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Abstract Climate change has impacts on both natural
and human systems. Accurate information regarding var-
iations in precipitation and temperature is essential for
identifying and understanding these potential impacts.
This research appliedMann–Kendall, rescaled range anal-
ysis and wave transform methods to analyze the trends
and periodic properties of global and regional surface air
temperature (SAT) and precipitation (PR) over the period
of 1948 to 2010. The results show that 65.34% of the area
studied exhibits significant warming trends (p<0.05)
while only 3.18 % of the area exhibits significant cooling
trends. The greatest warming trends are observed in
Antarctica (0.32 °C per decade) and Middle Africa
(0.21 °C per decade). Notably, 62.26 % of the area be-
came wetter, while 22.01 % of the area shows drying
trends. Northern Europe shows the largest precipitation
increase, 12.49 mm per decade. Western Africa shows the
fastest drying, −21.05 mm per decade. The rescaled range
analysis reveals large areas that show persistent warming
trends; this behavior in SAT is more obvious than that in
PR. Wave transform results show that a 1-year period of

SAT variation dominates in all regions, while inconsistent
0.5-year bands are observed in East Asia, Middle Africa,
and Southeast Asia. In PR, significant power in the wave-
let power spectrum at a 1-year period was observed in 17
regions, i.e., in all regions studied except Western Europe,
where precipitation is instead characterized by 0.5-year
and 0.25-year periods. Overall, the variations in SAT and
PR can be consistent with the combined impacts of natural
and anthropogenic factors, such as atmospheric concen-
trations of greenhouse gases, the internal variability of
climate system, and volcanic eruptions.
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Introduction

It is widely recognized that anthropogenic activities,
such as the increasing atmospheric concentrations of
carbon dioxide (CO2) and other greenhouse trace gases,
have caused global climate to change. The Fourth
Assessment Report of the Intergovernmental Panel on
Climate Change (IPCC-AR4) indicates that global mean
surface temperatures have risen by 0.74±0.18 °C when
estimated by a linear trend over the last 100 years
(1906–2005) (Ambenje et al. 2007). Precipitation, an-
other fluctuating quantity, has generally increased over
land north of 30° N over the period 1900 to 2005, but
downward precipitation trends have been observed in
the tropics since the 1970s (Ambenje et al. 2007).
Climate change can have major impacts on vulnerable
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natural systems and sensitive human systems at local,
regional, and national scales (Miao et al. 2011a; Miao
et al. 2012). The growing concern regarding climate
change has heightened the need for accurate information
about the space-time distribution of precipitation and
temperature (New et al. 2001; Sun et al. 2014).

During the past decades, many parametric and
nonparametric techniques for the detection of long-
term trends in time series have been developed
and applied (Mann 1945; Kendall 1975; Fu and
Wang 1992; Miao and Ni 2010; Miao et al. 2010;
Wang et al. 2012; Zhang et al. 2012; Abghari
et al. 2013). Parametric tests assume that the ran-
dom variable is normally distributed and homoge-
neous in variance, while nonparametric tests make
no assumptions about the probability distribution
(Onoz and Bayazit 2003). Nonparametric tests are
more frequently encountered than parametric sta-
tistical tests in analysis of hydrometeorological
time series (Yue et al. 2002a, b). Various studies
have attempted to assess trends in temperature and
precipitation changes by using different techniques.
Lettenmaier et al. (1994) used a nonparametric
seasonal Kendall’s test on temperature and precip-
itation trends in the continental USA over the
period 1948–1988. Xu et al. (2003) utilized both
a parametric t test and nonparametric Mann–
Kendall (MK) and Mann–Whitney techniques to
detect possible long-term trends in precipitation
over Japan. They found that the time series did
not exhibit significant evidence of a monotonic
trend during the past century. Gemmer et al.
(2004) examined monthly precipitation data in
China over the period 1951–2002. Partal and
Kahya (2006) applied nonparametric methods to
estimate the precipitation trend across Turkey dur-
ing 1929–1993 and identified some significant
trends, especially in January, February, and
September precipitation and in the annual mean.
Alexander et al. (2006) applied Kendall’s tau to
analyze the global changes in daily climate ex-
tremes in temperature and precipitation and found
that over 70 % of the global land area sampled
showed a significant decrease in the annual occur-
rence of cold nights and a significant increase in
the annual occurrence of warm nights.

