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Abstract. This study examined surface air temperature development (McKitrick and Michaels, 2004; De Laat and
trends over global land from 1901-2009. It is found that Maurellis, 2006).
the warming trend was particularly enhanced, in the bo- Semi-arid regions may be the most sensitive areas to
real cold season (November to March) over semi-arid re-global changes because of their fragile ecosystems (Roten-
gions (with precipitation of 200-600 mmyt) showing a  berg and Yakir, 2010). In these regions, potential evapora-
temperature increase of 1.53 as compared to the global tion exceeds precipitation on an annual averaged basis, and
annual mean temperature increase of 2@ ver land. In  landscapes are characterized by dry climates, low vegetation
mid-latitude semi-arid areas of Europe, Asia, and Northcover, low nutrition content, and low capacity for water con-
America, temperatures in the cold season increased by 1.4%ervation in the soil (Zhai and Zhang, 2004). Both observa-
2.42, and 1.8C, respectively. The semi-arid regions con- tion and modelling studies have indicated that an aridity trend
tribute 44.46 % to global annual-mean land-surface temperais occurring and will occur most significantly in the semi-arid
ture trend. The mid-latitude semi-arid regions in the Northernregions in terms of precipitation, soil moisture, and drought
Hemisphere contribute by 27.0 % of the total, with the mid- frequency as a result of global warming (Fu et al., 1999; Ma
latitude semi-arid areas in Europe, Asia, and North Amer-and Fu, 2007). For example, vertical stability and net energy
ica accounting for 6.29 %, 13.81 %, and 6.85 %, respectivelyin the semi-arid African Sahel have been analysed, and two
Such enhanced semi-arid warming (ESAW) imply drier anddistinct mechanisms have been found: one is anthropogenic
warmer trend of these regions. warming indirectly changing continental climates, and the
other is the increase in anthropogenic greenhouse gases, driv-
ing direct continental climate change (Giannini, 2010).

Here, we report on the relationship between warming
and climatological mean precipitation. Our results suggest

. . . . that dry regions are becoming warmer and that warming of
Large regional differences in surface air temperature trend’zemi-arid regions is particularly enhanced in the cold sea-

hgve ralseq concerns as to whether regional trends may havs%n. Trends in arid/semi-arid lands contribute significantly to
biased estimations of large-scale temporal trends (Shukla anglobal mean land surface air temperature trends

Mintz, 1982; Wu et al., 2011). Regional warming can be
caused by various aspects, including changes of atmospheric
circulations and sea surface temperature, interaction betweep Datasets and analysis methodology

land and atmosphere, and feedback from snow (Hu and Gao,

1994; Zhang et al., 2001; Liu et al., 2008; Huang et al., 2008) We analysed data from the Climate Research Unit (monthly
As noted by Wallace et al. (1995, 1996), greenhouse gasegrecipitation and monthly mean surface air temperature),
are not the only factor influencing temperature variability, version TS3.1, provided by the University of East Anglia.
dynamic causes also play important roles. Geographical patfhe data were for the period 1901 to 2009 (Mitchell and
terns of warming trends over land are also strongly correlatedlones, 2005) and had a resolution of°0l%y 0.5. This
with geographical patterns of industrial and socioeconomicgridded dataset is based on an archive of monthly mean

1 Introduction
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temperatures provided by more than 4000 weather station
distributed around the world. The first version of the dataset -
is CRUTS1.0 which time period is from 1901 to 1995 and
contains 7 variables. The dataset has 7 versions and the tirr=
period have extended to 2009. The number of variables ha
been increased from 7 to 10. a

In order to study the contributions of different precipita- ..
tion regions to global surface temperature trends, the contri
bution rate was calculated by using the following procedure®
(Chandler and Scott, 2011):

. v —
1. To calculate the regional averaged temperature
T of regionk Fig. 1. Global distribution of annual mean precipitation from 1901

t0 2009 (mmyr1).
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EW’“’ itation ranging from 200 to 600 mmyt. The semi-arid re-

