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Abstract. This study aims to investigate the effect of total
cloud cover (TCC) and sunshine duration (SSD) in the vari-
ation of diurnal temperature range (DTR) in China during
1954–2009. As expected, the inter-annual variation of DTR
was mainly determined by TCC. Analysis of trends of 30-
year moving windows of DTR and TCC time series showed
that TCC changes could account for that of DTR in some
cases. However, TCC decreased during 1954–2009, which
did not support DTR reduction across China. DTRs under
sky conditions such as clear, cloudy and overcast showed
nearly the same decreasing rate that completely accounted
for the overall DTR reduction. Nevertheless, correlation be-
tween SSD and DTR was weak and not significant under
clear sky conditions in which aerosol direct radiative effect
should be dominant. Furthermore, 30–60 % of DTR reduc-
tion was associated with DTR decrease under overcast condi-
tions in south China. This implies that aerosol direct radiative
effect appears not to be one of the main factors determining
long-term changes in DTR in China.

Keywords. Atmospheric composition and structure (Cloud
physics and chemistry)

1 Introduction

The annual average global temperature increased 0.74±

0.18◦C from 1906 to 2005 (IPCC, 2007). However, the diur-
nal temperature range (DTR) was observed to decrease since
the 1950s over most global land areas due to a lower rate
of warming in maximum temperature than in minimum tem-
peratures (Karl et al., 1993; Zhou et al., 2004). Cloud and
precipitation are widely suggested to have played an im-
portant role in the worldwide DTR reduction due to their
significant effects on the surface energy and hydrological

balance (Karl et al., 1993; Dai et al., 1997, 1999). Clouds
cool the earth’s surface by reflecting sunlight during daytime
and warm the surface by emitting longwave radiation, and
thereby exert a damping effect on DTR. Thick clouds with
low bases are most effective in reflecting sunlight and radi-
ate more longwave radiation back to earth. Therefore thick
clouds are very effective in damping DTR, while middle and
high clouds have only moderate damping effects on DTR
(Dai et al., 1997, 1999). Coincident increases in cloud cover
found in many locations have been cited as a plausible cause
for the DTR reduction (Karl et al., 1993). Precipitation also
impacts DTR to some extent (Dai et al., 1997; Zhou et al.,
2004). Data analysis showed that the long-term DTR trend
exhibited a significant correlation with precipitation amount.
Stronger DTR decreasing trends were observed over drier re-
gions (Zhou et al., 2010). Up to 80 % of the DTR variance
was explained by the cloud and precipitation records (Dai et
al., 1999). DTR is also impacted by changes of surface prop-
erties, greenhouse gases and aerosols.

Model simulations showed that none of the known glob-
ally distributed climate forcing could account for the ob-
served DTR changes. A larger global warming mechanism
coupled with a forcing concentrated more in the continental
regions could yield the observed DTR reduction (Hansen and
Sato, 1995). Analysis of data from model simulations during
the 20th century (20C3M) showed that these models repro-
duced the overall 20th century warming over global land sur-
faces well but underestimated the decadal variations in the
DTR and surface solar radiation (SSR). This lack in decadal
variability in the model-calculated DTR and SSR could have
various origins (Wild, 2009a). An obvious origin could be
a missing increasing trend in the modeled cloud characteris-
tics, such as cloud cover and cloud albedo, which could likely
result from a poor representation of complex aerosol–cloud
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Fig. 1. Spatial distribution of 332 surface observation stations in
China used in the analysis. Eight regions are classified using a fac-
tor analysis with varimax rotation including (1) Northwest China
(NWC), (2) the Loess Plateau (TLP), (3) Northeast China (NEC),
(4) the North China Plain (NCP), (5) the Yangtze Delta region
(TYD), (6) Southeast China (SEC), (7) Southwest China (SWC),
and (8) the Tibetan Plateau (TTP).

interactions in the models or our poor understanding of cloud
feedbacks to global warming. Furthermore, natural variabil-
ity could also potentially induce decadal-scale variations in
cloud properties, SSR and DTR, which were also likely not
reproduced by the models to their full extent (Wild, 2009b).

The warming rate of annual mean surface air tempera-
ture in China for the last half century was estimated to be
0.22◦C/decade, which was more rapid than the average val-
ues of the world and the Northern Hemisphere (Guo et al.,
2005). The DTR decreased by 0.25◦C/decade during 1960–
1990 as a result of increasing minimum temperature and
slightly decreasing maximum temperature; however, DTR in
the 1990s was observed to level off (Liu et al., 2004). Cor-
relation analysis showed that changes of cloud cover and
precipitation could not account for the decreased DTR (Liu
et al., 2004). This led to an argument that it was likely
attributable to the global dimming induced by increased
aerosols (Liu et al., 2004; Che et al., 2005; Liang and Xia,
2005).

