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Abstract Relative humidity is an important factor in
water and water vapor feedback cycles. In this study, we
established a 222-year annual tree-ring 3'%0 chronology
for Siberian larch (Larix sibirica Ldb.) from the Altay
Mountains in northwestern China. Climate response anal-
yses revealed that the relative humidity was the primary
factor limiting tree-ring 8'®0 fractionation. Based on our
analysis, tree-ring 8'%0 can be used to reconstruct the July—
August relative humidity based on both a reasonable
mechanism of tree-ring 8'%0 fractionation and a statisti-
cally significant regression model. We used this model to
reconstruct variations in the July—August relative humidity,
and the model explained 47.4 % of the total variation in the
measured relative humidity data from 1961 to 2011. The
relative humidity in the study area increased from 1900 to
the 1990s and decreased thereafter. Two regime-shift dry
periods were detected during the study period (one from
1817 to 1830 and the other from 2004 to 2011).
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1 Introduction

Relative humidity is an important factor for water and
water vapor feedback cycles and for the energy balance of
the atmosphere system. For example, the feedback between
water vapor and clouds depends strongly on changes in the
relative humidity [1, 2]. Relative humidity is also a vital
factor that determines the balance of water and gas
exchange during plant transpiration and photosynthetic
assimilation [3, 4]. It directly influences plant water rela-
tions and indirectly affects leaf growth, photosynthesis,
shoot growth, disease occurrence, and the economic yield
of crops, among other factors [5-8]. Thus, relative
humidity is an essential factor in studies of climatology and
plant ecology.

However, relative humidity is one of the most difficult
environmental factors to monitor [7]. Although accurate
and relatively simple instantaneous measurement is feasi-
ble, continuous humidity measurements were not available
for most locations in northwestern China until the late
1950s. Long-term knowledge of the variability of relative
humidity is beneficial for assessing the historical variability
of regional water systems, hydrology, and plant ecology in
arid and semiarid areas such as northwestern China. Based
on a tree-ring isotopic model, 8'%0 in tree rings can
potentially record the variability of relative humidity. Tree-
ring 5'%0 values are primarily controlled by the meteoric
(source) water availability and by isotopic enrichment in
leaf water [9, 10]. The 8'80 in leaf water is enriched in 20
by transpiration at low relative humidity and depleted at
high relative humidity [11-13]. Since relative humidity
strongly controls stomatal conductance, tree-ring cellulose
3'%0 is affected by the stomatal aperture [9, 14], and
preserves information on the relative humidity conditions
when plant tissues that incorporate '*O formed.
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The Craig—Gordon model for isotopic fractionation has
been modified for use as a tree-ring 3'%0 model [15]:

518006“ = (1 _fo) [51805 + (ge + ‘ek)(1 - h) + 80]
+ £(0"0s + &), (1)

where 880, and 8'%0, are the 3'%0 in the tree-ring
cellulose and the source water, respectively. f, is a damping
factor, ¢ is the equilibrium fractionation factor, ¢ is the
kinetic fractionation factor, /4 is the relative humidity, and
&, 1s the biochemical fractionation factor.

According to the tree-ring 380 model [9, 10, 15, 16],
variation in the relative humidity leaves a fingerprint in the
tree-ring 5'%0. The tree-ring 5'%0 has, therefore, been used
as a potential tool to detect the variations in relative
humidity [17-23].

Herein, we report the results of a study designed to
develop a proxy for seasonal relative humidity in the Altay
Mountains of northwestern China using the 5'®0 values in
tree-ring cellulose. We reconstructed the relative humidity
from 1790 to 2011 using the resulting model, and analyzed
the variations in relative humidity in terms of their trends,
regime shifts, and extreme years. We then compared our
reconstruction with several other regional moisture envi-
ronment reconstructions to validate our results.

