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Abstract. The analysis of two historical time series of tem- represented by the huge massif of the Tibetan Plateau plays
perature and precipitation in Northeast China, spanning, rea key role. The northeasterly monsoon prevails in winter,
spectively, 1870-2004 and 1841-2004, performed by conthe southwesterly monsoon in summer. The season with the
tinuous wavelet transform and other classical and advancechost intense rainfall is summer. From September to April,
spectral methods, is presented here. Both variables show the winter monsoon blows from the Siberian and Mongolian
particular trend and oscillations of about 85, 60, 35 andplateaus to the mainland of China, weakening gradually from
20 years that are highly significant, with a phase oppositionnorthwest to northeast, and brings about a cold and dry cli-
at the centennial scale and at the 20-year scale. The analynate, though with large spatial temperature differences. The
sis of the four temperature series relative to single seasonduration of the wet summer monsoon is shorter, from April
shows that the 20-year cycle is typical of the summer mon-to September. The summer monsoon blows from the north-
soon season, while the 35-year cycle is most evident in winwestern Pacific and Indian oceans, causing high temperature
ter. The cycles of- 60 years and longer are present in all and abundant precipitation in China, with small differences
seasons. The centennial variation of temperature and pren temperature from north to south.
cipitation describes well the 1970-1980 transition between According toDing and Char{2005 andDing (2007, the
a period of relatively strong East Asian Summer Monsoongeneral Asian-Pacific monsoon is divided into three subsys-
(EASM), corresponding to high precipitation and relatively tems: the Indian summer monsoon (ISM), the western North
cool temperatures in Northeast China, and a conditions oPacific summer monsoon (WNPSM) and the EASM. The
weak EASM (low precipitation and warm temperatures). TheEASM region spans the belt 20-48, 110-140 E that cov-
connection of the detected local variations with large-scaleers eastern China, Korea, Japan and the adjacent marginal
climatic variability is deduced from the comparison with dif- seas Ding and Char{2005, specify that this definition does
ferent climatic records (Northern Hemisphere temperaturenot fully agree with the notion used by Chinese meteorol-
Pacific Decadal Oscillation and Atlantic Multidecadal Oscil- ogists, who usually include the South China Sea (SCS) in
lation indexes). the EASM region). While the ISM and WNPSM are tropi-
cal monsoons in which the low-level winds reverse primar-
ily from winter easterlies to summer westerlies, the EASM
is a subtropical monsoon in which the low-level winds re-
verse primarily from winter northerlies to summer souther-
lies (Wang and Lin 2003. This character of EASM implies
1 Introduction intense influence from mid- and high-latitude phenomena.
Primary contributing factors to the activity of EASM are
The East Asian summer monsoon (EASM) strongly affectsthe pacific and Indian ocean surface temperatures and snow
China’s climate Tao et al, 2004 Ding and Chan2005  cover in the Eurasia and the Tibetan Plateau, as well as the

Huang et al. 2019 and is forced by the effect of land— ariapility of the atmospheric circulatiorDing and Chan
sea thermal contrast, in which the elevated heat source
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2005. The onset of the EASM is brought about by a pos- variation in the global climate systerénn and Park1994
itive feedback between the large-scale atmospheric circulaSchlesinger and Ramankutty994.
tion and mesoscale convective systems. The first breakout of Oscillations on these timescales were also found in a se-
the monsoon takes place over the SCS and Indochina; theries of reconstructed climatic variables over the last 500—
the monsoon system migrates northward, so that the onsett000 years or more, the majority of which are temperature
of summer rainfall in North China (NC) is delayed with re- series, mostly derived from ice cores and tree rings in the
spect to this primary breakout and the intensity of summerwest of China and from document records in the east (see,
precipitation in NC depends on the intensity of the EASM: e.g., Yang et al, 2002 Ge et al, 2003 2005 Wang et al.
a strong monsoon, besides the impact of tropical cyclones2007). For exampleQian et al.(2003 inferred the existence
implies more precipitation in NC. More precisely, rainfall oc- of short-period oscillations (20 and 35 years) and long-period
curs mainly in front of the southwesterly winds maxima. This oscillations (70-80 years) in dryness—wetness for these three
major rain belt associated with the monsoon is found in theregions by forming a millennium-long dryness—wetness in-
Yangtze River (YR) basin in early summer and then moves todex series in the Yellow River basin, the lower YR basin
NC in middle summer. When the EASM circulation is strong, and South China by these reconstructions and also examin-
southwesterly winds are strong, so that they frequently reacling the Seoul precipitation series (that is the longest histor-
into more northern regions; the rain belt thus travels to moreical climatic record of East Asia, starting from 177Qian
northern areas, causing less rainfall in the YR basin and moret al. (2008, looking back to recent research about climate
rainfall in NC. Thus the multiannual and multidecadal vari- in China, especially on dryness and wetness changes, con-
ability of summer rainfall in the YR basin is usually the op- cluded that 20-30-year and 70-80-year oscillations in the
posite of that in the northern parts of Chirgh@o and Zhouy  EASM region can be considered as being well documented.
2008. In agreement with these autho&tige et al.(2007 and

