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Abstract This paper analyzes the spatial dependence of

annual diurnal temperature range (DTR) trends from 1950–

2004 on the annual climatology of three variables: pre-

cipitation, cloud cover, and leaf area index (LAI), by

classifying the global land into various climatic regions

based on the climatological annual precipitation. The

regional average trends for annual minimum temperature

(Tmin) and DTR exhibit significant spatial correlations with

the climatological values of these three variables, while

such correlation for annual maximum temperature (Tmax) is

very weak. In general, the magnitude of the downward

trend of DTR and the warming trend of Tmin decreases with

increasing precipitation amount, cloud cover, and LAI, i.e.,

with stronger DTR decreasing trends over drier regions.

Such spatial dependence of Tmin and DTR trends on the

climatological precipitation possibly reflects large-scale

effects of increased global greenhouse gases and aerosols

(and associated changes in cloudiness, soil moisture, and

water vapor) during the later half of the twentieth century.

Keywords Climate change and variability � DTR �
Cloud cover � Precipitation � Land cover

1 Introduction

The diurnal temperature range (DTR) has decreased over

many land areas since 1950 resulting mostly from a larger

increase in minimum air temperature (Tmin) relative to

maximum air temperature (Tmax) (Easterling et al. 1997;

IPCC 2001). This reduction of DTR (=Tmax - Tmin) has

been mainly attributed to increases of cloud cover, preci-

pitation, and soil moisture (Karl et al. 1993; Dai et al. 1997,

1999). Changes in atmospheric circulations and land cover/

use, and increases in greenhouse gases and aerosols could

also play a role through their impacts on cloudiness and soil

moisture or through changes in land surface properties (e.g.,

Karl et al. 1993; Stenchikov and Robock 1995; Mitchell

et al. 1995; Hansen et al. 1995; Collatz et al. 2000; Stone

and Weaver 2003; Zhou et al. 2004; Dai et al. 2006; Huang

et al. 2006). The DTR trend has, however, weakened during

the last 20 years or so (Vose et al. 2005; Dai et al. 2006).

The damping effects on DTR by clouds, soil moisture,

greenhouse gases, and aerosols all result from the diurnal
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asymmetry in their impact on surface energy balance. The

nighttime Tmin is largely controlled by net longwave radi-

ation while the daytime Tmax is strongly affected by surface

solar heating and the partitioning of sensible and latent

heat fluxes (Dai et al. 1999). Clouds, especially thick low

clouds, greatly reduce Tmax and DTR by reflecting sunlight.

Soil moisture also damps Tmax and thus DTR by enhancing

evaporative cooling through evapotranspiration. The nega-

tive correlation between DTR and precipitation (Dai et al.

1997) results mainly from precipitation’s association with

cloudiness and soil moisture. On daily to seasonal time

scales, clouds are most efficient in reducing DTR but soil

moisture also decreases DTR. When averaged over large

areas at longer time scales, precipitation should be well

correlated with cloudiness and soil moisture and thus can

strongly correlate with DTR (Dai et al. 1999).

Observed changes in precipitation have been physically

related to those in temperature at both regional and large

scales (Madden and Williams 1978; Trenberth and Shea

2005; Nicholls 2004; Trenberth et al. 2007). Trenberth and

Shea (2005) indicated that strong negative correlations

dominate over land in the warm season, as dry conditions are

associated with more sunshine and less evaporative cooling

while wet summers often have cool temperatures; positive

correlations dominate at high latitudes in winter as warm

moist advection in extratropical cyclones favors precipita-

tion and the water holding capacity of the atmosphere limits

precipitation amounts in cold conditions. Nicholls (2004)

showed that mean Tmax and Tmin during the 2002 Australian

drought were much higher than during the previous droughts.

Considering the temperature/precipitation relationships,

one might expect that the spatial pattern and magnitude of

the observed long-term trends in DTR should be strongly

related to those in precipitation (and also cloud cover and

soil moisture). This paper analyzes the spatial dependence of

the observed long-term temperature trends (Tmax, Tmin, and

DTR) over land for the period 1950–2004 on precipitation,

cloud cover, leaf area index (LAI), and land cover type. We

found a spatial decoupling between the observed DTR

trends and the trends of precipitation/cloudiness over some

regions. Instead, there is a strong global connection between

the long-term DTR trends and the climatology of precipi-

tation, clouds, and LAI by climatic regions. Such connection

may provide information about the relative contribution of

natural and anthropogenic factors to the observed long-term

downward trends in DTR at large spatial scales.