2 Materials and methods
2.1 Climate of the study area

The study area is located in the Altay Mountains region of
northwestern China (Fig. 1). We based our analysis on
climatic records from the Fuyun meteorological station
(46.98°N, 89.52°E, 826.6 m a.s.l), which is the station
nearest to the sampling site (about 60 km). The data were
obtained from the Chinese meteorological data center
(http://www.cma.gov.cn/2011qxfw/2011qgsjgx/). We tested
the records for homogeneity using the standard normal
homogeneity test [24] and found no abrupt changes. The
climatic parameters in our analysis included monthly
temperatures (maximum, minimum, and mean), the
monthly total precipitation, and the mean monthly relative
humidity from 1961 to 2011. The climate records from the
Fuyun station showed that the study region has a cool
climate with a multi-year mean annual temperature of
3.0 °C. January (with a monthly mean temperature of
—21.6 °C) and July (22.2 °C) are the coldest and warmest
months, respectively (Fig. 2a). The total annual precipita-
tion is 190 mm, and the two wettest months are July and
November. The average annual relative humidity is
59.2 %, with higher values from January to March (mean
74.5 %) and from November to December (mean 75.1 %).

Fig. 1 Location of the sampling site and meteorological station

Fig. 2 a Climate of the study area (values are mean =+ standard
deviations); b the variations of July—August mean temperature,
precipitation, and relative humidity from 1961 to 2011. Dashed lines
represent linear regressions between the climatic parameters and time

From May to September, the relative humidity averages
around 45.6 % and about 48.7 % of the total annual pre-
cipitation are received during this period. Figure 2b shows
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that since 1961, the July—August temperature in the area
has increased significantly (0.6 °C/decade, P < 0.001)
while relative humidity has decreased significantly
(—1.7 %/decade, P = 0.003). July—August precipitation
showed a slow and only marginally significant increase
overall, but showed a decreasing trend from 1990 to 2011.

2.2 Sampling and cross-dating

Siberian larch (Larix sibirica Ldb.) is a dominant tree species
at altitudes from 1,400 to 2,400 m a.s.l. in the Altay Moun-
tains. This species has strong resistance to both cold and
drought. The Siberian larch forms surface root systems as
well as adventitious roots; therefore, it has a shallow root
system [25]. In the study area, the larch begins its growth in
May, enters a period of fast growth during June and July, and
becomes dormant beginning in September [26]. The larch
forms mixed stands with a crown cover of 10 % to 15 % and
a distance of about 10 m between trees at the sampling site
(47.52°N, 89.48°E; Fig. 1). The soil is characterized by a
relatively small stone content and a moderate amount of clay.
The source water for the Siberian larch is primary from the
summer precipitation and less from snow [27]. The 8'*0 of
source water (soil water) of tree has an important role for the
tree-ring 5'%0 [9, 15], but no data of source water 5'%0 are
available to discuss this issue here.

We collected 32 tree-ring cores (two cores per tree)
from larch growing at altitudes ranging from 2,090 to
2,140 m a.s.] at the upper tree-line using a 12-mm-diameter
increment borer (Haglof, Mora, Sweden) at breast height
(about 1.3 m above the ground) in August 2011. All cores
were air-dried and then polished using progressively finer
grades of sandpaper in the laboratory. After the cellular
structure had been clearly revealed, all cores were visually
cross-dated using a standard methodology [28]. We mea-
sured all cross-dated growth rings to a precision of
0.01 mm using a sliding stage micrometer (LINTAB 6;
Rinntech, Heidelberg, Germany) interfaced with a com-
puter using the time series analysis and presentation fea-
tures of the device’s dendrochronological software. The
quality of cross-dating was confirmed using the COFECHA
software [29] (http://www.ncdc.noaa.gov/paleo/treering/
cofecha/cofecha.html). The oldest tree was older than
522 years (i.e., the core did not pass through the pith, so
this is a minimum age). The mean sensitivity for the width
chronology was 0.242.