In this paper, two historical time series of temperature Zhang et al(2009, in studies concerning the abundance of
and precipitation recorded in Northeast China (Beijing; the oriental migratory locudtocusta migratoria manilensis
395450’ N, 116°2330" E) are studied and their significant (recorded in China for over 1000 years) in relation to temper-
modes of variation are extracted in order to single out possi-ature and precipitation reconstructions from 957—1956 AD,
ble connections with global climate variability patterns, with list oscillations of about 40- and 70-year-long periods, re-
a focus on multidecadal timescales. The climate of Beijingsulting from spectral analysis of temperature series, and an
is of the subhumid, continental monsoon type, being affectedscillation of an about 20—30-year-long period in precipita-
by EASM. The city is located at a relatively short distance tion. They also detect a longer, almost bicentennial variation
from the sea but since it lies in a lowland area protected byin temperature.
mountains in the north and west and the prevailing air flowis Other recent studies, based on Asiatic local proxy
from continental land during most of the year, maritime ef- records, detected quasi-periodical behavior. For example,
fects are limited, while local topographic effects are impor- Yang et al.(2006 examined temperature and precipitation
tant. Winters are long, cold and dry; summers are hot, withoscillations over the past 1700 years recorded in an ice core
torrential rains in late summer. The interannual precipitationtaken from one of the thickest ice caps in central Asia, the
variability is quite large. Guliyaice cap (3517 N, 81°29 E). The temperature record

The climate of China has been the subject of a great numwas derived froms180 measurements, while the precipita-
ber of investigations in recent yeaf3ian et al.(2008 sum-  tion series was deduced from ice accumulation. The results
marized several studies on climate variability in China onshow temperature and precipitation oscillations with multi-
various timescales. We mention only a few of them here.ple timescales. Temperature data indicate the existence of in-
Wang et al(1998 2000 2004 published climatic series over termittent oscillations with periods of approximately 40 and
the last century (1880-2002); these consisted of an annual0 years as well as longer. Precipitation data show signifi-
mean temperature anomaly series of 10 districts identifieccant periodicities at 20—-30 and 60 years as well as on longer
on the basis of their climatological characteristics and seatimescales.
sonal precipitation series over East China. Most of these data Shen et al(2009 used measurements of recent decades,
are observations, especially in East China. These data werg500-year-long proxy data and model simulations to study
used to analyze recent trends and multidecadal oscillationghe temporal and spatial variability of summer precipitation
It was found that — similarly to the temperature change ofover East China during the last millennium, with a focus on
the Northern Hemisphere (NH) and of the world in the last the middle and lower YR valley (MLYRV) and NC. On the
100 years — temperature in China exhibits an evidently in-interannual scale, 2—3-year and 5—7-year cycles, the typical
creasing trend. A multidecadal variation- {0 years) and TBO (tropospheric biennial oscillation) and ENSO (EI Nifio—
a ~ 20-year oscillation both in temperature and precipita- Southern Oscillation) signals, are well evident in observa-
tion were also found@ian et al, 2008. These oscillations tional data over the MLYRV and NC. Spectral analysis of the
are similar to those of the multidecadal and interdecadakegional proxy data of summer precipitation allowed us to

detect three statistically significant bidecadal (15-35 years),

Ann. Geophys., 32, 749760, 2014 www.ann-geophys.net/32/749/2014/



S. Alessio et al.: Temperature and precipitation in Northeast China 751

pentadecadal (40—60 years) and centennial (65-170 years’ I
oscillation bands. A comparison of observational with mod- a)
eled data suggested that the centennial oscillation could be
linked to the secular variation of solar forcing (Gleissberg cy-
cle), while the pentadecadal and bidecadal oscillations could
be associated with internal variability of the climate system. o
Hao et al. (2008, based on the series of precipitation A T
in the middle and lower reaches of the Yellow River dur- ' ‘
ing 1736-2000, reconstructed with annual time resolution
from the rainfall and snowfall archives of the Qing Dynasty
(Zheng et al.2005, investigated precipitation cycles and ex-
plored the possible climate forcings which drive precipita-
tion changes. They found that precipitation has interannual
and interdecadal oscillations of 2—4,20 and 70-80 years.
The 2—-4-year cycle was found to be connected to El Nifio
events. For the- 22-year and the 70-80-year precipitation
cycles,Hao et al.(2008 found a relationship to the Wolf I_:igure 1. (a) Monthly_mean temperature anomqlies in Beijing (red
sunspot number. In particular, on the 70-80-year timescaldne) and corresponding smoothed curves obtained by CWT recon-
they found a strong coincidence between solar activity Varia_structlon on the basis of periods17 years (black line; see text for

tion and precipitation, with strong (weak) solar activity gen- details). Also shown is the SSA (singular spectrum analysis) recon-
P P ! 9 Y9 struction including all multidecadal components significant at the