2 Data and methods

A global land surface air temperature (�C) dataset of

monthly mean Tmax, Tmin, and DTR at 5� longitude 9 5�
latitude grid boxes was created using monthly records from

7018 meteorological stations over the world for the period

1950–2004 (Vose et al. 2005). It covers 71% of the total

land area, 17% more than in previous studies (Easterling

et al. 1997). Homogeneity adjustment and data quality

assurance were first performed for the time series at each

station using techniques of Peterson et al. (1998) and

Menne and Williams (2005). The grid-box time series

anomalies were derived by averaging station anomaly time

series within each box following the method of Jones and

Moberg (2003). We temporally averaged the monthly

anomalies to generate annual anomalies and then calcu-

lated linear trends using least squares fitting.

We used the global monthly land precipitation (mm/day)

dataset at 2.5� 9 2.5� latitude/longitude grid boxes from Chen

et al. (2001), which was created by interpolating gauge

observations at over 20,000 stations using the optimal inter-

polation scheme. Cross validation showed stable and improved

performance of the gauge-based analysis for all seasons and

over most land areas. We first aggregated the monthly data

onto the 5� 9 5� grid of the temperature data and then created

annual anomalies and the climatology of annual precipitation.

A global monthly total cloud cover (percent sky cover)

dataset from 1950 to 2004 at 1� 9 1� latitude/longitude

grid boxes (Qian et al. 2006) was derived by merging the

CRU_TS_2.02 cloud cover data from 1948–2000 (New

et al. 2002; Mitchell et al. 2004) and 3-hourly synoptic

surface observations from 1975–2004 over 15,000 weather

stations and available ship observations (Dai et al. 2006).

This merged cloud data was adjusted to have the same

mean over a common data period 1977–1993, and are in

the form of anomalies with respect to the climatology of

the period 1961–1990. Since surface cloud observations

over North America are unreliable after 1994 due to

widespread use of Automated Surface Observation Sys-

tems (ASOS) (Dai et al. 2006), for the period 1995–2004,

monthly cloud cover observations from 124 military sta-

tions within the contiguous United States were used for

those grid boxes overlapping with these stations, while

missing values were assigned to the other North American

grid boxes with only ASOS observations and no military

stations. We first re-mapped the cloud data into the 5� 9 5�
grid of the temperature data and then created annual

anomalies and the climatology of annual cloud cover.

High-quality Moderate Resolution Imaging Spectrora-

diometer (MODIS) collection four land products of monthly

LAI (m2/m2) at 0.25� resolution (Myneni et al. 2002) and

plant functional types (PFTs) at 1 km resolution (Friedl

et al. 2002) were used. The climatology of annual mean LAI

was created from 6 years of MODIS LAI products for the

period 2001–2006. The MODIS LAIs and PFTs were

aggregated onto the 5� 9 5� grid of the temperature data.

For each grid box, only the primary PFT is considered based

on the fractional cover of all PFTs within that box.
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After re-mapping all the data onto the 5� 9 5� grid box,

we selected and used only 528 grid boxes that have at least

7 months data for each year and at least 35 years of data

during the period 1950–2004 in all the datasets of tem-

perature, precipitation, LAI, and PFT. As there are very

fewer missing data in precipitation, LAI, and PFT, whether

or not a grid box was chosen is mainly determined by the

availability of its temperature data. For all the chosen

boxes, only 3.7% of their annual anomalies from 1950 to

2004 were estimated from 7–11 monthly anomalies instead

of using 12 months of data for each year. We assume that

uncertainties due to data incompleteness are randomly

distributed and thus have minor impacts on our results

when averaged over large areas. The cloud data have much

less coverage before 1971 and thus only 431 grid boxes

that overlap these 528 ones satisfy the aforementioned data

length requirement. The use of 7-month and 35-year

thresholds is a reasonable compromise between the length

of the observing period, data completeness, and spatial

coverage.