2.3 Tree-ring isotope analysis

We selected nine cores (one core per tree) from trees with
homogeneous growth patterns and few or no missing years
to obtain enough wood materials. We discarded the initial
30 years of each core to avoid the potential juvenile effect

[10, 30, 31]. Many rings were narrow or had indistinct
latewood, so we used the whole wood from each year for o-
cellulose extraction. We then pooled the annual wood
samples prior to a-cellulose extraction [32, 33]. We first
milled the pooled annual samples (<80 pm), and then
extracted o-cellulose using methods of Loader et al. [34]
and Liu et al. [35]. To better homogenize the cellulose, we
used an ultrasound machine (JY92-2D, Scientz Industry,
Ningbo, China) to break the cellulose fibers, following the
method of Laumer et al. [36].

For the §'30 measurements, we loaded 0.14-0.16 mg of
a-cellulose into silver capsules, and determined the ratio
using a High Temperature Conversion Elemental Analyzer
coupled to a Finnigan MAT-253 mass spectrometer
(Thermo Electron Corporation, Bremen, Germany) at the
State Key Laboratory of Cryospheric Sciences, Chinese
Academy of Sciences. Samples for 5'%0 ratio measure-
ments were pyrolyzed to CO at 1,350 °C operating in the
continuous flow mode. The 3'®0 analyses were repeated
four times for each annual cellulose sample. After
excluding the outliers (values more than three ¢ from the
mean), we calculated the mean values. We also calculated
the standard deviation of each sample, and used this
parameter to represent the measurement uncertainty for
each sample (Fig. 3a). We measured the ratio for a benzoic
acid working standard with a known 8'%0 value (IAEA-
601, 23.3 %o) every seven measurements to monitor the
analytical precision and to calibrate the samples for ana-
lytical accuracy. We also used the cellulose standard
TAEA-C;3 (32.2 %o) to calibrate the tree-ring 580 mea-
surements. The mean analytical uncertainty was 0.17 %o
(1 ¢) for 8'®0. Based on the suggestion that the mean &'%0
of a minimum of six cores can reliably represent the site
3'®0 chronology for larch [30], the 8'%0 isotope data that
met this criterion covered the period from 1790 to 2011,
and we chose this period for further analysis (Fig. 3b).

2.4 Statistical analysis and transfer function

To investigate the climate signals recorded in the tree-ring
3'80 series, we calculated Pearson’s correlation (r) and
partial correlations between tree-ring 3'*0 and the climatic
variables. Bootstrap resampling methods [37, 38] were
applied to verify the reliability and stability of these cor-
relations. The window for the response of tree-ring 8'*0 to
climate spanned the period from September of the previous
year to October of the current year. We estimated a transfer
function by means of linear regression and estimated the
reconstruction uncertainties based on the resulting linear
model and 5'®0 measurement uncertainties. We used
leave-one-out validation [39] to verify our reconstruction
because the dataset from 1961 to 2011 (51 years) was too
short to divide into two subsets that would allow
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«Fig. 3 a Treering 8'®0 and the associated with measurement
uncertainty (SD) and statistical parameters; b the corresponding
number of trees available for isotopic analyses during each period;
¢ the values of Pearson’s correlation coefficient (r) between the tree-
ring 8'®0 and climatic variables at the Fuyun meteorological station.
The months followed by “/p” indicate values from the previous year.
JJA represents the mean value from June to August of the current
growing season. JA represents the mean value from July and August
of the current growing season. The dashed lines indicate the 95 %
confidence intervals. Bars and lines that extend outside these dashed
lines are statistically significant. d The relationship between the July—
August relative humidity and the tree-ring 8'®0 data (linear
regression); e comparison of the measured July—August relative
humidity with the reconstructed July—August relative humidity, with
the uncertainty (SD) depicted in gray (see the text for details). The
thick lines are the 10-year low-pass-filtered values based on a 10-year
fast Fourier transform (FFT). The associated verification statistics are
provided in the inserted table