Meteorological time series may show periodic
cycles in addition to trends (Hsu and Li 2010).
The wavelet transform (WT) is a common tool for

analyzing localized power variations within a time
series. By decomposing a time series into time-
frequency space, one is able to determine both the
dominant modes of variability and how those modes
vary in time (Torrence and Compo 1998). Wavelet
analysis has been successfully applied to detecting
climate and hydrology characteristics, such as
revealing periodic features of meteorological and
hydrological time series. Kim (2004) applied
wavelet analysis to estimate the temporal variability
of 96 years of precipitation in northern California
and found a strong regular decadal oscillation after
1945 with a dominant period of approximately
16 years. Labat (2008) explored a wavelet-based
global analysis of discharge fluctuations of 55 large
rivers located on five continents and found that large
river runoff records are valuable proxies for
temperature and precipitation because discharge
series integrate intermittent processes over
timescales of four or more years. Jiang et al.
(2009) used Morlet wavelets to analyze nearly
100 years of a precipitation time series in
Northeast China and found periodic oscillations of
2 to 3 years and 5 years.

However, most preexisting studies only focused
on single or several regions; few studies have
performed comprehensive comparison and analysis
of the distribution and characteristics of precipita-
tion and temperature trends on the global scale.
Thus, the present study aims (1) to detect the
significance and magnitude of the trend of global
temperature and precipitation change and (2) to
reveal the continuity and periodicity of temperature
and precipitation changes in different regions.
Potential natural and anthropogenic factors that
influence these processes are explored and
discussed.

Data and methods

Data

This study uses monthly mean continental surface
air temperatures (SAT) at 2.5°×2.5° resolution
from the National Center for Environmental
Prediction/National Center for Atmospheric
Research (NCEP/NCAR) Global Reanalysis
(Kalnay et al. 1996) and monthly mean continental
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precipitation (PR) on the same grid from the
Global Precipitation Climatology Centre (GPCC)
product (Rudolf et al. 2010). The analysis focuses
on the period 1948–2010. Because the GPCC
dataset does not cover the Antarctic region, the
analysis for PR focuses on land outside the
Antarctic.

Analysis methods

The statistical significance of trends at each grid point in
various regions and globally was tested using the non-
parametric Mann–Kendall method (Mann 1945;
Kendall 1975), and the magnitude of the trend was
computed using Sen’s estimator of slope (Sen 1968).
The Morlet wavelet is the most commonly used wavelet
for timescale analysis (Kumar and Foufoula-Georgiou
1997) and is preferred when there are periodic or char-
acteristic scales present in the time series (Hsu and Li
2010). Thus, Morlet wavelet analysis (Torrence and
Compo 1998) was utilized to estimate the periodicity
of precipitation and temperature variations. Moreover,
rescaled range analysis (Weron 2002) was applied to
calculate the Hurst exponent and reveal the continuity of
temperature and precipitation changes.

(a) Mann–Kendall test for monotonic trends

The nonparametric Mann–Kendall statistical test re-
quires sample data to be serially independent. When
sample data are serially correlated, the presence of serial
correlation in the time series will affect the ability of the
test to correctly assess the significance of the trend (Yue
and Wang 2004; Yue et al. 2002a, b). Therefore, we
adopted the methodology proposed byYue et al. (2002a,
b) to eliminate the autocorrelation of the time series
before applying the MK test. The preliminary processes
include the following steps:

1) Calculating the slope of the trend in the time series
using Sen’s estimator as follows (Sen 1968):

β ¼ Median
x j−xi
j−i

� �
ð1Þ

where the estimator β is the median over all com-
binations of record pairs for the whole dataset and is
thereby resistant to the effect of extreme values in
the observations.

2) De-trending the time series and dividing the original
series into trend series and residual series:

x
0
t ¼ xt−Tt ¼ xt−β � t ð2Þ

Calculating the parameters of the autoregressive
(AR) model for the residual series:

rk ¼
Xn−k

i¼1
xi−x̄
� �

xiþk−x̄
� �

Xn

i¼1
xi−xð Þ2

ð3Þ

where n is the length of the time series, rk is the lag-k
autocorrelation efficient, and x is the mean. Then, the
AR (1) component is removed from the time series
using the following equation:

x
0 0
t ¼ x

0
t−r1 � x

0
t−1 ð4Þ

Recombining the series after AR component is re-
moved from the trend series:

x
0 0 0
t ¼ x

0 0
t þ Tt ð5Þ

where xt
' ' ' is the sample data with the true trend, which is

not affected by autocorrelation. Then, the MK test is
applied to the new series (xt

' ' ').
Then, the Mann–Kendall method for testing the sta-

tistical significance of trends is given as follows (Mann
1945):