We considered two cases (A and B) in this study. For

Case A, all the 528 grid boxes are used. For Case B, only

the 295 grid boxes whose DTR trends in the 55-year period

were statistically significant at the 5% level were used. We

classified the 528 and 295 grid boxes into 7, 11, 15, 19, and

23 climatic regions, respectively, from dry to wet, in terms

of climatological annual precipitation, and then analyzed

the spatial dependence of temperature changes on clima-

tological annual precipitation, cloud cover, and LAI by

climatic region. For each classification, to ensure compa-

rable samples in each climatic region, we first ranked the

annual precipitation of the 528 and 295 grid boxes in

ascending order, and then divided them equally into 7, 11,

15, 19, and 23 climatic regions, respectively, each with the

about same number of grid boxes. For example, for the

classification of 11 (23) climatic regions, each region

consists of 48 (*23) grid boxes for Case A, or of *27

(*13) grid boxes for Case B. In addition, we also exam-

ined the spatial dependence of temperature trends on land

cover types, which equal 11 climatic regions defined

according to the 11 MODIS PFTs.

Spatial averaging of the temperature trends by climatic

regions was done using two methods of area-weighted

averaging: (1) averaging the trends of all boxes within each

region (referred to as Method I) and (2) averaging the

annual anomalies of all boxes within each region and then

estimating the trend from the averaged time series (referred

to as Method II). Similar results are derived from both

methods when there are no missing data during the entire

period over all grid boxes. However, missing data do exist

during part of the period over some boxes and thus both

methods are used here. For time series analysis between

any two variables, if one variable is missing, another

variable is set as missing data too. A two-tailed student’s t

test was used to test whether linear trends estimated using

least squares fitting differ significantly from the zero.

3 Results

3.1 Trends in DTR, precipitation, and cloudiness

Annual Tmax, Tmin, and DTR anomalies averaged over the

528 land grid boxes (Case A) from 1950–2004 are shown

in Fig. 1. The global mean trends of Tmax, Tmin, and DTR

are +0.144, +0.216, and -0.072�C per decade, respec-

tively, and are all statistically significant (p \ 0.01). The

strong downward trend of DTR from the 1950s to the

1970s has diminished since about 1983, consistent with

previous studies (Vose et al. 2005; Dai et al. 2006). Con-

sidering such a DTR change, this study analyzed the

temperature trends for three periods, namely 1950–2004,

1950–1983, and 1983–2004.

Figure 2 shows spatial patterns of observed annual DTR

trends, together with the corresponding annual cloud cover

and precipitation trends and climatological annual cloud

cover and precipitation for the 528 grid boxes during the

period 1950–2004. Consistent with previous studies (e.g.,

Vose et al. 2005), the DTR has decreased significantly

(p \ 0.05) over most land areas. The decreasing DTR trend

is generally accompanied by increasing cloud cover and/or

precipitation over the United States, most of mid-latitude

Eurasia, western Australia, and extra-tropical South

America, indicating an inverse DTR-clouds/precipitation

relationship as reported in previous studies (e.g., Dai et al.

1999). However, most of the largest DTR decrease has

occurred over arid and semi-arid regions with the least

precipitation and cloud cover such as the West African

Fig. 1 Annual anomalies of observed Tmax, Tmin and DTR averaged

over the global 5� by 5� land grid boxes where the data are available

for the period 1950–2004. In total, 528 grid boxes with at least

7 months data for each year and at least 35 years of data from 1950 to

2004 were used. The linear trends are listed and those marked with

double asterisks are statistically significant (p \ 0.01)
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Sahel, part of the Middle East, and North China, where a

coincident decreasing trend in precipitation and/or cloud

cover is observed. Such geographical patterns are more

evident if we plotted only the DTR trends less than

-0.20�C/10 years (Fig. 3), which represent the largest

DTR decreasing trends from 49 grid boxes or 9.3% of the

528 grid boxes (Case A) shown in Fig. 2. Note that these

49 trends are all statistically significant (p \ 0.05) and

represent 16.6% of all the 295 significant trends (Case B).

The Sahel experienced an unprecedented prolonged

drought from the 1950s to the 1980s, but observations

show strong and significant coincident downward trends of

DTR and rainfall during that period, and a reversal of the

DTR trend after rainfall (and clouds, and LAI) recovered

over this region since the early 1980s (Zhou et al. 2007).

