is consistent with the spa-
tial correlation shown in Fig. 7. Since Mt. Tianmu is
near the western Pacific Ocean, the influence of the East
Asian summer monsoon on the region is stronger than the
influence of the South Asian monsoon, showing that the
reconstructed sequence of RH .y, and the sequence of
EASM by Guo are consistent with each other in terms of
interannual changes and overall trends (Fig. 8). When the
Asian summer monsoon is stronger, the RH ,yy value
is higher; when the Asian summer monsoon becomes
weaker, the RH ,y; value is lower.

From this point of view, the key information con-
veyed to us by Fig. 5 is that since 1960, Asian Summer
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Fig. 7 Spatial correlation map with ERSST v4 SST 1951-2014 (p <0.05). a Observation, b reconstruction
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Fig. 8 Comparison between reconstructed mean relative humidity
(red line) and the East Asian Summer monsoon (black line) (Guo
1983). Thick lines are 5—year moving averages. The intensity of the
summer monsoon was defined by the pressure gradient between the
land and sea from 10°N-50°N, 110°E-50°E (Guo 1983)

monsoons have been on the decline, in particular East
Asian summer monsoon. This conclusion is consist-
ent with previous research findings (Guo 1983; Liu
et al. 2013a, b, 2017a; Li et al. 2015), and the declining
trend is consistent with the trend towards global warm-
ing, because global warming weakens the Asian Summer
monsoons (Yang et al. 2015). However, we also find that
relative humidity on Mt. Tianmu started to increase after
2003, which suggests a possible rebound in the Asian
Summer monsoon for about the last decade.

RH ,y;; in the Mt. Tianmu area and mean relative
humidity in Yaoshan (about 800 km away from the north-
west of the Mt. Tianmu area), reconstructed by tree ring

5'80 from April to September, compare closely (Table 6;
Fig. 9, Liu et al. 2017b). After an 11-year moving aver-
age, Mt. Tianmu and Yaoshan are similar in terms of the
changes in relative humidity from 1839 to 1953. However,
the 2 curves diverge from 1953 to 1980, likely because Mt.
Tianmu is closer to the Pacific Ocean moisture source and,
hence, more water vapor. After 1990, the 2 curves again
decline along a similar trend, reflecting the weakening of
the Asian Summer monsoon at that time.

The reconstruction is synchronous with RH of Yaoshan,
which implies that the climatic response between the car-
bon isotope of tree rings and RH was stable through the
past 350 years.

6 Conclusions

We selected five Cryptomeria fortunei specimens from
the Mt. Tianmu to reconstruct relative humidity in south-
ern China. The relation between tree ring 8'°C and climate
are examined closely by means of strict dendrochronologi-
cal methods. After normalizing the influence of atmos-
pheric CO,, we observed a robust correlation between
A3C in our composite tree ring time series and RH AMJ
in the growing season, with correlations of up to »=0.86
(n=64, p<0.0001). We used the A'’C composite time
series to reconstruct RH y; at Mt. Tianmu for more than
300 years. We find that in the Mt. Tianmu region, the mean

Table 5 Statistical correlation between mean relative humidity on Mt. Tianmu and the East and South Asian monsoon indices

Period Observed RH sy Reconstructed RH
East Asia monsoon index (Li and Zeng 2003) 1951-2014, June—July 0.23, p<0.07 0.28, p<0.03
East Asia monsoon index (Guo 1983) 1951-2000 0.59, p<0.0001 0.62, p<0.0001
South Asia monsoon index (Li and Zeng 2003) 1951-2014, June—August 0.37, p<0.003 0.28, p<0.03

@ Springer



Tree-ring stable carbon isotope-based April-June relative humidity reconstruction since... 1743

Fig. 9 Comparison of recon-
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Table 6 Statistical correlation of reconstructed mean relative humid- References

ity between Mt. Tianmu (from April to June) and Yaoshan (from
April to September)

1835-1953 ap 1835-2008 Ap

Original series r=0.29, p<0.001 r=0.20,
p<0.01
11-year moving average r=0.48,p<0.1,df=11 r=0.29,df=16

temperature from April to June is the main controlling fac-
tor for change in RH y;, while precipitation shows minor
correlation with RH ;.

The reconstructed RHygy also showed positive cor-
relations with both the East Asian and South Asian sum-
mer monsoon indices in the period 1951 to 2014, indi-
cating that RH 4y in Mt. Tianmu reflects changes in the
Asian Summer monsoon intensity to a great extent. The
results also show a strong similarity with the Yaoshan site,
reconstructed based on tree ring 8'%0. In particular, after
computing 11-year moving averages, the growth season
sequences showed simultaneous variations from 1839 to
1953 and during a common decline in relative humidity
after 1990, concurrent with a persistent decline in the Asian
Summer monsoon and an increase in global warming.

It is no doubt this research could provide useful informa-
tion about climate variation in the past in the sub-tropical
region of southern China, where a high-resolution proxy is
still lacking. To better understand Asian monsoon behav-
ior, more and longer RH reconstructions are needed in the
future.
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