meaningful calibration and verification [40]. We used the
sign test, Pearson’s r, and the reduction of error (RE) to
verify the reconstruction [40]. We assessed the spatial
representativeness of the reconstruction by conducting a
spatial correlation analysis between our reconstruction and
the CRU ts3.10.01 dataset [41] using the KNMI Climate
Explorer software (http://climexp.knmi.nl). We conducted
30-year negative exponential smoothing and regime-shift
analysis to explore the variability of relative humidity
during the study period. Moreover, to further validate our
reconstruction, we compared it with series for the regional
palmer drought severity index (PDSI, [42]), western
drought mode for central High Asia [43], and the precipi-
tation mode in the northwestern Xinjiang region of China
[44].

3 Results and discussion
3.1 Statistical analysis of the tree-ring 5'%0 chronology

The 8'®0 in tree rings averaged 29.2 & 1.0 %o (1 o)
(Fig. 3a) since 1790, which is about 8 %o higher than the
value (21.3 %o) previously reported for larch (Larix gme-
linii Rupr.) on the eastern part of the Taimyr Peninsula of
Russia [45]. The mean value was about 2 %o higher than
that of larch (L. sibirica Ldb.) in the Russian Altay region
[46]. The maximum &'%0 value was 32.5 %o (in 1817) and
the minimum value was 26.4 %o (in 1993). Thus, the range
of 8'0 was 6.1 %o for the period from 1790 to 2011.

3.2 Tree-ring 8'®0 response to climate
We calculated Pearson’s correlation coefficients between

tree-ring 8'®0 and the main climatic parameters. Temper-
atures (maximum and mean), precipitation, and relative

Table 1 The partial correlations between the tree-ring 3'%0 and the
July—August climatic parameters

Controlled  3'%0 versus  8'%0 versus  8'%0 5'%0
variable mean T;_g max T7_g versus versus

Pre7,8 RH7,8
Mean T;_g 0.41%* —0.51%* —0.45%%*
Max T, g -0.20™ —0.42%* —0.37%*
Pre;_g 0.627%* 0.64%* —0.60**
RH,_g 0.16™ 0.28* —0.22™

Mean and max T;_g are the mean and maximum July—August tem-
perature, respectively; Pre;_g and RH;_g are the July—August pre-
cipitation and relative humidity, respectively

ns not significant
* P < 0.05; ¥ P <0.01

humidity were significantly correlated with tree-ring 8'*0
during several periods (Fig. 3c). The maximum and mean
temperatures in the previous September and from March to
August were significantly positively correlated with the
tree-ring 8'®0 (Fig. 3c). The correlation coefficients were
strongest for the mean and maximum July—August tem-
peratures, reaching 0.61 (P < 0.01) and 0.67 (P < 0.01),
respectively. The monthly minimum temperature was sig-
nificantly but more weakly correlated with 8'%0 in April
and May. The tree-ring 8'*0 showed significantly negative
correlations with July (r = —0.49, P < 0.01), July—August
(r=-048, P <0.01), and June-July-August (r=
—0.48, P < 0.01) precipitation (Fig. 3c), as well as during
the previous September (r = —0.36, P < 0.01). Tree-ring
3'%0 was significantly negatively correlated with the rel-
ative humidity from March to October (Fig. 3c), and with
the June—July—August (r = —0.68, P < 0.001) and July-
August (r = —0.70, P < 0.001) relative humidity.

These results indicated that the July—August relative
humidity primarily controlled the tree-ring '%0 variabil-
ity. We used partial correlation analysis to test this
hypothesis (Table 1). The results showed that the July—
August relative humidity was also significantly negatively
correlated with tree-ring 3'*0 when the July—August mean
temperature, maximum temperature, and precipitation were
controlled separately. The tree-ring 5'%0 was weakly
positively correlated with the July—August maximum
temperature (r = 0.28, P = 0.049), and was not signifi-
cantly correlated with the July—August mean temperature
and precipitation when the July—August relative humidity
was controlled (Table 1).