The coincident decreasing trends in DTR and clouds/pre-

cipitation over China have been noticed before and

increased aerosols from air pollution have been suggested

as one potential cause for the DTR reduction (e.g., Kaiser

1998; Dai et al. 1999).

The trends of annual DTR, precipitation, and cloud

cover for each of the 528 grid boxes shown in Fig. 2 is

sorted and plotted in Fig. 4 from dry to wet according to

the magnitude of their climatological annual precipitation

amount from 1950 to 2004. The DTR generally declined

most over the driest regions. The precipitation decreases

over many areas with the largest reduction over the wettest

regions. The cloud cover exhibits a substantial spatial

variability and does not show an apparent trend from dry to

wet regions. Again, the grid by grid pattern of DTR

changes is generally inconsistent with that of precipitation

and cloud cover as a coupling is expected between the

decreasing DTR trends and the increasing precipitation/

cloudiness trends (e.g., Dai et al. 1999).

The trends of DTR, cloud cover, and precipitation for

the period 1950–1983 (at least 20 years data were required

to calculate the trends) exhibit results similar to those for

the period 1950–2004 (figures not shown). Interestingly,

the largest DTR reduction during this period in the U.S. is

also located in the arid and semi-arid regions of the western

US. For the period 1983–2004, fewer grid boxes show a

significant DTR trend (at least 15 years data were required

to calculate the trends), consistent with the diminishing
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Fig. 2 Spatial patterns of observed annual DTR trends, cloud cover

trends, precipitation trends, climatological annual cloud cover, and

climatological annual precipitation for the 528 grid boxes defined in

Fig. 1. Trends marked with times symbol within the grid boxes are

statistically significant (p \ 0.05). Grid boxes in gray denote missing

values. For the precipitation and cloud cover data, only those grid

boxes with the DTR trends and whose precipitation and cloud cover

overlap 85% of the DTR for the annual time series during the period

1950–2004 are shown

Fig. 3 Spatial pattern of observed annual DTR trend as shown in

Fig. 2 but only for those grid boxes whose DTR trends are less than

-0.20�C/10 years (upper panel). An example of eleven climatic

regions defined based on the climatological annual precipitation

amount from 1950 to 2004 (lower panel)
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DTR trend (Vose et al., 2005), and thus no apparent spatial

dependence of DTR on precipitation is observed. Whether

or not the muted DTR trend since 1983 is a short-term

variability of the long-term DTR decreasing trend is

unknown. Considering that the 22-year period (1983–2004)

may be too short to detect a trend, especially the spatial

coverage of the temperature data drops sharply from 70%

in 2000 to 48% in 2004 (Vose et al. 2005), our analyses and

results applied mainly to the longest period 1950–2004.

3.2 Spatial dependence of temperature trends

on climatic regions

Figure 3 shows an example of our classification of eleven

climatic regions based on the climatological precipitation

between 1950–2004. Figure 5 shows the spatial depen-

dence of regional average trends of annual Tmax, Tmin, and

DTR on the regional average climatological annual pre-

cipitation by climatic region using Method I for Case A.

There is a statistically significant correlation (p \ 0.01)

between the precipitation and the trends of Tmin and DTR,

while the correlation between the precipitation and the

Tmax trend is weak. The trend of Tmin (DTR) generally

decreases (increases) linearly with the precipitation, indi-

cating that the lower the precipitation, the stronger the

warming in Tmin and the larger the DTR reduction. In other
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Fig. 4 Climatological annual

precipitation in red with one

standard deviation range shaded

in black and trends of annual

DTR, precipitation, and cloud

cover for the 528 grid boxes

shown in Fig. 2, sorted from dry

to wet according to the

magnitude of their

climatological annual

precipitation amount from 1950

to 2004. The solid red lines
overlapping the trends denote

the 21-point running area-

weighted average (except for

the cloud data because of the

existence of missing data over

some grid boxes)

Fig. 5 Dependence of regional average trends of annual Tmax, Tmin

and DTR on regional average climatological annual precipitation by

climatic region for Case A during the period 1950–2004. Here only the

results for the 11 (upper panels) and 19 (lower panels) climatic regions

are shown. A linear regression line was fit between the precipitation

and the temperature trends. Spatial averaging of Method I was used
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words, the warming of Tmin and the reduction of DTR are

largest over arid and semi-arid regions. Similar dependence

of temperature trends on climatological annual cloud cover

and LAI by climatic regions are seen in Figs. 6 and 7. The

trend of Tmin (DTR) generally decreases (increases)

linearly with the increase of LAI and clouds, indicating that

the warming of Tmin and the reduction of DTR are strongest

over the regions with the least vegetation or cloud cover.