era!ly correlating to dry (we) per'OdS_ over the Yellow River 99 % confidence level (grey line). The window length used for SSA
region, but only before 1830. After this date, they observed gy55)/ — 600, corresponding to 50 yeatb) Monthly precipitation
lengthening of the solar secular cycle to 80—-100 years, whil&snomaly series in Beijing (blue line) and corresponding smoothed
the precipitation cycle in their data remains 70-80 years incurve (black line) obtained by CWT reconstruction on the basis of
length, so that the correspondence is lost. They attributed thigeriods> 17 years.
to the possible disturbance to precipitation caused by increas-
ing greenhouse gas concentration after 1830. They also com-
pared precipitation variations with a reconstruction of the2 The series and their spectral content
Pacific Decadal Oscillation (PDO) index derived from tree
rings in western North America and found a 20—30-year cy-The historical time series of mean air temperature recorded in
cle active in both variables from 1736 to 1940, but without Beijing with monthly resolution spans 134 years, from 1870
a definite phase relationship between precipitation and PDQo 2004. The time series of monthly precipitation rates cov-
variations. The 70-80-year oscillations, present in precipita-ers 163 years, from 1841 to 2004. These data were kindly
tion and in the reconstructed PDO index during the wholeprovided by Prof. Zeng QingCun (Institute of Atmospheric
record duration, were found to be opposite in phase. Physics — IAP, Chinese Academy of Sciences, Beijing).
Turning finally to the site of the records examined in the Before performing spectral analysis, we removed the re-
present analysis, precipitation in Beijing over the last threespective annual cycles from both series, by subtracting from
centuries (1724-2005) has been previously studied with aneach monthly sample the average value over the entire record
nual resolution byVei et al.(2008, who found~ 70-, ~ 30- of the corresponding calendar month. Figdee shows the
and~ 20-year oscillationsZzhao et al(2004 andZhao and  series of monthly mean temperature anomalies obtained in
Han (2009, employing the wavelet transform, had previ- this way; Fig.1b shows the series of monthly precipitation
ously detected nearly the same oscillations in the annual Beianomalies. The record lengths a¥e= 1608 andV = 1956,
jing precipitation series (1749-2001) and had suggested sespectively.
possible influence of solar activity on Beijing precipitation. Superimposed on the raw data in Flg.and b, black lines
With these findings in mind, we analyzed the Beijing se- show smoothed versions of each series that were obtained
ries of monthly mean air temperature and precipitation byfrom continuous wavelet transform (CWT) analysis.
several classical and advanced spectral methods, with the In this case the CWT is used as a lowpass filter: af-
aim of extracting the main climatic oscillations at this site ter computing the CWT coefficients, the series is recon-
(Sect.2). In Sect.3 we place the results in the context of structed by inverse CWT (ICWT) using only a given range
large-scale modes of climatic variability. of scales (periods). Specifically, in the case of BAgand b,
all periods< 17 years were excluded in order to obtain the
smooth black curves. The reason for this precise cutoff is ex-
plained later in this section. In the following discussion, these
smoothed versions of temperature and precipitation anoma-
lies will be referred to as “multidecadal and centennial”
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reconstructions. The correlation coefficient between these 1870 __18%0 _ 1910 1930 _ 1950 1970 _ 1990
two reconstructions is-0.41 (significance- 99 % with sam- Beijing annual mean temperatures

ple size equal to 131), indicating anticorrelation between L Eﬁf‘lﬂa‘empefatwes
temperature and precipitation in Beijing at multidecadal and e Lowpass—ilt.
centennial scales. o

Temperature has a prominent maximum at the end of the=
1920s. From 1900 to the end of the record we also notice ans
overall increase in temperature, apparently on the order ofs 15}
over 1°C.

It may be interesting to compare, first of all, the Bei-
jing temperature series with other temperature series rela-
tive to East China. For this comparison, shown in Fg.
we choose two paleoclimatological reconstructions. The first, .
which will be referred to as the “East China” reconstruc- 13;0 13:90 19k1() 19‘30 19|5() 19}0
tion, is taken fromGe et al.(2003 and concerns the cen- Year
tral area of East China, a region 'nCIUd'_ng the middle ar_]dFigure 2.Beijing annual mean temperature anomaly (thin red line),
lower reaches of the Yellow and Yangtze rivers, whose basings |ong-term behavior (heavy red line: from lowpass filtering with a
are located south of Beijing. The considered region is quitecutoff frequency of 1/17 years; black line: from analogous CWT
large: it extends east of the 106 meridian, between-27 filtering; see text for details) and the East ChiGe(et al, 2003
and~ 40° N, and includes Beijing at its most northern edge. temperature reconstruction (red diamonds) plotted on the right-hand
The series is a reconstruction of regionally averaged, win-y axis, compared to the Shihua Cave temperature redart al,
ter half-year temperatures over the past 2000 years, as d€003 plotted on the left-hang axis (thin green line: data; heavy
duced from phenological cold/warm events recorded in Chij-9reen line: long-term behavior from lowpass filtering with a cutoff
nese historical documents. The time resolution varies fronrequency of 1/17 years).

10 to 30 years (10 years in the last centuries). The second se-

ries derives from a 2650-year-long speleothem record from

Shihua Cave (11%6 E, 3947 N; 251 m above sea level Variations at Shihua Cave appear to be smaller than those
at the entrance), located about 50 km southwest of downin Beijing and the trends over the period 1920-1970 are not
town Beijing. Warm season temperatures with annual resin agreement. The amplitudes of the modern temperature in-
olution were reconstructed on the basis of correlations becreases in Beijing and at Shihua Cave cannot be compared
tween thickness variations in the annual layers of a stalagbecause the Shihua Cave temperature series ends in 1985.
mite (Tan et al, 2003. In Fig. 2, Beijing annually averaged In order to provide evidence of similarities and differ-
temperature is plotted on the right-hand axis (thin red line;ences between local and hemispheric mean temperatures,
annual data were obtained by grouping monthly temperature¥€ compare in Fig3 the annual temperature anomaly in
from December to November of the following year). Super- Beijing (thin red line) and its smoothed version (heavy red
imposed onto raw data, their smoothed version is shown aine) with the NH annual mean temperature anomaly Had-
a thick red line; it was obtained using the smoothing “adap-CRUT3" record Brohan et al.2006 (anomaly: thin green
tive” filter proposed byMann (2004 2008, a 10-point But-  line; smoothed version: heavy green line). The smooth curves
terworth lowpass filter applied in association with boundary Were obtained by applying the filter Bytann (2008 with a
constraints designed to minimize edge effects, here with £utoff frequency of 1/17 years. First we observe that the
cutoff frequency of 1/17 years. It nearly coincides with ~ local temperature has fluctuations of greater amplitude than
the CWT-filtered multidecadal and centennial reconstructionthe hemispheric one, as may be expected. Moreover, both
from Beijing monthly temperature anomalies, drawn in black records exhibit a bidecadal oscillation and the modern rise
in Fig. 2 and also visible in Figla. Plotted on the same axis,
red diamonds represent the East China reconstrudBere( 1HadCRUT is the dataset of monthly instrumental tempera-
al., 2003. On the left-hand axis, whose span is equal to theture records formed by combining the sea surface temperature
right-hand one, the Shihua Cave temperature rectad gt  records compiled by the Hadley Centre of the UK Met Office
al,, 2003 is plotted as a thin green line, together with the an_d th_e land surface air temperature rec_ords_ compiled by the
corresponding smoothed version, obtained by applying theCllmam(: Research Unit (CRU) of the University of East An-