Tree-ring 8'%0 was clearly influenced by relative
humidity (Fig. 3c), and similar results were obtained in
previous studies [9, 15, 18, 47]. As we indicated in the
Introduction, the tree-ring 3180 model [9, 10, 15, 16] can
explain the negative correlations between relative humidity
and tree-ring 8'®0. When the relative humidity is low,
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transpiration is high and this increases the 5'%0 of leaf
water. Lower atmospheric humidity creates a higher vapor-
pressure gradient between the leaf’s interstitial spaces and
the ambient atmosphere, resulting in a preferential loss of
lighter isotopes and consequent enrichment of the leaf-
water 5'%0 [13]. Precipitation also strongly affects the
relative humidity, which in turn controls the degree of
evaporative enrichment of leaf-water 5'%0 [9], and,
therefore, tree-ring 5'%0. These phenomena can explain the
relationships between the tree-ring 3'*0 and July and July—
August precipitation.

Tree-ring 8'*0 was significantly positively correlated
with the mean temperature and the maximum temperature
during the growing season, which reflects the effects of the
temperature on regional moisture conditions. Both tem-
peratures indirectly influence tree-ring 8'®*0 by changing
the moisture conditions (e.g., evaporation and transpira-
tion) during the growing season. The July—August tem-
perature was significantly negatively correlated with the
July—August relative humidity (r = —0.76, P < 0.001,
Fig. 2b), which supports our explanation of this pattern.
During this period, increasing temperatures stimulate the
evaporation of soil water, resulting in a preferential loss of
lighter isotopes from the soil water [13], which in turn is
taken up by trees as enriched soil water.

Overall, the relative humidity during the growing season
is low (mean 45.6 %), and this suggests that relative
humidity may be a main limiting factor for fractionation of
8'%0 in leaf water. Our results also indicated that the tree-
ring 8'®0 increases with increasing temperature and with
decreasing precipitation and relative humidity (Fig. 3c);
thus, it depends strongly on moisture conditions.

3.3 Relative humidity reconstruction

We established a transfer function by means of linear
regression to use the July—August relative humidity as the
dependent variable and the tree-ring 3'%0 as the indepen-
dent variable based on the results of our analysis of the
tree-ring 8'%0 response to relative humidity. The final
calibration model explained 474 % (adjusted R
P < 0.001) of the total variation in the measured July—
August relative humidity from 1961 to 2011 (Fig. 3d). The
F value was 46.01, which indicated that the model did a
good job of describing the relationship between 8'*0 and
the July—August relative humidity. Although the Durbin—
Watson value was 0.99, no significant linear trend in time
series of the residuals was detected.

The tree-ring 8'%0 increased at a rate of 3.68 (£0.57) %o
per 1 % decrease in relative humidity (Fig. 3d). The
uncertainties in the reconstruction were estimated using
bootstrap methods [37, 38]. Two-thirds of the data (the
calibration data) were randomly sampled with replacement;

the best linear regression was calculated using this data and
the quality of the reconstruction was assessed using the
verification samples (the remaining one-third of the data).
After 1,000 iterations of this method, we estimated the
uncertainty of the model as the mean standard deviation of
the verification data (0.99 %). We then determined the total
uncertainty of the 3'®0 reconstruction in a given year by
adding the uncertainty of the &'50 measurement (the
y-intercept of the regression multiplied by the uncertainty
of the 8'®0 measurement) to the uncertainty of the
regression. The mean uncertainty of the relative humidity
reconstruction was 1.59 %, which is lower than the range
of the observed relative humidity (20.7 %).