= gions are defined as transition zones between arid and sub-
WhereN;, is the number of grids in regioh, Ty; isthe  humid belts, characterized by low and restricted precipitation
temperature of grid in regionk, and Wy; = cog6; - because of the inability of moisture-bearing winds to extend
7/1800), here; is the latitude of the grid. Equa-  into and cool such regions. Semi-arid regions are also defined
tion (1) is used to calculate the averaged temperature foas areas where precipitation is less than potential evapora-
specific region. For the yearly averaged series of tem-ion, characterized by high temperatures (302@pin the
perature, 109 regional averaged temperature values wilhottest months. Mid-latitude semi-arid climates cover con-

be calculated for each type of precipitation region. siderable parts of western North America and Central Asia.
In North America, most of the semi-arid region is located in
2. To calculate the contribution rate (¢Jof regionk the west. In Central Asia, most of the semi-arid region is lo-
N cated in a transition area between arid regions and semi-wet
ag- Y. Wi regio.ns'. This climate 'generall'y has similar temperature char-
CR, = i=1 @) aeterls'glcs as mlq-letltude arid or Qeser_t regions. However,
Ng mid-latitude semi-arid regions receive slightly more precipi-
Ag- _ZlWi tation than mid-latitude arid regions.
i=

Figure 2 shows the global distribution of the temperature
trends for the annual, cold season, and warm season. Gener-
ally, the temperature trend is positive in most of the mid-high
latitude area, although there are small dark blue patches with
small negative trends in south-eastern North America, west-
ern South America, northern Australia, and several small do-
mains in Asia and Africa. The temperature trend over conti-
nents is largely positive and is particularly pronounced over
Asia and North America. The central regions of increase are
mid-high latitude areas, including the semi-arid regions of
North America and Central Asia. The pattern for the cold
3 Results analysis season is quite different from that of the warm season. In

the cold season, the strongest warming occurs in the mid-
Figure 1 presents the global distribution of 109-yr averagedhigh latitudes of the Northern Hemisphere. In contrast, an
annual precipitation, showing spatial variations in precipita-enhanced strong warming does not occur in these areas in the
tion from less than 10 mm y# to a maximum of more than warm season, indicating that surface warming is not uniform
1200 mmyr!. The climate of a region is determined by the in the different seasons. The rate of temperature increase in
long-term average, frequency, and extremes of several metehe warm season is weak compared with the rate in the cold
orological variables, most notably temperature and precipitaseason, especially in Asia; the degree of temperature vari-
tion (Giddings et al., 2005). Although precipitation is related ability is smaller than in North America. The warming trend
to surface temperature, the long-term mean precipitation isn Central Asia in the cold season is much more obvious than
the simplest index for classifying climate regions. In Fig. 1, in other regions globally. The pattern of warming in Central

Whereqy is the trend off'; for regionk, Ag the trend of
global land surface mean temperatukg, the number

of grids in regionk, Ny is the total number of all grids
over global land. Contribution is one of the important
factors to justify the warming extent to global warm-
ing. The contribution of different type of climate region
can reflect the role of regional temperature warming to
global warming.
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Fig. 3. The annual and regional averaged land surface linear tem-
perature trend as function of climatological mean precipitation. The
precipitation interval is 100 mm yit.
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Fig. 4. The averaged temperature trend for arid region, semi-arid
region and all land over Global, Northern Hemisphere (NH), and
Southern Hemisphere (SH).

proximation, the temperature trend decreases monotonically
as annual climatological mean precipitation increases. This
indicates that drier land has become warmer. Increased tem-
perature would lead to larger evapotranspiration causing dry
_Fig. 2.Glopal distribution of linear land surface temperature trend |3ng even drier, and thus deteriorating ecological systems
in the period of 1901-2009 fofa) Annual, (b) Cold season — yhare \Warming is particularly enhanced in semi-arid regions,
Elljlr(])i\t/.eonébyerr_i()) March), an¢c) Warm season (May to September) where warming has increased faster than in all other regions.
' ' Figure 4 compares regionally averaged temperature trends
for the arid, semi-arid, and whole land areas of the world,
the Northern Hemisphere, and the Southern Hemisphere. The
Asia in the warm season is not only different from that in the figure indicates the warming amplitude in different climate
cold season, but is also weaker than that in the cold season iregions. From visual inspection, the surface temperature in
scope and intensity. arid regions is increasing slowly than in semi-arid regions
Figure 3 presents regionally averaged annual mean landn the three selected areas except South Hemisphere. The
surface air temperature trends as a function of the climatovariability in semi-arid regions is distinguishable from that
logical mean precipitation. The climatological mean precip- in other regions. Furthermore, warming in semi-arid regions
itation is the annual mean precipitation for the period 19010f the Northern Hemisphere is increasing faster than that in
to 2009. Although precipitation and temperature are the twothe Southern Hemisphere. The warming trend over arid re-
fundamental variables used in describing climate change, thgions in the Northern Hemisphere is more obvious than in
climatological mean precipitation can be used to classify cli-the Southern Hemisphere.
mate regions. Figure 3 shows that surface temperature does Figure 5 compares the regionally averaged land surface
not increase everywhere uniformly but as a first-order apinear temperature trend as a function of climatological mean
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Fig. 5.Comparison of the regional averaged land surface linear tem-_ )