This study is intended to answer the following questions:
(1) What is the spatio-temporal variability of DTR during
1954–2009 under sky conditions such as clear, cloudy and
overcast? (2) What percent of DTR trends can be accounted
for by changes in total cloud cover (TCC)? (3) What is the
relationship between DTR and sunshine duration (SSD) and
its implication for aerosol direct radiative effect? This kind
of analysis may provide better understanding how and why
DTR in China varied over the past 50 years.

2 Data and methodology

2.1 Data

The measurements of maximum and minimum temperature,
cloud and sunshine duration were managed by the China
Meteorological Administration (CMA). Daily surface obser-
vations of these quantities at more than 700 meteorological
sites are archived and available from the Climate Data Cen-
ter (CDC) of the CMA. Quality control checks were per-
formed by CDC/CMA. Ground-based observations of TCC
in units of percent of sky cover are based on subjective esti-
mates of cloud amount at 6-h intervals, 00:00, 06:00, 14:00,
22:00 UTC, by experienced individuals. SSD, the time dur-
ing which the direct solar irradiance exceeds 120 W m−2 as
defined by the World Meteorology Organization, is observed
using the sunshine recorder. The DTR was calculated as the
difference between the maximum and minimum temperature.

2.2 Testing the homogeneity of the DTR series

Climate observations are sometimes impacted by noncli-
matic factors such as changes in station location, exposure of
the observational site, instrumentation type, or measurement
procedure, thereby leading to abrupt or gradual changes in
data records. The RHtestV3 software package in which the
penalized maximalt test and the penalized maximalF test
were embedded was used here to detect multiple shifts in
a DTR series that displayed first-order autoregressive errors
(Wang, 2008). The RHtestV3 was applied to each site’s data
to detect shifts (if present) without using a reference series.
The DTR data proved to be homogeneous at 332 out of 666
sites having data of more than 30 years. There is no metadata
available for determining whether the shift detected by the
RHtestV3 is real. Therefore, only homogeneous time series
at 332 sites (Fig. 1) were used to minimize effects of data
inhomogenity on the analysis.

2.3 Regionalization

A network of stations with sufficient density to determine
mean climatic values is suitable for detection of climatic
change. Therefore, a factor analysis with varimax rotation is
applied to group the 332 sites into 8 subregions with sim-
ilar DTR variability (Sanchez-Lorenzo et al., 2007). Fig-
ure 1 presents the identified subregions: (1) Northwest China
(NWC), (2) the Loess Plateau (TLP), (3) Northeast China
(NEC), (4) the North China Plain (NCP), (5) the Yangtze
Delta region (TYD), (6) Southeast China (SEC), (7) South-
west China (SWC), and (8) the Tibetan Plateau (TTP). Prior
to analysis, the data from individual sites were converted to
departures from normal, with normal approximated by pe-
riod means during 1971–2000. This allowed for the calcu-
lation of seasonal averages from adjacent months and the
calculation of regional averages from individual sites, thus
increasing the number of cases and the reliability of the
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statistically derived relationships. The monthly anomalies
have been averaged by season (winter is defined as Decem-
ber, January, and February, spring as March, April, and May,
summer as June, July, and August, and autumn as September,
October, and November), and an annual average has been ob-
tained from the average of the four seasons.

2.4 Statistical method for trend analysis

Detection of long-term linear trends in the geophysical data
needs to account for the magnitude of variability and au-
tocorrelation of the noise in the data. Since autocorrelation
is often evident in the meteorological data, a trend analysis
formulation is used here to specifically account for this au-
tocorrelation. The method is firstly introduced by Weather-
head et al. (1998) to analyze monthly anomaly, and extended
by Hinkelman et al. (2009) for annual time series. A brief
introduction is presented for the completeness. The annual
anomaly is assumed to fit a trend model of the form

Yt = µ + ωXt + Nt , (1)

whereY is the annual DTR,µ is a constant term,ω is the
magnitude of the trend per year,t is the index of annual
samples,Xt = t represents the linear trend function, andNt
is the noise or the part of the time series not explained by
the linear trend. The noise is assumed to be AR(1), so that
Nt = ϕNt−1 + εt , where|ϕ| < 1 and theεt values are inde-
pendent random variables with mean zero and varianceσ 2

ε .
The trend,ω, is then estimated using a standard least squares
method, and its standard deviation is calculated according to

the following equation:σw ≈ σN

√
12
n3

√
1+ϕ
1−ϕ

, wheren is the

number of years of data in the series andσ 2
N = σ 2

ε /(1− ϕ2).
As implied by these equations, it is obviously more difficult
to detect a trend with confidence when the noise on the signal
is large or when the signal is highly autocorrelated.