- - . . glia (UK). HadCRUT3 is a gridded data set of global histori-
same filter (thick green line). From Figit may be seen that cal surface temperature anomalies. We used annual average near-

the amplitude of temperature variations shown by the Beijingsurface temperature anomalies from 1850 to 2013 from the Had-

record is confirmed by th@e et al (2003 East Chinarecon-  cryT3 data set (“HadCRUT3 Diagnostics: Northern hemisphere
struction. Concerning the comparison between the Beijingaverage series — Annual series smoothed with a 21-point bi-

and Shihua Cave records, we notice a certain similarity ofnomial filter”, available athttp://hadobs.metoffice.com/hadcrut3/
bidecadal oscillations at the two sites, although temperatureliagnostics/hemispheric/northexn/

Temperature anomaly [°C]

Temperatur
o
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1990
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1850 _ 1875 1900 _ 1925 _ 1950 _ 1975 _ 2000 scales are somewhat influenced by the urban-related temper-

Beijing annual mean temperatures ature increase during the last 20—30 years. This hypothesis

m— | owpass—filt.

was tested by repeating the CWT analysis excluding the in-
terval after 1970, well before the start of the rapid Beijing ur-
banization. In spite of the shortness of the remaining record,
the results were essentially confirmed.
Let us now turn to precipitation. It is evident from Fith
that the multidecadal and centennial range of periods only
explains a small part of the series variance: much high-
frequency variability is present. Very wet periods around
; 1890 and in the decade of 1950-1960 emerge; in particular,
HADCruts NH temperature anomalies a huge peak is present, corresponding to July 1891, in which
‘ . == Lowpass—filtered series ‘ 995.7 mm of rain were recorded. The decade of 1900-1940
1850 1875 1900 1925 1950 1975 2000 appears as a relatively dry interval, as well as the ante-1880
Year and the post-1970 intervals. The JJA summer-monsoon-
Figure 3. Beijing annual mean temperature anomaly (thin red line) elated precipitation, which was 483.5 mm seaslaon aver-
and its long-term behavior (heavy red line) from lowpass filtering age before 1970, dropped by over 200 mm seakanrecent
with a cutoff frequency of 1/17 yeard (see text for details) plot- decades. Summer monsoon precipitation and summer tem-
ted on the right-hang axis, compared to the HadCRUT3 record perature in Beijing are anticorrelated: the Pearson correlation
of Northern Hemisphere annual mean temperature anomaly plotcoefficient between summer temperature and precipitation
ted on the left-hang axis (thin green line: data; heavy green line: g —0.29, which is significant at the 95% confidence level
long-term behlavior from lowpass filtering with a cutoff frequency (hereafter c.l.). The correlation coefficient become®42,
of 1/17 years~). significant at the 99 % c.l., if the two series are smoothed by
a smoothing Mann adaptive filter with a cutoff frequency of
1/17 years?.
after 1970. This rise follows a temperature decrease that, The Beijing monthly anomaly series were analyzed by ap-
however, starts in 1940 for the NH, while it starts about plying classical and advanced spectral methods: stationary
15 years before locally, when NH temperatures are increasmethods such as Fourier spectra, autoregressive (AR) spec-
ing. These features suggest that multidecadal and centennisda, multi-taper method (MTM), wavelet transform (WT) and
temperature fluctuations in Beijing are at least partly affectedsingular spectrum analysis (SSA). Here, we will mainly fo-
by large-scale processes, as already confirmerbglley et  cus on the results obtained by continuous wavelet transform
al. (19849. (Foufoula-Georgiou and Kumat994 Percival and Walden
The steep modern temperature increase in Beijing is welR00Q Torrence and Compd 998.
visible in Fig. 3 and appears, like all post-1940 varia- The wavelet transform allows an evolutionary
tions, to have occurred nearly contemporaneously with thespectral analysis of a series on the timescale plane
hemispheric one. The linear trend from 1979 to 2005 that(Foufoula-Georgiou and Kumat994 Percival and Walden
the last IPCC ReportSolomon et al.2007) quantifies in 2000 Torrence and Compol998. A complex Morlet
0.33°Cdecade! for NH land surfaces, appears as big as wavelet (cmor) with parametes; = 6 was employed as a
~0.8°C decade? for Beijing during the 80s and continues mother wavelet. For this wavelet, the scale is nearly equal to
until the late 90s. It is then followed by a distinct decreasethe Fourier period. The CWT discretization was performed
during the last 10-15 years of the record. It must be noteccomputing the transform at each time step and on a dense
that the remarkable warming during the 80s and 90s may noset of scales. Scales were chosen as integer and fractional
only be related to natural variability and/or global anthro- powers of 2; a total of 421 scales extending over 10.5
pogenic causes, but also to local urbanization efféGte.et  octaves was considered, with 40 intervals in each octave.
al. (2010 estimated an overall urban-related warming bias inThe minimum scale is B = 2(1/12) ~ 0.17 years, while
Beijing of about 0.8C decade?, accounting for about 40% the maximum one corresponds to a perie@50 years that
of the overall warming for the last three to four decades;is the limit beyond which the spectral power tends to 0 for
this estimate was close to whBbrtman(1993 suggested both variables. The calculations were performed by a set of
for large cities in China. However, the general agreement beMatlab scripts and functions based on the wavelet software
tween the local and hemispheric curves in Bgseems to  made freely available by C. Torrence and G. P. Compo at
exclude a local amplification of temperature variations dur-http://paos.colorado.edu/research/wavelets/
ing the last decades. In Fig. 4, panels a and b, the scalograms of tempera-
Since CWT is an evolutionary spectral method and its re-ture and precipitation, expressing spectral density as a func-
sults are temporally local over a time interval comparable totion of time and Fourier period, are shown by color-filled
the considered scale, we can assume that only the longesbntour plots in the time-period plane. Black lines in the