Table 1 lists the correlation coefficients between the

regional average annual temperature trends and the regio-

nal average climatological annual means of cloud cover,

precipitation, and LAI by climatic regions using both

Method I and II for both Case A and B during the period

1950–2004. Almost all of the coefficients for Tmin and DTR

Fig. 6 Same as Fig. 5 but for climatological annual cloud cover

Fig. 7 Same as Fig. 5 but for climatological annual LAI

Table 1 Correlation coefficients between regional average annual

temperature trends (Tmax, Tmin, and DTR) from 1950 to 2004 and

regional average climatological annual precipitation, LAI, and cloud

cover by climatic region

Number

of Regions

Case A Case B

Tmax Tmin DTR Tmax Tmin DTR

Precipitation

Method I 7 -0.49 -0.80 0.96 -0.33 -0.82 0.94

11 -0.39 -0.75 0.93 -0.20 -0.74 0.97

15 -0.41 -0.73 0.80 -0.32 -0.73 0.80

19 -0.36 -0.75 0.92 -0.35 -0.70 0.77

23 -0.37 -0.72 0.81 -0.17 -0.71 0.75

Method II 7 -0.56 -0.79 0.94 -0.42 -0.81 0.92

11 -0.45 -0.74 0.89 -0.30 -0.74 0.94

15 -0.47 -0.72 0.71 -0.37 -0.72 0.80

19 -0.42 -0.72 0.83 -0.42 -0.70 0.76

23 -0.43 -0.71 0.75 -0.26 -0.71 0.77

LAI

Method I 7 -0.57 -0.85 0.95 -0.40 -0.86 0.93

11 -0.47 -0.80 0.94 -0.26 -0.79 0.96

15 -0.49 -0.78 0.79 -0.39 -0.78 0.78

19 -0.45 -0.80 0.89 -0.39 -0.73 0.77

23 -0.44 -0.76 0.80 -0.22 -0.74 0.73

Method II 7 -0.59 -0.85 0.93 -0.48 -0.81 0.93

11 -0.50 -0.80 0.94 -0.35 -0.79 0.95

15 -0.47 -0.79 0.84 -0.29 -0.76 0.88

19 -0.50 -0.78 0.81 -0.21 -0.76 0.86

23 -0.47 -0.76 0.72 -0.26 -0.74 0.80

Cloud cover

Method I 7 -0.41 -0.66 0.81 -0.32 -0.72 0.77

11 -0.34 -0.64 0.79 -0.22 -0.68 0.79

15 -0.41 -0.68 0.71 -0.26 -0.61 0.65

19 -0.38 -0.69 0.79 -0.28 -0.58 0.61

23 -0.30 -0.60 0.72 -0.16 -0.57 0.55

Method II 7 -0.40 -0.67 0.88 -0.38 -0.66 0.79

11 -0.33 -0.63 0.85 -0.28 -0.68 0.85

15 -0.32 -0.60 0.73 -0.19 -0.63 0.79

19 -0.40 -0.66 0.74 -0.15 -0.60 0.69

23 -0.28 -0.59 0.69 -0.21 -0.60 0.66

Correlation coefficients were estimated as in Fig. 5. Coefficients in

bold are statistically significant (p \ 0.05)

434 L. Zhou et al.: Spatial dependence of diurnal temperature range trends on precipitation from 1950 to 2004

123



are statistically significant (p \ 0.05), and the correlation

between the temperature trends and the cloud cover is

slightly weaker than that between the temperature trends

and the precipitation and LAI. Similar results are seen for

the period 1950–1983 but not for the period 1983–2004

(not shown for simplicity). Such change during these two

periods is expected as most of the grid boxes show a

decreasing DTR trend before 1983 but fewer significant

DTR trends after 1983 as discussed previously.