Z ¼

S−1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var Sð Þp ; S > 0

0 ; S ¼ 0
S þ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var Sð Þp ; S < 0

8>>>><>>>>: ð6Þ

where

S ¼
Xn−1

i¼1

Xn

j¼iþ1
sgn y j−yi
� �

ð7Þ

sgn y j−yi
� �

¼
1 ; y j−yi > 0
0 ; y j−yi ¼ 0
−1 ; y j−yi < 0

8<: ð8Þ

Var Sð Þ ¼
n n−1ð Þ 2nþ 5ð Þ−

Xq

p¼1
tp tp−1
� �

2tp þ 5
� �h i

18
ð9Þ

in which y is the new series after eliminating the auto-
correlation of the origin time series. yi and yj are the
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sequential data values at times i and j, respectively,
where j> i. The number n is the length of time
series, q is the number of tied groups, tp is the pth
group and ∑ denotes summation over all ties. The
null hypothesis (H0) is accepted if –Z1−a/2≤Z≤Z1−a/2,
where a is the significance level of the test. A
typical confidence level of 95 % was used. A pos-
itive (negative) value of Z indicates an upward
(downward) trend.

The magnitude of the trend is calculated using Sen’s
estimator of slope as function (1).

(b) Wavelet transform

The Morlet wavelet is defined as (Torrence and
Compo 1998)

ψ0 ηð Þ ¼ π‐1=4eiω0ηe‐η
2=2 ð10Þ

where ω0 is the nondimensional frequency, taken
here to be 6 to satisfy the admissibility condition
(Farge 1992; Torrence and Compo 1998), and η is
dimensionless time. The continuous wavelet trans-
form of xn with a scaled and translated version of
ψ0(η) is

Wn sð Þ ¼
XN−1

n0¼0
xn0ψ*

n0−nð Þδt
s

	 

ð11Þ

where (*) indicates the complex conjugate, s is the
wavelet scale, n is the localized time index, and N
is the number of points in the time series. The
cone of influence (COI) is here defined as the area
in which the wavelet power caused by a disconti-
nuity at the edge drops to e−2 of the value at the
edge. COI was used to account for the edge ef-
fects (Grinsted et al. 2004). The statistical signifi-
cance of wavelet power can be assessed relative to
the null hypotheses that the signal is generated by
a stationary process with a given background pow-
er spectrum (Pk). The Fourier power spectrum of a
first-order autoregressive (AR1) process with lag-1
autocorrelation α is given by (Grinsted et al. 2004)

Pk ¼ 1−a2

1−ae−2iπkj j2
ð12Þ

where k is the Fourier frequency index. Torrence
and Compo (1998) use Monte Carlo methods to
show that this approximation is very good for the
AR1 spectrum. They show that the probability that

the wavelet power of a process with a given power
spectrum (Pk) greater than p. The equation is:

D
WX

n sð Þ�� ��2
σ2
X

< p

 !
¼ 1

2
Pkχ

2
υ pð Þ ð13Þ

where υ is equal to 1 for real wavelets and 2 for complex
wavelets. The Morlet wavelet was adapted to analyze
the periodic characteristics of SAT and PR.

(c) Rescaled range analysis

The fundamental principle of R/S analysis is given by
Weron (2002). The analysis begins with dividing a time
series of return of length L into d subseries of length n.
For each subseriesm=1,…,d:① find the mean (Em) and
standard deviation (Sm);② normalize the data (Zi,m) by
subtracting the sample mean xi,m=Zi,m−Em for i=
1,…,n; ③ create a cumulative time series Yi,m=∑ j=

1
i x j ,m for i = 1,… ,n ; ④ f ind the range Rm =
max{Y1,m,…,Yn,m}−min{Y1,m,…,Yn,m}; ⑤ rescale the
range Rm/Sm. Then, calculate the mean value of the
rescaled range for all subseries of length n:

R=Sð Þn ¼
1

d

Xd

m¼1
Rm=Sm ð14Þ

The R/S statistics asymptotically follow the relation:

R=Sð Þn e cnH ð15Þ

where a Hurst exponent H can be obtained by running
the simple linear regression over a sample of increasing
time horizons:

log R=Sð Þn ¼ logcþ H logn ð16Þ
where the range of H is between 0 and 1, H=0.5
suggests a true random walk, 0.5<H<1 indicates “per-
sistent behavior”, and 0<H<0.5 reflects a time series
with “anti-persistent behavior.”