Beiiina temperature anom. [°C]

HadCRUT3 NH temperature anom. [°C]
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Figure 4. (a) Scalogram of monthly mean temperature anomalies in BeifimgScalogram of monthly mean precipitation anomalies in
Beijing. In panelga) and(b), thin black lines enclose areas with power above the 5% significance level. The white cup-shaped curve is
the cone of influence (see tex{}) Global wavelet spectra of temperature anomalies (red line) and precipitation anomalies (blue line) and
corresponding 5 % significance levels (dashed red and blue lines). In @nguantities related to precipitation are divided by?’ Tor
convenience of presentation.

scalograms enclose regions which exhibit significant powercontribution is not sufficient to give a significant peak in the
at the 95% c.l. The cup-shaped white line in both scalo-GWS. The diffused high power in the 16—32 years range of
gram panels represents the cone of influence: power outsideeriods is at a maximum in the interval 1890-1930; then this
the curve is reduced with respect to the hypothetical “true”mode seems to bifurcate into two separate modes, with peri-
value, due to zero padding of data performed while com-ods of~ 16 and 30-35 years, but the first mode disappears af-
puting CWT in the frequency domaiidrrence and Compo ter 1970. This diffused power produces two separate 20- and
1998. Figure4c shows the global wavelet spectra (hereafter 35-year peaks in the GWS. Diffused high power in longer pe-
GWS) of the two variables, i.e., the time average of scalo-riods gives a 58-year peak and a 85-year peak in the GWS, as
gram values at each Fourier period. GWS is comparable to avell as a peak in over-centennial periods. Thus, in the global
standard power spectrum, but considerably smoothed, particspectrum of temperature we recognize a long-term trend and
ularly at small periods, where the wavelet is narrow in time 85-, 58- and 35-year oscillations that are significant at 99 %
and broadband in frequency. Statistical tests for scalograne.l., plus a 20-year oscillation which is significant at 95 % c.I.
and GWS values were performed according to the guidelines For precipitation (Fig. 4b and c), the power at high fre-
given inTorrence and Compd 998, with significance levels quency (i.e. in periods smaller than 10 years) is again con-
of 10, 5, 2 and 1 % and the assumption of a background speczentrated in short intervals. High power in periods of 10—
trum of red noise. In Fig4, to avoid clutter, we only show the 12 years is present in the interval 1890-1990, but, as in the
results of the 5% significance test. Red lines in Bigepre-  case of temperature, this contribution is not enough to give a
sent temperature; blue lines represent precipitation. Signifisignificant peak in the GWS. The power in the 16—20-year
cance levels are drawn as dashed red and blue lines for eachnge of periods is particularly high in the interval 1870-
of the two. 1910 and, correspondingly, a 20-year peak appears in the
CWT is a multiresolution analysis, with high-frequency GWS. Diffused high power in the 32—64-year range of pe-
resolution and low time resolution at low frequency, and viceriods is visible until~ 1900; then this mode seems to bifur-
versa. So, in the highest range of periods showing signifi-cate into two separate modes, with periods of about 30 and
cant GWS power, that is, for periods50 years, the rela- 50-60 years, that last until the end of the record. This fea-
tively poor time resolution leads to little or no information ture corresponds to a 58-year peak and a 35-year peak in the
on the temporal evolution of the significant modes. On theGWS. Diffused high power in periods greater than 64 years
other hand, at the high-frequency end of the spectrum, thgroduces a 85-year peak in the GWS, as well as a peak in
frequency resolution of CWT is too poor to allow us to de- over-centennial periods.
termine the period of interannual oscillations precisely. The global spectrum of precipitation thus shows the same
For temperature (Fig. 4a and c), the power at high fre-periodicities found for temperature: the long-term trend,
quency (i.e. in periods 10 years) is concentrated in short the 58-year and the 35-year oscillations are significant at
intervals: time resolution is at a maximum here. High power99 % c.l., whereas the 85-year and the 20-year oscillations
in periods of 10-12 years is present around 1960, but thisre significant at 95% c.l., though the 20-year one hardly
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attains this level. The surprising degree to which the two

0.4 |.a) Centennial -6 04 b) 60y 6=
spectra have coincident peaks is evident in Rtg.The spec- g o -4 -4 é
tral behaviors are nearly identical in the low-frequency range; = -2 -2 5
in particular, both spectra have a deep minimum at 115years ¢ ° g 0 (2’ E
followed by power related to oscillations with periods greater § —02 4 02 4 §
than a century representing the long-term trend of the series™ -04 6 —04 6 g
The analysis of the individual series of mean temperature 1840 1880 1920 1960 2000 1840 1880 1920 1960 2000
in each of the four seasons (figures not shown) demonstratec 0435y =6 04 d)20y -2 g
that the 20-year cycle is typical of JJA temperature, i.e., of the & o j 0.2 j €
summer monsoon season, while the 35-year cycle is mostev§ o o o E
ident in winter. The cycles of 60 years and longer periods f; . 2, 4 g
are present in all four seasons. Obviously, the spectral char-§ ' 4 8 %
acteristics of monthly precipitation anomalies are determined o4 6 04 12 g
by the summer season. 1840 1880 1\(99262 1960 2000 1840 1880 1Y9e280r 1960 2000

Incidentally, we may also mention the spectral content
of the Beijing series in the multiannual range. Due to the Figure 5. CWT-reconstructed variations of temperature (red lines)