The reconstructed relative humidity showed very similar
fluctuations to those of the observed relative humidity in
both the inter-decadal (r = 0.61, P < 0.001) and the
annual values (r = 0.70, P < 0.001; Fig. 3e). The results
of the leave-one-out method yielded a positive RE (0.44),
thus indicating acceptable predictive ability of the regres-
sion model. A statistically significant sign test (41 +/10—,
P < 0.01) and Pearson’s correlation coefficient (r = 0.66,
P < 0.001) between the measured values and the leave-
one-out-derived estimates also support the validity of the
reconstruction (Fig. 3e). The linear model can, therefore,
be used to reconstruct variation of the July—August relative
humidity since 1790.

The regional relative humidity reflects a balance
between thermal conditions and water conditions through
the feedback of evaporation and precipitation [1]. Thus,
relative humidity provides a good representation of overall
hydrological and climatic conditions and of the humidity
conditions that affect photosynthesis. Figure 2b shows that
the July—August relative humidity showed variability
similar to that of the July—August precipitation at annual
scale (r =0.50, P <0.01), even though the relative
humidity was lower when the precipitation was most
abundant during the growing season (Fig. 2a). Owing to a
shortage of long-term relative humidity data for our study
area, we used the CRU ts3.10.01 precipitation data to
validate our reconstruction. The spatial correlation map
(Fig. 4) showed that the reconstructed relative humidity
was significantly correlated with precipitation variability in
western Mongolia, our study area, and eastern Kazakhstan
both from 1960 to 2009 and from 1901 to 2009. The spatial
correlation pattern between our reconstruction and CRU
ts3.10.01 precipitation was similar to the pattern of drought
in the western region of High Asia [43].

The spatial correlation coefficient at our sampling site
was lower than those for western Mongolia and eastern
Kazakhstan (Fig. 4). One reason for this difference may be
the fact that more data are available from more meteoro-
logical stations in western Mongolia and eastern Kazakh-
stan in the CRU dataset (http://www.cru.uea.ac.uk/cru/
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Fig. 4 Patterns of spatial correlation between the reconstruction and the mean values of July—August precipitation data from the regional grid
(CRU ts3.10.01, [41]) from a 1960-2009 and b 1901-2009. Only statistically significant correlations (P < 0.1) are shown. The triangles indicate
the location of the sampling site. The analyses were accomplished using the KNMI Climate Explorer software (Royal Netherlands

Meteorological Institute; http://climexp.knmi.nl)

data/landstations/; [41]), whereas only one station was
available in our study area. It is also possible that this
reflects real discrepancies between the relative humidity
and precipitation. Although the spatial correlations
between the reconstruction of relative humidity and the
CRU ts3.10.01 precipitation data around the sampling site
were lower than those farther from the sample site, the
spatial correlations were nonetheless statistically signifi-
cant for our study area. Our results, therefore, suggest that
the relative humidity in our study area varied coherently
with precipitation along the Altay Mountains.

We used the transfer function to reconstruct the July—
August relative humidity since 1790. To test the mean
value shift of our relative humidity reconstruction, we
conducted a regime-shift analysis using the Regime Shift
Detection software V3.2 [48]. Figure 5 shows the long-
term variations revealed by negative exponential smooth-
ing using a 30-year moving window; three major shifts are
apparent (in 1817, 1830, and 2004). From 1790 to 1830,
relative humidity showed a decreasing trend, and a 14-year
minimum was observed from 1817 to 1830. From 1830 to
1946, relative humidity fluctuated around the mean values,
and a period of higher than average relative humidity
appeared from 1946 to the 1990s. After the 1990s, the
relative humidity decreased toward a lower value, and a
minimum mean value appeared from 2004 to 2011.

We also investigated the extreme years with unusually
high or low relative humidity. We defined extreme years as
those with a reconstructed relative humidity value that
exceeded the regime-shift mean value and 1.5 ¢ of the
whole series (the dotted lines in Fig. 5). These extremes are

represented by upward (high) and downward (low) bars in
Fig. 5b. In total, we detected 18 extreme years, which
accounted for about 8 % of the 222 years in our study
period. Two-thirds of the extreme years occurred during
the 20th century, and most were detected from 1946 to the
1990s.