Results

Spatial patterns of temperature and precipitation trends

The overall spatial patterns of the annual and seasonal
global SAT change are shown in Fig. 1. In annual SAT
(including Antarctica), significant warming trends
(p<0.05) for the period 1948–2010 occur in 65.34 %
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of the area studied. The estimated values of H are in the
range of 0.5–1 for most areas (Fig. 1, right), indicating
long-term persistence of the warming. This indicates
that the warming trends in these areas will very likely

continue in the future. In high-latitude regions, in a few
isolated areas such as eastern Russia and northern
Antarctica, the values of H are below 0.5, indicating
that future values are not dependent on previous values.

Fig. 1 The distributionmap of change trends (left) andHurst exponents (right) for annual and seasonal mean temperature during 1948–2010
over the global land. The blanks over global land (include Antarctica) indicate there are no significant trends at the 0.05 level
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On the China-India border, in Western Australia, in
southern Africa, and in some isolated areas, the
annual mean temperature shows a significant de-
creasing trend (p<0.05). Only 3.18 % of the area
studied shows a significant decreasing trend.
Seasonally, significant warming trends are found for
all seasons in a large number of grid cells. However,
the decreasing trends occur in Southeast Asia and
Northern Africa in March, April, and May (MAM).
The grid cells in Northwest Africa, southern Africa,
and Western Australia have a negative change in
December, January, and February (DJF) .
Exceptionally, significant warming trends are identi-
fied for annual mean temperature in MAM, June,
July, and August (JJA), and September, October,
and November (SON) over Antarctica, while a sig-
nificant downward trend is discovered in DJF.
Moreover, the most distinct warming trend is ob-
served in JJA.

The overall spatial pattern of the precipitation change
over global continents (excluding Antarctica) is shown
in Fig. 2. The spatial pattern of the precipitation change
shows zonal characteristics. Annual precipitation over
high-latitude regions in the Northern Hemisphere,
Middle Africa, India, and Southeast Asia all increased
significantly (p<0.05) during the period 1948–2010. Of
the area, 62.26 % became wetter. However, 22.01 % of
the area showed negative trends; this area was mainly
located at low latitudes, including large areas of South
America, southern Africa, Australia, and Indonesia.
Some famous dry populated areas in world, such as
theMiddle East, Middle Asia, became drier and warmer.
The value of H in part Middle East is higher than 0.5,
but below 0.5 in the rest of Middle Asia, which may
indicate different persistent behavior. Seasonally, fewer
grids show significant precipitation changes for different
seasons. A significant positive trend is found in the
high-latitude regions in the Northern Hemisphere, in-
cluding Russia, Canada, and Greenland, in MAM and
DJF. Moreover, distinct downward trends are evident in
the east coast of the Gulf of Guinea in MAM, SON, and
DJF. In central Australia, significant upward trends are
observed in DJF, while for other seasons, precipitation
in the region has no significant trend. The seasonal
variation in precipitation is not as strong as the seasonal
variation in temperature. As Fig. 2 shows, the values of
H for the precipitation time series are primarily near 0.5.
Thus, persistent behavior for precipitation cannot be
observed over large areas.

Trends in regional temperature and precipitation

Figure 3 shows the 5-year-average time series of annual
SAT and PR globally and in the Northern and Southern
Hemispheres. For SAT, it is obvious that the trends of all
three areas are similar: they are all warming. From
approximately 1990 to 1995, a slight fluctuation was
observed: SAT slightly decreases before warming more
rapidly. For PR, the gradual global changes and changes
within the Northern Hemisphere are similar, while the
precipitation record in the Southern Hemisphere shows
more obvious fluctuations.

Figure 4 shows the anomaly relative to the period
1961 to 1990 and the 5-year-average time series of
annual mean temperature. Most regions show undula-
tions superimposed on overall rising trends. After the
1990s, SAT rises with an increasing rate. The tempera-
ture of East Africa and Middle Africa continued to rise
with similar trends. The trends in temperature change
over different periods in West Africa and North Africa
are largely consistent; the lowest and highest tempera-
tures here occur in 1974 and 2010, respectively. In Asia,
all regions except Southeast Asia show brief minima in
SAT in the 1970s. Moreover, the temperature changes in
Central America and South America are more moderate
than those in North America. The temperature changes
in Eastern Europe, Northern Europe, and Western
Europe are all similar, while Southern Europe shows
relatively stable temperatures.