CWT poor-frequency resolution at small periods, the posi-and precipitation (blue lines) on different timescal@y.centennial
- : S L variations (sum of the trend and the 85-year oscillati@im),~ 60-
tion of spectral peaks in this high-frequency band is better ear oscillations(c) ~ 35-year oscillations(d) ~ 20-year oscilla-

studied by stationary spectral methods, such as Fourier metl]‘lv.- L
o ions. Precipitation axes are reversed.

ods and the Yule—Walker AR method. Stationary spectra o P

temperature anomalies (not shown) gave, in the multiannual

range, relatively high power in the ranges of 2—4 years anc.ytoff was chosen. We now compare (Fiy.the individual

6-8 years, the typical ENSO periodicities, as well as arouncpscillatory modes extracted in this way from monthly tem-
11 years, the length of the solar Schwabe cycle. In the mU'“‘Perature and precipitation anomalies.
il-

decadal range, stationary methods allowed us to detect oscil- | Fig. 5, the precipitation axis is reversed in all panels,
lations of periods of around 20, 35 and 65 years: the wavelefn agreement with the general anticorrelation observed in
method, due to its high-frequency resolution at low frequen-gejjing between temperature and rainfall. This anticorrela-
cies, is able to resolve, as we have seen, the 65-year pealpn is particularly evident on centennial scales, as shown
present in Fourier and AR spectra into two separate maximay, panel(a) of Fig. 5. This figure shows the reconstruction
of 58 and 85 years. Stationary spectra of precipitation anomagn the basis of all periods greater than 70 years, including
lies (not shown) also showed important peaks in the typicakhe |ong-term trend and the 85-year oscillation. Also on a
ENSO range, 2-8 years, and at the solar 11-year period. Ipjgecadal scale (pane) we find a phase opposition between
the multidecadal range, as for temperature, the dominant CYtemperature and precipitation, that however is only approx-
cles have periods of 65, 35 and 20 years. imate and exists only after 1900, when the amplitudes of
By ICWT, according to the method bforrence and  tne oscillations in both variables become comparable. We see
Compo (1998, it is possible to reconstruct the oscillations that amplitude modulation of a given oscillation is related
corresponding to significant peaks in the GWS: the CWT co-tg evolutionary spectral features visible in the correspond-
efficients corresponding to those Fourier periods (scales) thahg scalogram: for example, precipitation has high spectral
contribute to the considered peak at all instants are insertegower in the interval 1870-1920 around a period of 20 years
into the ICWT algorithm. This procedure has a certain degreq,:ig_ 4a), and, correspondingly, the 20-year precipitation os-
of subjectivity, since the precise interval of Fourier periods jjation (blue line in Fig5d) has maximum amplitude in that
to be included is arbitrary. In the present work, oscillations jhteryal.
were reconstructed including the contributions of all periods  stydies on the variability of summer temperature and rain-
forming the whole spectral peak considered. For both variy)| over different sectors of East China, based on both obser-
ables, the long-term trend was thus reconstructed includingations and general circulation models simulatidriarfg et
all periods> 115 years, the 85-year oscillation was recon- 5| 1995, have shown that the correlation between temper-
structed including periods from 70 to 115 years, th€0-  atyre and precipitation may be positive, negative or nonexis-
year one including periods from 42 to 70 years, the 35-yeakent, depending on the varying dynamics of the EASM. When
one including periods from 25 to 42 years and the 20-yeafjs correlation is negative, as observed in the present study
one including periods from 17 to 25 years. Therefore, thejy Beijing, the combined effects of cool air advection from
“multidecadal and centennial” reconstructions, already mentne ocean and increased cloudiness in the summer monsoon
tioned, of temperature and precipitation monthly anomaliessegson that dominates precipitation, leading to decreased in-

(Fig. 1) are actually the result of wavelet lowpass filtering so|ation, have been invoked to explainlit{ng et al, 1995.
with cutoff at a frequency of 17 year$. This is also the rea-

son why, when applying the Mann smoothing filter, the same
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The results of CWT analysis were confirmed by applica-on average strong south-southwesterly winds that reached
tion of SSA Ghil and Vautard1991; Vautard et al. 1992 North and Northeast China; the summer monsoon was strong
Dettinger et al. 1995 Allen and Smith 1996 Ghil and  and rainfall was concentrated in NC. By contrast, in the sum-
Tariccq 1997 Ghil et al, 2002. The SSA technique was mers of 1977-1999, very weak southerly winds were found
designed to extract information from short and relatively in East Asia and only reached the South of the lower YR re-
noisy time series, such as climatic ones. It provides datagion. This circulation change coincides with a transition in
adaptive filters that separate the time series into componenthe summer thermal contrast between the inland Asian sur-
that are statistically independent and can be classified as o$ace and the surrounding ocean, a contrast that underwent a
cillatory patterns and noise. The oscillations can be ampli-weakening in the last decades of the 20th century: in partic-
tude and phase modulatedllien and Smith 1996. Signif- ular, a warming was observed over the SCS and the North-
icant variability components may then be reconstructed asvestern Pacific ocean and a relative cooling was observed
described aboveGhil and Vautard1991; Ghil and Taricco in central and south China, associated with increased rainfall
1997 Ghil et al, 2002. SSA has been applied in the past in these regionsXu et al, 2006. This transition coincides
to many instrumental and proxy climate records (eGhil with the well-known shift that occurred in the mid-1970s,
and Vautard 1991, Plaut et al. 1995 Taricco et al. 2009 when the tropical Pacific sea surface temperatures (SSTs)
two review papersGhil and Tariccg1997 Ghil et al, 2002 passed from a relatively cool state to relatively warm condi-
and references therein cover both methodology and other apions (e.g.,Trenberth and Hurrelll994). Chao et al(2000
plications). For the calculations we used the freeware SSA-observed that this shift is not unique and only represents the
MTM Toolkit (Vautard et al. 1992 Dettinger et al. 1995 most evident of several phase shifts, associated with quasi-
available ahttp://www.atmos.ucla.edu/tcd/ss@the SSAre-  bidecadal and possibly quasi-centennial Pacific SST oscilla-
constructed oscillations, obtained adopting a window lengthtions.