2.5 Quantitatively estimated contribution of TCC to the
DTR trend

The DTR is generally greater on clear days than on cloudy or
overcast days as a result of cloud damping effect on the DTR.
Therefore, the more clear days, the larger the average DTR
is and vice versa. A simple yet effective method was used
here to evaluate how much the DTR trend is attributable to
changes in the frequency of different sky conditions and how
much is contributed by changes in the average DTR asso-
ciated with each sky condition. The daily data at each sta-
tion were grouped into 5 different sky conditions according
to TCC values, i.e., TCC within 0–20, 20–40, 40–60, 60–
80, 80–100 percents (Xia, 2010a). DTR data are stratified
by these cloud cover categories to study how and why DTR
has changed (Sanchez-Lorenzo and Wild, 2012; Sanchez-
Lorenzo et al., 2012). The relationship between the overall

DTR trend can be derived as follows.

365× DTRy =

5∑
i=1

DTRiy × NDiy, (2)

where DTRy is the annual DTR average for one yeary.
DTRiy is the annual average DTR for thei-th TCC group,
and its occurrence is represented byNDiy . The first deriva-
tive of the equation with regards to time is then calculated to
derive the following equation.

365× ωDTR =

5∑
i=1

(ωDTRi
× NDi + ωNUMi

× DTRi), (3)

whereω represents the linear trend. Therefore, based on the
Eq. (3), we can quantitatively estimate how much of the over-
all DTR trend (ωDTR) is likely accounted for by change in
the occurrence frequency of each sky condition (ωNDi

) and
how much by change in its DTR average (ωDTRi

). Percentage
of contribution by TCC frequency changes with the overall
DTR trend, i.e.,ωDTR can be derived using following equa-

tion:
5∑

i=1
(ωNDi

× DTRi)/(365× ωDTR) × 100.

3 Results

3.1 Variability in DTR and TCC and their relationship
at different timescales

Figure 2 shows the time series of seasonal and annual
DTR and TCC in the eight sub-regions, together with their
fits using the robust locally weighted regression algorithm
“Lowess” for a better visualization of the decadal variability.
The DTR and TCC trends were calculated by means of least
squares linear fitting, and the significance was estimated us-
ing the Weatherhead et al. (1998) method. The italic and bold
formatting of values represent that the trends are significant
at the 99 % level. The outstanding feature was that both DTR
and TCC showed a decreasing trend in all regions. Further-
more, the DTR reduction in spring (drier season) and in north
China (drier regions) was generally larger than that in sum-
mer and in south China. This feature is in agreement with the
results of Zhou et al. (2010) who pointed out that the mag-
nitude of the decreasing DTR trend decreased with increas-
ing precipitation amount and cloud cover. Figure 3 shows the
annual and seasonal China series of TCC and DTR, together
with the decadal variability. Annual DTR and TCC decreased
by 0.14◦ and 0.69 % per decade during 1954–2009, respec-
tively. The maximum and minimum DTR trend (−0.21 and
−0.09◦ per decade) occurred in winter and summer, respec-
tively. Note that the China DTR has leveled off since the
1990s and even showed a slight increasing trend in spring.
This feature was also evident on the regional time series.

www.ann-geophys.net/31/795/2013/ Ann. Geophys., 31, 795–804, 2013
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Fig. 2. Time series plots of average regional anomalies of diurnal temperature range (red) and total cloud cover (blue), plotted together with
the smoothed series using robust locally weighted regression algorithm “Lowess”. The long-term trends of diurnal temperature range and
cloud cover are also included in the figure and the bold/italic values represents that the trends are significant at the 99 % level.