To assess the expected large regional variations in
precipitation trends, Fig. 5 shows time series of annual
precipitation relative to the period 1961–1990. The var-
iations in precipitation differ over various regions. In
Eastern Europe, Middle Africa, South America and
North America, the magnitudes of precipitation changes
are approximately −10~10 %; that is to say, relatively
small changes are observed. In Australia, southern
Africa, and North Africa, higher annual variations in
precipitation are observed, with anomalies of approxi-
mately −20~60 %.

Table 1 shows the estimates of the trends in annual
and seasonal mean temperature change in 19 regions. In
most regions, positive trends that are statistically signif-
icant at the 0.05 level in annual mean temperature are
identified; only four regions satisfy the null hypothesis.
The annual mean temperature in Australia and New
Zealand shows almost no change. The long-term mono-
tonic trends in mean annual temperature in North Africa,
southern Africa, southern Asia, and Australia are weak
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and statistically insignificant. The rate of change in
mean annual temperature in regions with significant
change varies from 0.07 to 0.32 °C per decade, with

the highest trend estimates observed in Antarctica
(0.32 °C per decade) and Middle Africa (0.21 °C per
decade). Seasonally, SAT in all seasons has a positive

Fig. 2 The distribution of change trends (left) and Hurst exponents (right) for annual and seasonal precipitation during 1948–2010 over the
global land. The blanks on global land (exclude Antarctica) indicate there are no significant trends at the 0.05 level
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Fig. 3 The 5-year-average time
series of annual mean temperature
and precipitation anomalies on
globe, Northern Hemisphere,
Southern Hemisphere. The
baseline is 1961–1990

Fig. 4 The time series of annual mean temperature anomalies and 5-year-average series displayed on different regions. The baseline is
1961–1990
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change for East Africa and Southeast Asia. However, in
southern Africa from 1948–2010, significant warming
was not observed during all seasons. Other regions show
significant trends in different seasons. Significant trends
in the mean DJF temperature are observed only in East
Asia, East Africa, South America, Southeast Asia,
Australia, and New Zealand. Notably, a negative trend
is detected in Australia and New Zealand for JJA, with a
−0.07 °C per decade rate of change. For the Hurst
exponent of annual mean temperature, regions (except
Western Europe) with H values above 0.5 show long-
term persistence of warming. In JJA, the values of H in
East Asia, Middle Africa, North Africa, Southern
Europe, and Western Europe are below 0.5, indicating
that future temperatures are independent of previous
temperatures.

Table 2 shows estimates of the trends in annual and
seasonal precipitation in 18 regions. Over East Africa,

East Asia, Middle Africa, North America, Southeast
Asia, southern Africa, South Asia, Southern Europe,
West Africa, and Western Asia, the annual precipitation
exhibits decreasing trends. Increasing trends are identi-
fied for seven other regions. However, analyses of an-
nual precipitation over land indicate that only a few
regions have significant trends over the period 1948–
2010, including East Africa, Middle Africa, North
America, Northern Europe, and West Africa, while the
Mann–Kendall test finds that annual precipitation in
other regions does not show significant trends. The
monotonic trend test indicates that the precipitation in
Middle Africa andWest Africa tends to decrease at rates
of −18.41 and −21.05 mm per decade, respectively.
Statistically significant upward trends are observed in
Eastern Europe, North America, and Northern Europe;
these regions are primarily located at middle and high
latitudes. The rate of change (12.49 mm per decade) in

Fig. 5 The time series of annual precipitation anomalies and 5-year-average series displayed on different regions. The baseline is 1961–
1990
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Northern Europe is higher than that of other regions.
Table 2 also shows the rate of precipitation change for
all seasons over all regions. For JJA, most regions
become drier (negative trends), but Central America,
North America, Northern Europe, Western Asia,
Australia, and New Zealand do not become drier. For
SON, wetter trends are observed in many regions, ex-
cepting East Asia, Middle Africa, Southeast Asia, and
West Africa. Decreases in precipitation are found for all
seasons in East Asia and Middle Africa. Precipitation
increases in all seasons are found only in Northern
Europe. The values of the Hurst exponent of precipita-
tion for almost all regions are in the range of 0.4–0.6.
Thus, the persistence or anti-persistence of these time
series is not obvious.