3.4 Validation of the reconstruction

(i) Reconstruction of other moisture parameters based on
tree-ring data. Several moisture-sensitive tree-ring recon-
structions (drought and precipitation) from areas near our
study area provide references that can be used to validate
our reconstruction. Our reconstruction agrees well with the
PDSI reconstruction near the sampling site (4 grid points,
from 46.25° to 48.75°N, and from 88.75° to 91.25°E) from
the Monsoon Asia Drought Atlas (MADA) [42] with cor-
relation coefficients ranging from 0.31 to 0.43 (P < 0.01,
n = 216). We averaged the PDSI data from the four cor-
ners of the MADA area to provide a regional PDSI
reconstruction from 1790 to 2005. Our reconstruction
showed variability consistent with the regional PDSI at
annual (r = 0.39, P < 0.01) and decadal scales (r = 0.37,
P < 0.01) (Fig. 6a, b). The reconstruction also showed
similar fluctuations with the western mode of drought in
central High Asia from 1790 to 1992 [43] at annual
(r=0.25, P<0.01) and decadal scales (r = 0.27,
P < 0.01), and with a spatial point-by-point precipitation
reconstruction in northwestern China from 1803 to 1990
[44] at annual (r = 0.32, P < 0.01) and decadal scales
(r=0.35, P<0.01) (Fig.6a, c, d). This coherent
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Fig. 5 a Reconstructed July—August relative humidity and the associated regime shifts. The thin black line is the reconstructed PDSI, with its
associated uncertainty (SD) shown in gray (see the text for details), and the dashed line represent the regime shifts (cutoff length = 10 years;
dotted lines, 95 % confident intervals); the thick black line represents the 30-year negative exponential smoothing of the reconstructed relative
humidity. b The black and gray bars correspond to extremely wet or dry (respectively) years (with values exceeding 1.5 ¢ different from the rest

of the series)

variability also agrees with the spatial correlation patterns
(Fig. 4). The 31-year moving-window correlation analyses
provided positive correlations between this reconstruction
and other reconstructions during most periods, and signif-
icant correlations appeared from 1805 to 1840 and after
1940 (Fig. 6e). In the long term, the reconstructed relative
humidity showed fluctuations similar to those of other
moisture parameter reconstructions. This suggests that that
the reconstructed relative humidity can be used as a
parameter that reveals drought conditions.

However, some differences existed among the different
reconstructions during short intervals. For example, from
1840 to 1860 and from 1900 to 1930, our reconstruction
(Fig. 6a) showed not only fluctuations similar to those in the
precipitation reconstruction (Fig. 6d), but also some differ-
ences from the MADA PDSI and western mode drought
reconstruction (Fig. 6b, ¢). The 31-year moving correlation
coefficients were also low and not significant during those
periods (Fig. 6e). These discrepancies may have been caused
by differences in moisture parameters such as precipitation,
relative humidity, and PDSI and by the different signal
window. For example, the reconstructed relative humidity is
from July to August, while the precipitation reconstruction is
from January to October and the PDSI reconstruction is from
June to August. These discrepancies may also have been
caused by the differences between site-specific and regional
reconstructions. However, the relative humidity reconstruction

is robust. This result suggests that different moisture parame-
ters should be available in efforts to access the regional drought
variability.

(i1)) The 1817-1830 and 2004-2011 anomalies. We
focused on the regime shifts observed from 1817 to 1830
and from 2004 to 2011, which had the lowest relative
humidity during our study period. In a spatial drought
reconstruction for central High Asia [43] and a precipita-
tion reconstruction for northwestern China [44], the period
from 1817 to 1830 also had a drier climate. The extreme
drought events were significantly drier than the mean in
1829 throughout the entire Xinjiang area of China [44]. A
relatively dry period in the 1820s was also reported in the
central Tianshan Mountains [49]. Mongolia also experi-
enced drought conditions from 1821 to 1825 [50], and the
southeastern Tibetan Plateau had drier conditions from
1807 to 1817 [51].