Although DTR and TCC showed a decreasing trend during
1954–2009, it was still shown that short-term DTR variabil-
ity co-varied inversely with that of TCC. In order to distin-
guish between the decadal and inter-annual agreement of the
two measures, we subtracted the raw time series of DTR and
TCC by the smoothed series to obtain inter-annual variabil-
ity and then calculated the correlation separately. Figure 4
presents the correlation coefficients at high (inter-annual) and
low (decadal) frequency. The correlation between the inter-
annual variations of DTR and TCC in all regions was signif-
icant at the 99 % level, which was likely because they were
determined by the variability of synoptic systems (Makowski
et al., 2009). Also shown was an inverse co-variation of
decadal changes in DTR and TCC in south China (Fig. 4).
As a matter of fact, one can see that the regional trends of
DTR and their correlations with that of TCC depend on the
selected period in Fig. 2. Thus in order to extract as much in-
formation as possible from the data, a trend analysis was also
applied on running windows for the annual and seasonal se-
ries. The trends of DTR and TCC were estimated within tem-
poral windows of 30 years (Sanchez-Lorenzo et al., 2007).
Figure 5 presents the scatter plot of trends of both measures
based on the annual and seasonal time series of running win-
dows. The dominant feature is that DTR generally shows a
downward tendency, which is often associated with a reduc-
tion of TCC. However, a few interesting features should also
be noted. First, one can still see an increasing DTR tendency
in some regions during some periods, for example, during

the early period in north China (mostly in spring) as well as
during the later period in south China (mostly in spring and
fall). Second, the increasing trend of DTR is always asso-
ciated with a decreasing trend of TCC. Third, DTR reduc-
tion during the early period in SWC and SEC and during
the later period in the NCP is accompanied by an increase
of TCC, indicating TCC still can be used to explain DTR
decadal variability during these periods although the overall
trends of DTR and TCC during 1954–2009 show the same
tendency.

3.2 Contribution of TCC variations to changes in DTR

A brief picture of long-term changes in DTR under all
sky conditions has been presented; however, a rather funda-
mental question still needs further analysis. Specifically, we
would like to know how much of any DTR changes under all
sky conditions is attributable to changes in the frequency of
clear skies and/or cloudy skies and how much is contributed
by the average DTR. This analysis can help us to understand
the potential causes for the DTR changes. By means of a sta-
tistical analysis method described above, a quantitative esti-
mate of the proportion of any trend in DTR that is attributable
to changes in sky conditions versus changes in its average
DTR is shown in Fig. 6. One would expect that long-term re-
duction of TCC has resulted in an increase of DTR. However,
a decreasing trend of DTR was observed. This is completely
resulted from DTR reduction under all sky conditions. This

Ann. Geophys., 31, 795–804, 2013 www.ann-geophys.net/31/795/2013/
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Fig. 3.Same as Fig. 2 but for the average China series.

is clearly shown by Fig. 7 in which long-term trends in av-
erage DTRs for each sky condition are presented. The solid
dots represent that the trend is significant at the 99 % level.
Nearly all average DTRs for each sky condition reduced sig-
nificantly at the 99 % level except in a few cases that occurred
in SWC and SEC. The DTR trends showed little dependence
on sky condition. Figure 8 presents contributions of changes
in average DTRs for each sky condition to the overall DTR
trends. A quite similar contribution was observed in north
China and in the TTP; however, in south China the propor-
tion of the DTR reduction attributable to overcast conditions,
i.e., cloud cover within 80–100 %, ranged from 30 % to 65 %,

which depended on season. This is mostly because the fre-
quency of overcast conditions is dominant in south China
(not shown), although the average DTR for this sky condi-
tion shows nearly the same reduction rate as compared with
other sky conditions.

3.3 Correlation between DTR and SSD

It was suggested that variability of SSR in China was closely
related to that of DTR (Liu et al., 2004), although they
used SSR data at 85 pyranometer stations. Here, I use
SSD measurements, a good proxy for surface irradiance

www.ann-geophys.net/31/795/2013/ Ann. Geophys., 31, 795–804, 2013
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Fig. 5.Scatter-plot of trends of diurnal temperature range and total cloud cover based on 30-year windows of the time series.

(Sanchez-Lorenzo and Wild, 2012; Wang et al., 2012), to
study co-variation of SSD and DTR. The advantage of us-
ing SSD is that SSD and DTR measurements are available
at all stations. Figure 9 shows the correlation coefficients be-
tween DTR and SSD variability for each sky condition dur-
ing 1954–2009. A significant positive correlation was always
derived under any sky condition. An interesting feature is
that the correlation between DTR and SSD for clear skies
(TCC within 0–20 %) was generally less than that for cloudy
and overcast skies. This feature was more prominent in south
China and in seasons with relatively larger SSD. This implied
that variability of SSR under this condition appeared not to
play an important role in DTR variability.