WT of temperature and precipitation for all regions

Figure 6 shows the wavelet power spectrum of the
monthly mean temperature of 19 critical regions. The
wavelet spectrum provides an improved insight into
the temporal-scale variability of monthly temperature

series (Labat et al. 2005). From the wavelet power
spectrum, the intermittency of each time-scale pro-
cess can be detected. As expected, these monthly
temperature series show significant power at the 1-
year period; the annual cyclicity in all regions shows
a confidence level greater than 0.95 (Fig. 7).
However, the 1-year band of the monthly mean
temperature in Middle Africa is not consistent
throughout the entire time series: the 95 % confi-
dence regions in the 1-year band disappear during
1948–1953 and reappear after 1953. Moreover, power
in the 0.5-year band of the temperature series in East
Asia, Middle Africa, and Southeast Asia can be ob-
served, but the 0.5-year bands for these regional tem-
peratures are also not consistent over time. For example,
in East Africa, the 95 % confidence region for the 0.5-
year band appears relatively consistently only after
1982. On a multi-decadal scale, South Eastern Asia,
Middle Africa, and Eastern Africa are characterized by
32-year oscillation (Fig. 7), but the 32-year periods are
not over the confidence level of 0.95. Overall, the 1-year
period is dominant in all regions.

Table 1 The trends slope (β) and Hurst exponent (H) for annual and seasonal mean temperature in different regions

Annual MAM JJA SON DJF

Region β Ht β H β H β H β H

Western Asia 0.011 0.65 0.014 0.66 0.021 0.68 0.014 0.54 −0.008 0.52

Southern Asia 0.004 0.70 0.003 0.64 0.006 0.65 0.006 0.62 −0.007 0.55

Central Asia 0.020 0.67 0.018 0.58 0.014 0.65 0.034 0.53 0.013 0.52

South Eastern Asia 0.010 0.59 0.005 0.58 0.014 0.56 0.013 0.56 0.007 0.69

Eastern Asia 0.010 0.59 0.015 0.57 −0.002 0.66 0.006 0.58 0.027 0.40

Western Europe 0.015 0.49 0.015 0.43 0.023 0.51 0.005 0.52 0.010 0.44

Eastern Europe 0.020 0.61 0.030 0.57 0.015 0.68 0.020 0.61 0.020 0.44

Southern Europe 0.008 0.63 0.011 0.52 0.021 0.64 0.021 0.53 −0.002 0.46

Northern Europe 0.014 0.62 0.012 0.50 0.010 0.59 0.004 0.59 0.027 0.57

Northern America 0.016 0.65 0.017 0.53 0.003 0.58 0.015 0.64 0.036 0.62

Central America 0.007 0.64 0.010 0.53 0.007 0.56 0.006 0.53 0.006 0.48

South America 0.007 0.67 0.010 0.70 0.004 0.57 0.003 0.51 0.011 0.56

Antarctica 0.032 0.60 0.056 0.60 0.082 0.63 0.038 0.61 −0.048 0.68

Australia & New Zealand 0.00 0.59 0.001 0.51 0 0.50 0 0.53 −0.007 0.54

Western Africa 0.007 0.62 0.007 0.60 0.020 0.61 0.020 0.60 −0.009 0.51

Southern Africa 0.004 0.62 0.003 0.57 0.004 0.56 0.004 0.52 0 0.53

Middle Africa 0.021 0.61 0.025 0.65 0.033 0.64 0.019 0.61 0.005 0.47

Northern Africa 0.005 0.63 0.008 0.61 0.011 0.66 0.009 0.54 −0.005 0.45

Eastern Africa 0.0016 0.57 0.022 0.59 0.015 0.56 0.012 0.58 0.015 0.56

The values with bold font indicate the series has significant change at the 0.05 level
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Figure 8 shows the wavelet power spectrum of the
precipitation time series of 18 regions. Most regions
show significant power at the 1-year period; however,
Western Europe does not. Over Western Europe, the 1-
year period is not significant at the 95 % confidence
level (Fig. 9), but 95 %-significant regions can be ob-
served, though they are distributed sporadically, in the
0.5- and 0.25-year bands. Over Central America, East
Africa, East Asia, Eastern Europe, North America,
South America, Southeast Asia, southern Africa, South
Asia, andWest Africa, significance in the 1-year band of
the monthly precipitation is consistent throughout the
entire time series. The continuous wavelet power spec-
trum for Australia shows high wavelet power in the 1-
year band in 1951–1968, 1970–1982, and 1984–2010.
The precipitation series of Northern Europe has high
power in the 1-year band during 1948–1990, while
95 %-confident regions in the 1-year band appear only
sporadically after 1990. As for Central Asia and
Southern Europe, regions of 95 % confidence in the 1-
year band are distributed sporadically throughout the
entire period; the 1-year period dominates. A significant
wavelet variance in the 0.5-year band can be observed

over Central Asia, Australia, Central America, Middle
Africa, South Asia, Southern Europe, Western Asia, and
Western Europe, but the regions of significance are
distributed more sporadically than are the 1-year regions
of significance. Only over Middle Africa and South
Asia are the regions of 95 % confidence distributed
relatively consistently. On interannual scales, Central
Asia, Western Europe, and Middle Africa show 6–7-
year fluctuations; Central Asia also is characterized by
12-year fluctuation. Sixteen- to eighteen-year periodic-
ities are showed inWestern Europe and Northern Africa.
However, these periodicities are not over the confidence
level of 0.95.