Another dry regime-shift mean value appeared from
2004 to 2011 after a trend of decreasing relative humidity
after the 1990s (Fig. 5). This trend was confirmed using
actual July—August precipitation and relative humidity
values for the study area (Fig. 2b). Similarly, several
droughts occurred in Mongolia from 1999 to 2005 [50] and
in China from the 1900s to 2001 [52]. The regional MADA
PDSI reconstruction also showed decreasing moisture
during the late 1990s (Fig. 6b). Similar abnormally dry
conditions from 1993 to 2003 were reported in the
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Fig. 6 Comparisons between a the present relative humidity reconstruction and b the regional June to August (JJA) gridded data near our
sampling site from the MADA PDSI dataset [42]; ¢ the western drought mode for central High Asia [43]; d the normalized score of factor 2 of the
precipitation reconstruction (from January to October) for northwestern China [44]; e the running correlation between our reconstruction and b—
d at an annual resolution based on a 31-year moving window. The central horizontal lines in a—d represent the long-term mean value. The gray
shaded areas are the 10-year low-pass-filtered values based on a 10-year fast Fourier transform (FFT)

Xinglong Mountains, in the eastern part of northwestern
China [53]. The Ortindag Sand Land, in China’s Inner
Mongolia region, has also experienced severe sustained
droughts during the past 40 years [54]. A large-scale
drought event was detected in 2001 in Mongolia, China,
Myanmar, and northern Thailand [50]. This revealed that
the anomaly from 2004 to 2011 was widespread, not just
confined to the Altay Mountains of northwestern Xinjiang
region.

(iii) Northwestern Xinjiang moisture conditions in the
20th century. The relative humidity reconstruction showed
an increasing trend from 1900 to the 1990s, even though it
was interrupted by several short periods with low values.
Relative humidity was relatively high from 1946 to the
1990s (Fig. 6a). This indicated that the climate in the
northwestern Xinjiang was relatively wet during the last

half of the 20th century. Other moisture records suggest
that this was a more widespread signal. A relatively wet
period during the 1950s can be seen in the regional MADA
PDSI reconstruction (Fig. 6b), in the western drought mode
in central High Asia (Fig. 6¢), and for precipitation in
northwestern Xinjiang region (Fig. 6d). The regional
MADA PDSI reconstruction also showed a wet climate
from 1980 to the 1990s, which was similar to our recon-
struction. The trend of wetting during the last half of the
20th century in study area was also confirmed by the
measured precipitation data from 1951 to the 1990s [55].
Treydte et al. [56] reported that precipitation was highest in
northern Pakistan during the 20th century. Li et al. [49]
also pointed out that there was a trend of increasing
moisture in the central Tianshan Mountains during the 20th
century. The wettest period occurred in the mid-1990s in
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western Mongolia [50]. A wetting trend from the 1980s to
the 1990s was also supported by an analysis of several
proxies [57], although this trend seems to have reserved
after the 1990s (Fig. 6a).

4 Conclusions

In this paper, we describe a robust 222-year reconstruction of
the July—August relative humidity based on tree-ring 8'*0
data from the Altay Mountains of northwestern China. Two
regime-shift periods with lower relative humidity have
appeared since 1790: one from 1817 to 1830 and another
from 2004 to 2011. From 1830 to 1946, the relative humidity
was relatively stable. From 1900 to the 1990s, the relative
humidity showed an initially increasing trend followed by a
downward trend after the 1990s. Most of the years with
extremely wet or dry conditions were concentrated in the
20th century, and most of these periods occurred from 1946
to the 1990s. The reconstructed relative humidity showed
variability consistent with the long-term regional moisture
trends, despite some discrepancies. Our results, therefore,
suggest the possibility of using long-term relative humidity
data to assess evapotranspiration and the water and energy
balance and fluxes in climate models.
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