M =600, corresponding to 50 years, were found to be con- We may note here that even if a generalized relationship
sistent with the corresponding ones reconstructed by CWTbetween summer and winter monsoons is virtually nonex-
As an example, in Figla the multidecadal and centennial istent (see, e.g\Wu and Chan2005, not only the summer
SSA-based reconstruction of temperature, significant at thenonsoon but also the winter monsoon winds decreased in the
99 % c.l., is shown by a grey line and is clearly in agreementlast decades of 1900, due to the weakening of the land—ocean
with the CWT-based reconstruction (black line). winter gradient, related to the stronger warming observed in
NC than over the southern oceans, especially in wirkardt
al,, 2009. A weaker winter monsoon means, in turn, less ad-
3 Comparison with indices of large-scale climatic vection of cold air from the Siberian and Mongolian plateaus
variability in winter, contributing to the remarkable winter temperature
increase observed in Beijing.
3.1 Comparison with the EASM index

Li and Zeng(2002 2003 introduced an EASM index that 3-2 Comparison with multidecadal modes of climatic
covers the second half of the 20th century, based on the sea- mter_n al vanablllty: th_e PDO and the Atlantic
sonality of the wind field on the area 1049, 110-140E. Multidecadal Oscillation (AMO)
In Fig. 6a, this EASM index (green bars in arbitrary units) is
plotted together with Beijing temperature anomalies (thin redNext, we investigate the possible connection between the cli-
line) and with the centennial oscillation extracted by CWT mate of Northeast China and large-scale climatic variability.
(heavy red line; sum of the trend and of the 85-year oscil-To this end, among the indexes of general atmospheric circu-
lation). On a qualitative level, we see that the temperaturdation and ocean thermodynamics, we selected two that rep-
anomalies are positive when the EASM index is prevalentlyresent internal modes of variability on multidecadal scales
negative (post 1980) and vice versa. In [y, the analogous relevant to the dynamics of East-Asian climate: the PDO
comparison for precipitation (blue lines) shows precipitation (Zhang et al. 1997 Mantua et al. 1997 and the AMO
anomalies to be positive when the EASM index is prevalently(Kerr, 2000 indexes. The standardized values for the PDO
positive (ante 1970). index are derived as the leading principal component of
The years 1970-1980 thus mark the transition from prevaimonthly SST anomalies in the North Pacific Ocean, poleward
lently strong EASM, characterized by negative temperatureof 20° N. The monthly mean global average SST anomalies
anomalies and positive precipitation anomalies in Beijing, are removed to separate this pattern of variability from any
and vice versaQian et al.(2003 attribute this change from “global warming” signal that may be contained in the data.
wet to dry — that they date to around 1976 for NC — to The index series is available from 1900 to the present on a
a change in the pattern of monsoon circulation over Easmonthly basis. The values of the AMO index are calculated
China. Examining the 850 hPa summer winds over the areafrom the SST field over the North Atlantic (0—7R), tak-
they found that in the summers from 1954 to 1976 there werdng the area-weighted SST average and then detrending the
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) ) . . Figure 7. Global wavelet spectra of temperature (parebndb,
Figure 6. (2)Beijing temperature (left axis, red line) afiy) precip- e jines) and precipitation (panetsandd, blue lines) anomalies

itation (left axis, blue line) anomalies and corresponding centennial, Beijing compared with those of the PDO (panalandc, black

oscillations (right axes, dark red and dark blue lines, respectively;“nes) and AMO (panel® andd, black lines) indexes (PDOI and
sum of trend and 85-year oscillation) compared for the second hah:AMOI, respectively). Dashed lines represent 5% significance lev-

of the 20th century with the EASM index Hyi and Zeng(2002 els. Quantities related to precipitation are divided by ft® conve-
2003, plotted by green bars in arbitrary units. For presentation pur-piance of presentation.
poses, the data and the centennial variations in this figure are cen-

tered over the interval covered by the EASM index; i.e., the averagqne tropical Pacific, associated with the negative phase of the

value computed over 1948—-2004 was subtracted from each of thean o ¢ theni f1h th | trast
Centennial oscillations in the two variables are plotted from data on » Causes a strengthening ot the summer thérmal contras

separate axes in order to make their variation clearly visible. between land and sea, thus reinforcing the EASM, and vice
versa (see, e.gLju et al, 2008. Wei et al.(2008, accord-
ingly, found a negative correlation at a high confidence level
between the PDO index and Beijing precipitation. More re-
cently, Yu (2013 found a correlation between the positive
PDO phase and the “Southern flood and Northern drought”

. . . . . summer rainfall pattern over East China. This is in agreement
jing climatic variables and the PDO and AMO indexes. In P g

. ith our findings, which also add information about related
the PDO index, we detected cycles of 85, 57, 25, 9.2 anci’vI ur findings, wh I I !