Discussion and summary

A number of factors may be affecting the results. The
first potential factor is the length of the time series. Yue
et al. (2002a, b) revealed that the sample size affects the
ability of the Mann–Kendall test to detect monotonic
trends: as the sample size increases, the tests become
more powerful; therefore, that wavelet analysis may

Table 2 The trends slope (β) and Hurst exponent (H) for annual and seasonal precipitation in different regions

Annual MAM JJA SON DJF

Region β H β H β H β H β H

Western Asia −0.3394 0.56 −0.175 0.465 0.019 0.510 0.036 0.571 −0.214 0.52

Southern Asia −0.007 0.59 −0.012 0.559 −0.157 0.523 0.025 0.533 0.101 0.53

Central Asia 0.187 0.47 −0.197 0.43 −0.086 0.487 0.105 0.492 0.192 0.52

South Eastern Asia −0.801 0.54 0.209 0.501 −0.337 0.495 −0.253 0.516 −0.32 0.58

Eastern Asia −0.336 0.48 −0.072 0.476 −0.139 0.449 −0.193 0.460 0.009 0.54

Western Europe 1.017 0.56 0.500 0.568 −0.178 0.380 0.612 0.541 0.109 0.49

Eastern Europe 0.294 0.58 0.154 0.543 −0.070 0.561 0.128 0.564 0.083 0.64

Southern Europe −0.310 0.56 −0.060 0.477 −0.129 0.493 0.162 0.470 −0.438 0.46

Northern Europe 1.249 0.52 0.294 0.495 0.151 0.467 0.243 0.531 0.52 0.36

Northern America 0.418 0.55 0.324 0.552 0.273 0.495 0.161 0.531 −0.015 0.51

Central America 0.462 0.51 −0.008 0.502 0.240 0.442 0.228 0.427 0.005 0.70

South America 0.413 0.54 0.206 0.565 −0.033 0.471 0.045 0.493 0.216 0.50

Australia & New Zealand 0.849 0.55 −0.008 0.429 0.249 0.417 0.228 0.551 0.759 0.47

Western Africa −2.105 0.58 −0.335 0.541 −0.909 0.503 −0.694 0.560 −0.093 0.57

Southern Africa −0.167 0.54 −0.390 0.562 −0.004 0.437 0.107 0.455 0.143 0.54

Middle Africa −1.841 0.54 −0.497 0.452 −0.406 0.501 −0.509 0.502 −0.185 0.54

Northern Africa −0.081 0.52 −0.076 0.521 −0.081 0.524 0.009 0.457 −0.097 0.41

Eastern Africa −0.386 0.52 −0.327 0.484 −0.142 0.508 0.041 0.521 −0.076 0.57

The values with bold font indicate the series has significant change at the 0.05 level
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reveal more information for longer time series. Thus,
moremeaningful and accurate results may be obtained if
there are longer time series.

Secondly, the changes in SAT and PR over the twen-
tieth century observed in the study are consistent with the

combined impacts of natural and anthropogenic forcings
(Tett et al. 1999; Stott 2000;Miao et al. 2011b;Miao et al.
2013). It is well known that human activity is perturbing
the chemical composition and radiative balance of the
Earth’s atmosphere (McCormick et al. 1995). The

Fig. 6 Wavelet power spectrum of monthly mean temperature for 19 regions
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warming trend over global land, as Figs. 3 and 4 show,
was likely due to increasing atmospheric concentrations
of greenhouse gases (CO2, CH4, N2O, etc.) from anthro-
pogenic activities. Of these greenhouse gases, increases
in CO2 are responsible for the largest forcing (Forster
et al. 2007). For the decade from 1995 to 2005, the

growth rate of CO2 in the atmosphere was 1.9 ppm per
year and the CO2 radiative forcing (RF) increased by
20 %; this is the largest change observed or inferred for
any decade in at least the last 200 years (Forster et al.
2007). Thus, it is obvious that SAT over global land has
been warming more rapidly since 1995 (Figs. 3 and 4).