Table 2 lists regional average trends of annual Tmax,

Tmin, and DTR by PFT using both Method I and II for both

Case A and B during the period 1950–2004. The decreas-

ing DTR trend is generally large for short vegetation (e.g.,

shrubs, grasses, crops) and small for dense forests (e.g.,

evergreen needleleaf trees, evergreen broadleaf trees,

deciduous broadleaf trees). It is largest for barren and

sparse vegetation (PFT 9), smallest for evergreen needle-

leaf trees (PFT 1), and in between for other PFTs with

intermediate amount of LAI such as grasses, crops, and

shrubs, except for deciduous needleleaf trees (PFT 3)

which shows a strong reduction in DTR. Such dependence

of the DTR trends on PFTs is consistent with the depen-

dence of DTR trends on precipitation and LAI shown

previously. It is expected because climate (e.g., precipita-

tion) largely determines the geographical distribution and

amount of vegetation.

To test whether our estimated linear trends of tempera-

tures are sensitive to points at the start or end of the annual

anomalies, we changed the start date in one-year increment

from 1950 to 1960 or the end date from 1994 to 2004, the

spatial dependence of Tmax, Tmin, and DTR on precipitation

shown previously remains robust. We also change the data

length required to estimate the linear trends, between

20–40 years, and the results still hold true in most cases.

The above results indicate that most of the observed

long-term DTR trends in the last several decades are

generally largest over arid and semi-arid areas. They reflect

mainly the DTR changes in the Tropics and northern

middle latitudes as few grid boxes in the Southern Hemi-

sphere have DTR data and the contribution from northern

high-latitudes are relatively small due to their small areas.

3.3 Relations between DTR and precipitation/

cloudiness time series

We analyzed interannual variations and linear trends of

annual Tmax, Tmin, and DTR anomalies and their associa-

tion with precipitation and clouds at the global scale and by

climatic regions. Figure 8 shows the global average annual

anomalies of DTR, precipitation, and cloud cover from

1950–2004. All variables show a significant trend

(p \ 0.01), -0.072�C/10 years for DTR, -0.021 mm/day

per 10 years for precipitation, and 0.118%/10 years for

cloud cover, respectively. Note that the cloud data were

averaged from fewer grid boxes than the DTR and pre-

cipitation data, especially before 1971. Relative to the

long-term decreasing trends, one can see an inverse cor-

relation between DTR and precipitation/clouds. Simply

Table 2 Average trends (�C/

10 years) of annual Tmax, Tmin,

and DTR from 1950 to 2004 by

PFT

Trends in bold are statistically

significant (p \ 0.05)
a PFT Evergreen needleleaf

trees (1), evergreen broadleaf

trees (2), deciduous needleleaf

trees (3), deciduous broadleaf

trees (4), shrub (5), grass (6),

cereal crop (7), broadleaf crop

(8), barren or sparse vegetation

(9)
b PFT with less than ten grid

boxes are not listed

PFT

Typea
Case A Case B

Gridsb Tmax Tmin DTR Gridsb Tmax Tmin DTR

Method I 1 82 0.17 0.20 -0.03 40 0.17 0.22 -0.05

2 53 0.14 0.16 -0.03 38 0.15 0.18 -0.05

3 21 0.29 0.39 -0.11 15 0.27 0.41 -0.16

4 40 0.11 0.17 -0.06 23 0.10 0.19 -0.09

5 137 0.14 0.21 -0.06 69 0.12 0.24 -0.12

6 62 0.13 0.22 -0.09 31 0.13 0.28 -0.16

7 71 0.12 0.23 -0.10 41 0.09 0.25 -0.16

8 16 0.12 0.21 -0.09 10 0.10 0.26 -0.16

9 41 0.13 0.27 -0.15 25 0.11 0.33 -0.22

Method II 1 82 0.17 0.20 -0.03 40 0.17 0.22 -0.05

2 53 0.13 0.17 -0.04 38 0.14 0.19 -0.06

3 21 0.29 0.38 -0.09 15 0.24 0.42 -0.20

4 40 0.12 0.18 -0.06 23 0.10 0.19 -0.09

5 137 0.15 0.21 -0.06 69 0.14 0.26 -0.12

6 62 0.13 0.22 -0.09 31 0.13 0.29 -0.16

7 71 0.14 0.24 -0.10 41 0.10 0.26 -0.16

8 16 0.11 0.22 -0.11 10 0.10 0.26 -0.16

9 41 0.14 0.27 -0.13 25 0.12 0.32 -0.21
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correlating the temperature and clouds/precipitation time

series as shown in Fig. 8 to quantify their relationship may

result in spurious association due to the presence of strong

trends (sustained upward or downward movements) in the

time series (Granger and Newbold, 1974; Gujarati 1995).