. emperature variations.
5.6 years bX CWT. In periods longer _th.an.50—60 years, the Increased rainfall in Beijing (Fig9b) roughly corre-
GWS of Beijing temperature gnd pr'eC|p|tat|on angl the GWssponds to positive AMO, also associated with cool condi-
of the PDQ turn out to be similar (Figa anql b), while PDO tions (Fig.9a). The same figure suggests a decadal delay of
shows a single spectral peak at 25 years msteaq of two S(ap%'eijing’s climate response to changing AMO phases. Our re-
rate cycle; of 35 and 20 years. The AMO power is more CONg it supports the existence of a teleconnection between the
centrated in the 59—100—year band aqq shargs the cyples orth Atlantic climate and EASM, as already proposed by
85 and 57 years with the PDO and Beijing variables (Fa. other authors (see, e.d.yl et al, 200. The positive phase
and d). L ’ ’

: of the AMO is associated with positive temperature anoma-
In Figs. 8 and 9, the sum of the~ 60- and 85-year os- b P

ilati 1 Beii d and blue I for t i q lies over EurasiaGoswami et al.2006, bringing about a
ciilations In Being (rg and blue fines for temperature and .oty cement of the land—sea summer temperature gradient
precipitation, respectively) is compared with smoothed ver-

. i o and therefore of the EASM. The fact that, in turn, a cooling
sions of the PDO and AMO indexes (that by def|n|t|op have of the North Atlantic is associated with a weakening of the
no long-term trend; green areas). The smoothed indexe

BASM, also through an i f the Euro-Asiati
were obtained by CWT filtering with cutoffs at 1/15 and SM, also through an increase of the Euro-Asiatic snow

1 . over and the subsequent lower continental spring heating, is
1/17 years*, respeciively (values suggested by the shape oEcndicated by paleoclimatic evidenceléitmann et al.2007).
their respective GWS).

We observe (Fig8) that a negative PDO phase prevalently
corresponds to relatively cool conditions (paaghnd high 4 Conclusions
precipitation (paneb) in Beijing, and vice versa. It is known
that PDO has a significant impact on the climate of the PacificTwo historical time series of monthly temperature and pre-
and China Cane et al. 1986 Hoerling and Kumar2003 cipitation anomalies in Northeast China (Beijing; Fib).
McCabe et al.2004 and in particular that the cooling of were studied. The variations of temperature in Beijing during

series Enfield et al, 2001). The index is available from 1856
to the present on a monthly basis.
Figure 7 shows the spectral comparison between Bei-
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Figure 8. Comparison between the PDO index (smoothed; greenFigure 9. Comparison between the AMO index (smoothed; green
areas) and the sum of the 58- and 85-year CWT oscillations of temareas) and the sum of the 58- and 85-year CWT oscillations of tem-
perature (paned, red line) and precipitation (panél blue line). perature (paneh, red line) and precipitation (panél blue line).

The smoothing of the PDO index is obtained by CWT filtering with The smoothing of the AMO index is obtained by CWT filtering

a cutoff at 1/15 yearst. with a cutoff at 1/17 year_sl.

the last century and a half were compared with those shown The climatic oscillations detected locally in Beijing prob-

by two paleoclimatological records from East China (.  ably have a large-scale character, as supported by their com-
and with NH temperature anomalies. The modern steep teMparison with the NH annual mean temperature anomaly Had-
perature rise in Beijing was shown to have occurred nearlycRUT3 record and with modes of climate internal variability

contemporaneously with the hemispheric one (Bjg.Sig-  at multidecadal scale, such as the PDO and AMO.
nificant modes of variability on multidecadal scales were de-

tected in the two series. The spectral content of the two cli-

matic variables turned out to be very similar, so that temper-AcknowledgementsThe authors acknowledge Arnaldo Longhetto
ature and precipitation share common periodicities at aboutor establishing the contacts with the Institute of Atmospheric
85, 60, 35 and 20 years, as well as an over-centennial compd2hysics—IAP of the Chinese Academy of Sciences—CAS, Beijing,
nent representing the long-term trend of each series 4Fig. China, and for his valuable suggestions. Thg authors also ac-
Temperature and precipitation in Beijing show a general anXnowledge Zeng Q. C. (IAP) for kindly providing the data ana-
ticorrelation. The phase opposition is particularly evident on'yzed in this paper; the UK Meteorological Office, Hadley Cen-

. . . tre (www.metoffice.gov.uk/hadops for making the HadCRUT3
centennial and on bidecadal scales (Bp.The analysis of data set available; Nate Mantua of the University of Washing-

the four temperature s_eries_relative to single seasons showggd, and JISAO-Joint Institute for the Study of the Atmosphere
that the 20-year cycle is typical of the summer monsoon seaang Ocean for making the PDO index series availablétat:
son, while the 35-year cycle is most evident in the winter jjjisao.washington.edu/pdo/PDO.latetitte NOAA-ESRL for the
series. The cycles of 60 years and longer are present in all AMO index series, downloadable frohttp://www.esrl.noaa.gov/
seasons. Thanks to the high resolutions characterizing CWpsd/data/timeseries/AMQand Jianping Li (State Key Laboratory
at low frequency and to the availability of monthly records, of Numerical Modeling for Atmospheric Sciences and Geophysical
it was possible — in spite of the short time interval covered byFluid Dynamics-LASG of IAP-CAS), for the EASM index series,
the two historical series — to resolve two multidecadal com-downloadable fromhttp://www.lasg.ac.cn/staff/ljp/data-monsoon/
ponents of about 60 and 85 years that in previous studie§/SM!ntm Thanks are due also to C. Torrence and G. P. Compo
(e.g.,Qian et al, 2008 Wei et al, 2008 Zhao et al, 2004 or providing the free wavelet software (available tdtp://paos.

Zh d Han200 d inal d ith colorado.edu/research/wavelgtsdon which most of the Matlab
- a0 and Han 9 appeared as a single mode with a pe- scripts, used in this work for CWT analysis, are based, and to the
riod of around 70 years.

] o _ . authors of the SSA-MTM Toolkit, available &ttp://www.atmos.
The centennial variation of temperature and precipitation;cja edu/tcd/ssa/

proved to describe well (Fig) the 1970-1980 transition be- Topical Editor V. Kotroni thanks two anonymous referees for
tween a period of relatively strong East Asian Summer Mon-their help in evaluating this paper.

soon (EASM), corresponding to high precipitation and rela-

tively cool temperatures in Beijing, and conditions of weak

EASM, corresponding to low precipitation and warm tem-

peratures in Beijing.
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