Fig. 7 The global wavelet spectrum of monthly temperature in 19 regions in 95 % confidence interval (dotted lines)
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Natural forcings and the internal variability of the
climate system itself are both important in the change
of SAT and PR. The El Niño-Southern Oscillation
(ENSO) affects the dominant mode of variability in
global and hemispheric land precipitation, and the
Arctic and Antarctic Oscillation (AO and AAO) most
likely affect precipitation changes in mid- and high
latitudes (New et al. 2001). The drying trends observed
in southern Africa, Northern Australia, Central andWest
Asia, and parts of southeast of China and the USA, as

Fig. 1 shows, may be related to the internal variability of
the climate system. The results that significant warming
trends over Antarctica are identified in MAM, JJA and
SON but not in DJF (Fig. 1), which is consistent with the
findings of Gong (1999). Gong (1999) shows that the
downward trend in the DJF average temperature is likely
related to the strengthening of the Antarctic oscillation.
Similarly, the observed positive trends in wintertime
temperatures over Europe, drying trends over Southern
Europe (Figs. 1, 3, and 4; Table 2) and significant

Fig. 8 Wavelet power spectrum of monthly precipitation for 18 regions
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wetting trends over Northern Europe (Table 2) are linked
to the North Atlantic Oscillation (NAO) (Hurrell and
Loon 1997). Figure 5 shows that Southern Europe
become drier while Northern Europe became wetter
since 1980. The results may be due in part to the NAO,
which has tended to remain in one phase since 1980
(Hurrell and Loon 1997).

Volcanic eruptions are an important natural cause of
climate change on many timescales (Robock 2000;
Robock and Mao 1995). Volcanic aerosols scatter in-
coming solar radiation to space, increasing planetary

albedo and cooling the earth’s surface and troposphere
(Robock and Mao 1995). Modest cooling (~0.1–0.2 °C)
is observed for 1 to 2 years after these large events
(Mass and Portman 1989). The global and regional
SATexperienced a distinctive cooling period in the early
1990s (Figs. 3 and 4), which may be the result of the
eruption of Mt. Pinatubo in 1991 (McCormick et al.
1995; Xiao and Li 2011).

In conclusion, in this study, several techniques are
applied to analyze the long-term trends in time series of
global and regional temperature and precipitation. On

Fig. 9 The global wavelet spectrum of monthly precipitation in 18 regions in 95 % confidence interval (dotted lines)
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the spatial scale, for SAT, application of the Mann–
Kendall test for annual and seasonal mean temperature
and time series shows that significant warming trends
(p<0.05) for the period 1948–2010 occur over 65.34 %
of land, while cooling trends are observed in only
3.18 % of the area. From the results of R/S, large areas
show persistent warming trends. Over Antarctica, sig-
nificant warming trends are identified in the mean tem-
perature in MAM, JJA, and SON, but not in DJF. For
PR, at middle and higher latitudes, significant upward
trends are observed. Approximately 62.26 % of areas
become wetter. Significant downward trends are ob-
served in 22.01 % of the area studied; these areas are
mainly in southern Africa, Northern Australia, Central
and West Asia, parts of southeast China, and the USA.
The regional average temperature and precipitation are
also analyzed. For SAT, results indicate that most re-
gions show undulating rising trends overall, with SAT
rising at a faster rate after the 1990s. The results of the
Mann–Kendall test identify statistically significant in-
creasing trends in annual mean temperature and mean
temperature at the 0.05 level in MAM, JJA, and SON;
the rates of change vary from 0.07 to 0.21 °C per
decade. Furthermore, results from the wavelet analysis
of monthly mean temperature show that the 1-year
period dominates in all regions. Only in East Asia,
Middle Africa, and Southeast Asia are inconsistent
0.5-year bands observed.

For PR, the magnitudes of the anomalies are approx-
imately −20~60 % in Australia, southern Africa, and
Northern Africa, while in other regions they are approx-
imately −30~30 %, and relatively stable changes are
observed. The monotonic trend test for annual precipi-
tation indicates that precipitation in Middle Africa and
Western Africa is decreasing; statistically significant
increases are observed only in Eastern Europe, North
America, and Northern Europe. Significant power in the
wavelet power spectrum at the 1-year period was ob-
served in 17 regions, but was absent in Western Europe,
where the precipitation is characterized by 0.5- and
0.25-year periods. Unlike the periodic properties of
temperature, for precipitation, the 1-year band is not
consistent throughout the entire time series. The results
fromR/S show that persistent behaviors in SATare more
obvious than in PR.
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