perature trend as function of climatological mean precipitation for Fig. 6. Same as Fig. 5 but for 20-80.

annual, cold season and warm season of global. The precipitation

interval is 100 mmyr1. Table 1. The warming amplitude of temperature over semi-arid re-
gion for different areas, where Global is defined as global land, NH
is the Northern Hemisphere, North America is the region of 20—
60° N, —180~—17° W, Europe is the region of 20-80, —17° W—

precipitation for the annual, the cold season, and the warn®0° E, and Asia is the region of 20-66I, 60-180 E (unit: °C).

season. There is an obvious increase in temperature in the

semi-arid regions with a warming peak around the rainfall Global  NH gé’o‘N Europe  Asia Amg:‘:a
. . 1

range of 300—400 mmyt in the cold season; the warming

trend in the cold season is more than double of the trend in Annual 113 123 133 118 151 119

Cold Season 1.53 172 1.89 1.41 242 1.50

the warm season. This suggests that semi-arid warming is Warm Season 079 OBl 085 095 0.68 106

enhanced or accelerated in the cold season, indicating that
the temperature variability in semi-arid regions in the cold
season is more sensitive to climate change than the tempe
ature variability in other regions. For wet regions (rainfall
>1000 mmyr1), the warming trend is not significantly dif-
ferent between the cold and warm seasons.

,r&merica in the cold season, whereas warming in the warm
season is more obvious in North America than in Asia.
Figures 7 and 8 show the contributions of surface temper-

Figure 6 presents the temperature trend over 2BNG0r ature trends in different precipitation regions to the glqbal
trend for the annual and cold season means. The figure

the annual, cold season, and warm season means. This figur? oo . ‘
Lo clearly shows the remarkable contributions of different rain-
also shows the enhanced warming in the cold season over

arid/semi-arid regions. The rate of temperature increase idall reglcl)ns 0 dthe_global :negn tlregdl. The :_sem|-aréd re-
much higher in the cold season than in the warm seaso Jions play a ominant role ih global warming and ac-
For example, the warming rate (0.0192yr—2) in regions of count for nearly half of continental warming, with consid-
approximately 300-400 mmyt rainfall is 2.4 times larger erably weaker temperature trends over semi-wet and wet re-
than that in the warm season. To compare with Fig. 5, Fig. gdions. Semi-arid regions make an even greater contribution

] o ; .~ "to global warming in the cold season (Fig. 8), and the con-
reveals that the warming trend over semi-arid regions W|th|ntribution fiqures for the cold season show particularly dis-
20-60 N is higher than the global trend. 9 b y

- . tinct differences between semi-arid and semi-wet regions.
Table 1 compares the warming amplitudes of tempera- . L

) o . .~ These results are also shown in Table 2, which indicates that
tures for different semi-arid region and seasons, showin

that warming have been most significant in semi-arid re%he Asia semi-arid region made the biggest contribution to

gions. Annual, cold season, and warm season temperatur%c’b&1I warming. The semi-arid regions in Europe, Asia, and
. y ’ H i 0 0, 0,
increased by 1.33, 1.89, and 085 over the mid-high lati- orth America contributed 6.29 %, 13.81 %, and 6.85 % of

tudes of North Hemisphere in the period from 1901 to 2009,the warming in global surface temperature, respectively. The

: . contributions of arid, semi-wet, and wet regions were lower.
respectively. In the same period, the cold season temperaturé

in mid-latitude semi-arid areas in Europe, Asia, and North

America increased by 1.41, 2.42, and 1°BQ respectively, 4 Summary

with semi-arid of Asia showing the most warming. In the

warm season, mid-latitude semi-arid areas in Europe, AsiaThe increase in global-mean surface temperature is expected
and North America warmed by 0.95, 0.68, and *G5re-  to lead to increased evapotranspiration over land and to af-
spectively, during the study period. The temperature in semifect the global water cycle, with climatologically wet regions
arid regions of Asia is increasing more than that of North becoming wetter, dry regions becoming drier, and rainfall