To reduce the possibility of such spurious association, we

differentiated the original time series (i.e., removing the

linear trends) and then estimated the relationship between

changes in temperatures and changes in precipitation/

cloudiness (Fig. 8). For example, after differentiating the

original time series, the new DTR time series represent

DTR changes relative to the previous year. Evidently, there

is a statistically significant negative correlation between the

changes in DTR and the change in clouds/precipitation,

consistent with previous studies (e.g., Karl et al. 1993; Dai

et al. 1999).

Figure 9 shows the time series of regional average

annual DTR and precipitation from 1950–2004 for three

climatic regions representing the driest, intermediate, and

wettest in terms of seven climatic regions classified. Fig-

ure 10 shows the same except for changes in DTR versus

cloud cover. The DTR shows statistically significant

negative linear trends (p \ 0.01) for all regions, with a

magnitude decreasing from dry to wet. Precipitation

exhibits significant trends in most regions while cloud

cover has insignificant trends in most regions. In general,

relative to the long-term decreasing trend in DTR and/or

trends in precipitation and clouds if any, one can see an

inverse correlation between DTR and precipitation/clouds

over all regions. After the original time series were dif-

ferentiated as done at the global scale (Fig. 8), there is a

statistically significant negative relationship between the

changes in DTR and the change in clouds/precipitation

(p \ 0.01) for almost all the climatic regions. Interestingly,

the coefficient (b1) for DTR is largest over the driest

region and smallest over the wettest regions, indicating

that the effect of given changes in clouds/precipitation on

changes in DTR is strongest over arid and semiarid

ecosystems.

4 Discussion

Increased cloud cover, precipitation, and soil moisture have

been widely used as major factors to explain the worldwide

reduction of DTR in the last several decades. If the nega-

tive correlation between changes in DTR and changes in

clouds/precipitation shown above and in previous studies

(e.g., Dai et al. 1999) holds for secular changes, one would

expect to see a spatial coupling between the observed long-

term decreasing DTR trends and increasing precipitation/

clouds trends. The coincident decreasing trends in DTR,

clouds and/or precipitation over some regions, such as

West Africa (Zhou et al. 2007) and China (Kaiser 1998),

where the DTR decreased most (Figs. 2–3), suggest other

mechanisms may be involved in changing the DTR at

regional scales, such as changes in land surface properties

(Zhou et al. 2003, 2004, 2007) and anthropogenic aerosols-

induced increases in downward longwave surface forcing

(Huang et al. 2006).

DTR can be changed through a number of mechanisms

all connected to changes in surface energy and hydrologi-

cal balances controlled by greenhouse gases, atmospheric

composition, water vapor, cloud properties, atmospheric

circulations, and surface properties (e.g., soil moisture,

vegetation, surface roughness, land use/cover). The diurnal

cycle of temperature over land is maintained by daytime

solar heating and nighttime radiative cooling. Daytime

temperatures are affected less than nighttime temperatures

by a given forcing because daytime turbulent mixing is

strong and thick and a large portion of the forcing is con-

verted into latent heat through evapotranspiration.

Fig. 8 Global average annual anomalies of DTR, precipitation, and

cloud cover from 1950 to 2004 (upper panel) and their differentiated

time series (i.e., detrending the original time series) (lower panel) for

the 528 grid boxes defined in Fig. 1. Note that the cloud data were

averaged from fewer grid boxes than the DTR and precipitation data,

especially before 1971. The linear trends and correlation coefficients

(R) are listed and those marked with asterisk (double asterisks) are

statistically significant at p \ 0.05 (p \ 0.01). R was calculated after

differentiating the original time series (R1 is the correlation between

the DTR and the precipitation and R2 is the correlation between the

DTR and the cloud cover). The time series of data were normalized

by subtracting their mean divided by their standard deviation (for

visualization purpose only)
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Consequently, nighttime temperatures (hence DTR) are

more sensitive to changes in radiative drivers under cold

stable conditions than under warm unstable conditions

(IPCC 2007). The statistical analyses in Table 3 indicate

that the strongest effect of clouds/precipitation on DTR is

over the driest regions, where evaporative cooling during

daytime is limited. Dai et al. (1999) observed the largest

effects of clouds/precipitation on DTR in warm and dry

seasons.