4 Discussion

Cloud and precipitation is widely used to explain DTR vari-
ability (Dai et al., 1997, and references therein); however,
DTR and TCC showed the same decreasing trend in China,
which implied that factors other than TCC were required to
explain DTR variability. SSR showed a positive correlation
to DTR in China; therefore, it was used to explain variability
of DTR (Liu et al., 2004). Clouds and aerosols are important
modulators of SSR. The general picture of the long-term be-
havior of SSR during 1961–2005 in China is that dimming
is accompanied by a reduction in TCC (Xia, 2010b). It was
widely suggested that aerosol loading increased due to rapid
increase of anthropogenic emissions (Qiu and Yang, 2000;

Ann. Geophys., 31, 795–804, 2013 www.ann-geophys.net/31/795/2013/
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Fig. 7.Long-term trends of diurnal temperature range during 1954–2009 for different sky conditions characterized by total cloud cover. The
solid circles represent that the trend is significant at the 99 % level.

Luo et al., 2001; Xia et al., 2007). Increasing aerosol load-
ing might account for dimming, and thereby reduce DTR in
China (Liu et al., 2004; Che et al., 2005). However, it should
be pointed out that the correlation between the long-term be-
havior of SSR and TCC is somewhat complex. The regional
trends of SSR and their correlation with that of clouds depend
on the selected period. Significant dimming during 1960–
1990 is mostly accompanied with TCC reduction. However,

one can still see a good inverse co-variability of decadal
changes in SSR and TCC since 1990s when a portion of dim-
ming should be related to TCC variability (Xia, 2010b).

SSD is positively correlated to DTR under all skies, but the
correlation coefficients under relatively clear skies are gener-
ally less than those derived under cloudy skies, indicating
that the relationship between DTR and SSD under cloudy
skies is more prominent. Aerosol can induce a substantial
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Fig. 8.Contribution of changes in diurnal temperature range for different sky conditions to the overall diurnal temperature range.
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Fig. 9.Correlation coefficients between seasonal and annual series of diurnal temperature range and sunshine duration.

decrease in SSR via its scattering and absorption of sunlight.
However, aerosol direct effect on SSR should decrease with
TCC because an increase of TCC and thereby TCC scatter-
ing leads to less solar radiation available for aerosol scatter-
ing and absorption. Given that there is a relatively poor cor-
relation between DTR and SSD and aerosol direct effect on
SSR is stronger in clear skies, aerosol direct radiative effect
should not play an important role in determining DTR vari-
ability in China. In particular, the frequency of overcast con-
ditions (TCC> 80 %) in south China is close to 60 %, under

which condition DTR reduction should not maintain close
ties with small aerosol direct radiative effect. Aerosols, as
cloud condensation nuclei, can impact cloud microphysical
and radiative properties via its indirect effects and thereby
impact DTR. A regional climate–chemistry–aerosol model
simulation showed that changes in downward longwave ra-
diation at the surface were important in understanding DTR
changes from aerosols (Huang et al., 2006). Further analy-
sis of whether the observed DTR reduction under cloudy and
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overcast conditions was associated with aerosol indirect ef-
fect is required.

5 Conclusions

In this study, the long-term variability and trend of a homo-
geneous DTR series in China and potential causes are ad-
dressed during the period 1954–2009. The role TCC played
in DTR variability is studied by determining the degree of
agreement between the high and low frequency parts. A sta-
tistical method is applied to estimate how much DTR change
is attributable to TCC frequency change.

There is a very complex spatio-temporal DTR variability.
The general picture is that DTR shows a negative tendency
during 1954–2009. Annual DTR has decreased by 0.14◦ per
decade during 1954–2009 for the national average. The rel-
atively larger decreases in DTR occur in arid and semi-arid
regions and during dry seasons.

Running trend analysis of 30-year windows of DTR shows
an upward tendency for the early spring series in north China
and for the later spring and fall series in south China. Those
regions showing increasing trends of DTR are associated
with downward TCC. Further, TCC can explain DTR vari-
ability during the early period in south China. However, long-
term TCC reduction during 1954–2009 should have resulted
into an increase of DTR that has been completely offset by
the nearly same decrease rate of DTR under all sky condi-
tions.

A significant positive correlation between SSD and DTR
is derived. The correlation under clear sky conditions is gen-
erally less than that for cloudy and overcast skies. This fea-
ture is more prominent in regions and seasons with larger
SSD, indicating that surface solar radiation variability due
to aerosol direct radiative effect under this condition appears
not play an important role in DTR variability.
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