Atmos. Chem. Phys., 12, 5395398 2012 www.atmos-chem-phys.net/12/5391/2012/
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16 Table 2. Contribution of different mid-latitude region of land-
128137 surface temperature trend to global trend, where Europe is defined
= as the region of 20-6MN, —17° W-6(° E, Asia is the region of
20-60 N, 60-180 E, North America is the region of 20-60!,

—180~—17° W (unit: %).
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Fig. 7. The regional contribution of land-surface linear air tempera-
ture trend to global as function of climatological mean precipitation.
The precipitation interval is 100 mmy#. The result of the regions

which climatological mean precipitation is larger than 2000 mm are

5 Discussions

Fu et al. (2006) reported widening of the tropical in the

omitted due to smaller contribution rate. period 1979-2005 and estimated that the tropical belt had
widened by about2of latitude. Such widening of the tropics

i would result in shifts in precipitation and temperature pat-

1 138139 terns (Seidel et al., 2007) and modify circulation patterns.

Recently, advances in modelling have shown that a robust
characteristic of anthropogenic climate change is a pole-ward
expansion of the Hadley cells and shifting of the pattern of
precipitation minus evaporationP(— E) and storm tracks
(Solomon et al., 2009; Seager et al., 2007), resulting in a pat-
tern of drying over much of the already-dry subtropics in a
warmer world (15-49 latitude in each hemisphere) (Held

Contribution Rate (%)
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i3 23295838 dd99 388588 a;¢ and Soden, 2006). Gong et al. (2001) attributed the enhanced
T YT ET T8 88888888 surface air warming in the boreal cold season over the NH
Fredpitation Range {mem/y) mid-high latitude land to the changes of atmospheric circu-

lation based on observational data analyses. However, dy-
namic adjustment does not explain the significant difference
between warming trends in the semi-arid regions of Europe,

events becoming more intense (Trenberth et al., 2003; Neelif\sia, and North America.

etal., 2003; Meehl et al., 2007). Our results suggest that dry Recentatmospheric modelling using the long-term history
regions are becoming warmer, especially in the cold seasorPf global SST has supported the claim that oceans play a
over semi-arid regions. We found a particularly large warm-role in controlling the climate of the Sahel, a typical semi-
ing trend in semi-arid regions (annual rainfall totalling 200 arid region (Giannini et al., 2003; Bader and Latif, 2003; Lu
600 mm yr_l), where the annuaL cold season, and warm Sea.and Delworth, 2005, Hoerling et a.l., 2006) Climate Change
son mean temperatures increased by 1.13, 1.53, and©,79 ©OVer arid/semi-arid regions in Asia is also greatly affected by
respectively, over the period from 1901 to 2009. In the sameSST Variability. During drought periods, the SST anomaly is
period, the cold season temperatures in semi-arid areas gositive in the tropical eastern Pacific but negative in the ex-
mid-latitude Europe, Asia, and North America increased bytratropical North Pacific, indicating a warm phase of Pacific
1.41, 2.42, and 1.50C, respectively. The semi-arid regions decadal oscillation, and vice versa (Fu et al., 2008). Rainfall
contribute 44.46 % of the global land-surface air tempera-Patterns and associated summer monsoon circulation exhib-
ture trends. Such enhanced semi-arid warming (ESAW) ma)}ted a decadal change around the late 1970s over East Asia,
be caused by various factors including circulation dynami-influenced by warming in tropical SSTs. Recent studies (Li
cal adjustment and SST anomalies, land surface processe®! al., 2010) also revealed that historical droughts in North
snow/frozen ground, and regional human activity (Fig. 9)_America, West Africa, and East Asia were linked to tropi-

The primary factors on the enhanced warming in semi-arigc@l SST variation. EI Nio-like SST warming in the Pacific
areas, however, may differ in different regions. caused shifts in the warmest SSTs in the Pacific, causing

drought in East China (Dai, 2011). Ma and Fu (2003), Ma
and Shao (2006) and Ma (2007) found that the drought events
that happened over arid and semi-arid areas of Asia have a
strong relationship with the variability of SST in the Pacific.