We speculate that the global correlation between the

decreasing DTR trends and the climatological precipita-

tion, cloud cover, and LAI shown in Figs. 5–7 might reflect

the large-scale effects of increased greenhouse gases and

aerosols (and associated changes in cloudiness, precipita-

tion, and water vapor) on DTR over different ecosystems.

Its further attribution, however, is beyond the scope of this

study. Winter or nighttime temperatures (hence DTR) are

strongly correlated with downward longwave radiation

(IPCC 2007). In humid and warm regions where the

greenhouse effect is very large, adding a small additional

amount of greenhouse gases has only a small direct impact

on downward infrared radiation, while for the same amount

of increase in greenhouse gases, a greater effect is expected

over dry and cold regions (IPCC 2007). At regional scales,

increased clouds and soil moisture are most effective in

controlling short-term DTR changes (e.g., daily to sea-

sonal) while increased greenhouse gases and aerosols are a

relatively small forcing compared with that induced by

cloudiness changes during the same period over many

regions such as the US. (Dai et al. 1999). However,

changes in cloud cover and precipitation often have con-

siderable spatial and temporal variability and thus may

have no strong long-term trends when averaged at large

spatial scales, while the effects of greenhouse gases and

aerosols as a steady and global forcing are likely to become

more important and thus largely determine the spatial

pattern of long-term DTR trends (e.g., multi-decadal to

century).

Fig. 9 Normalized regional

average anomalies of annual

DTR and precipitation from

1950 to 2004 in terms of seven

climatic regions. Three of the

seven regions, representing the

driest (upper panel),

intermediate (middle panel),

and wettest (lower panel) are

shown for Case A (left panels)

and B (right panels). The linear

trends, correlation coefficients

(R), and normalization are

defined as in Fig. 8
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5 Conclusions

We have analyzed the spatial dependence of long-term

trends in Tmax, Tmin, and DTR over land for the period

1950–2004 on the climatological annual mean values of

precipitation, cloud cover, and LAI among climatic regions

defined based on their climatological annual precipitation

and by land cover types. The regional average trends for

annual minimum (Tmin) and DTR exhibit significant spatial

correlations with the climatological precipitation, cloud

cover, and LAI, while such correlation for annual maxi-

mum (Tmax) is very weak. The warming trend of Tmin and

the magnitude of the decreasing DTR trend generally

decrease with increasing precipitation amount, cloud cover,

and LAI among climatic regions, so that the strongest

warming in Tmin and the largest decreasing DTR trends

from 1950 to 2004 are generally observed over dry regions

with the least mean precipitation, cloud coverage, and

vegetation. In other words, most of the largest decreasing

DTR trend from 1950 to 2004 is observed generally over

arid and semi-arid regions such as the Sahel and North

China where drought has occurred. The global correlation

between the decreasing DTR trends and the climatological

precipitation/clouds by climatic region may reflect the

large-scale effects of increased global greenhouse gases

and aerosols (and associated changes in clouds, soil

moisture, and water vapor) on DTR.

Although there is a spatial decoupling between the long-

term trends in DTR and those in clouds and precipitation

over some regions, our statistical analyses indicate that the

inverse relationship between DTR and clouds/precipitation

reported previously (e.g., Karl et al. 1993; Dai et al. 1999)

is robust over almost all regions after the dominant long-

term trends are removed, and the effects of given changes

in clouds/precipitation on DTR are strongest over arid and

semi-arid regions. The observed coincident decreasing

trends in DTR and precipitation and/or clouds over some

regions where the DTR decreased most suggest that other

mechanisms may have been involved in changing the DTR

since 1950.

Fig. 10 Same as Fig. 9 but for

cloud cover
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Some uncertainties exist in our calculation of linear and

regional average trends and time series analysis because of

gaps in spatial coverage and temporal limitations in the

data. Our results and conclusions should be representative

mainly over the Tropics and northern mid-latitudes where

this analysis had the most observations. Given the complex

nature of this issue, further investigation and attribution of

such spatial dependence of DTR on precipitation and of

possible mechanisms for explaining the observed long-term

temperature trends (especially Tmin and DTR) are needed.
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