Fig. 8. Same as Fig. 7 but for cold season (November to March).
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dust and biomass burning aerosols may impact the surface
albedo when deposited on snow; soot in particular has large
impacts on absorption of radiation (Qian et al., 2011). Flan-

; ; ner et al. (2009) applied a range of models and observations
Y A4 to explore the impacts of these processes on springtime cli-

Circulation Seasurface Atmosphere- Snowfice & Regional e - . .
dynamical temperature | | landsurface | | frozenground human mate and found that equilibrium climate experiments suggest
Selyptent premaly. Interaction’ || [ =anchanes Rty that fossil fuel and biofuel emissions of black carbon plus
organic matter (BC +OM) induce 95% as much as spring-
l time snow cover loss over Eurasia as anthropogenic carbon
—1_ | dioxide, a consequence of strong snow feedback and large
Global distribution of e BC + OM emissions from Asia. Qian et al. (2009) reported
wanming trend & warming effect that BC mixed with snow resulted in a 0.5-3 % perturbation
in the snow albedo and that the snow skin (2-m air) temper-
\ Resonant / ature increased by 0.2-1€ (0.1-1.0°C) over the majority
Amplification of snow-covered areas in the western US during late winter

to early spring.
Such anthropological effects are particularly acute in the
@ fragile ecosystems of arid and semi-arid regions. For exam-
ple, agricultural activity in semi-arid areas generates dust
(Mulitza et al., 2010) demonstrated a very large increase in
Fig. 9. Schematic diagram of enhanced semi-arid warming dust emission and deposition in the Sahel coinciding with the
(ESAW). development of agriculture in the area. Similar results were
found in semi-arid regions in China (Huang et al., 2010).
Multiza et al. (2010) found that local anthropogenic dust
The feedback system of surface albedo, desertificationaerosols associated with human activities such as agricul-
and biogeophysics may have partially caused the significanture and industrial activity accounted for 43 % of the total
warming over semi-arid regions (Charney, 1975; Charney etust burden in the atmosphere. Analysis of satellite obser-
al., 1977). The drying of sandy or rocky soil by higher tem- vations indicated that, on average, both naturally transported
peratures would increase the surface albedo, thus reflectingnd local anthropogenic dust aerosols can significantly re-
more solar radiation back to space. The net result is that semduce water cloud particle size, optical depth, and liquid wa-
arid regions are a radiation sink of heat relative to surround-ter path (Huang et al., 2006a, b, 2010). These results sug-
ing regions. Some observational analyses suggest that desegest that dust aerosols warm the clouds and increase evap-
tification over the past several decades has contributed negaration of cloud droplets, further reducing cloud water path
tive forcing at the Earth’s surface equivalentt80 % of the  via the so-called semi-direct effect. Such semi-direct effects
global anthropogenic Cf£effect over the same period, mod- may play an important role in cloud development and act to
erating warming trends (Rotenberg and Yakir, 2010). Shu-exacerbate drought conditions over semi-arid areas of north-
man et al. (2011) found that boreal forests in the Northernwest China (Huang et al., 2006a, b, 2010; Su et al., 2008;
Hemisphere, particularly those in Siberia, may have a strongVang et al., 2010). Change in rainfall over East Asia has
effect on the Earth’s climate through changes in the domi-been attributed to human-induced air pollution (Menon et al.,
nant vegetation and associated regional surface albedo. TH2002) and warming of tropical SSTs (Li et al., 2010). Rain
warmer climate will likely ultimately convert Siberia’s de- increases with aerosol concentration in deep clouds that have
ciduous larch (Larix spp) to evergreen conifer forests, anda high liquid-water content, but declines in clouds that have
thus decrease regional surface albedo. Shuman et al. (201&)low liquid-water content, which was confirmed by simula-
found that a conversion from larch to evergreen stands irtions with a cloud-resolving model confirm (Li et al., 2011).
low-diversity regions of southern Siberia would generate aHuman activity has also induced land cover changes over
local positive radiative forcing of 2.6 W?. This radiative  transitional areas, bringing about land degradation. As one
heating would reinforce the warming projected to occur in of the most sensitive areas to global warming, semi-arid re-
the area under climate change. gions are also the most vulnerable to human perturbations. It
Snow cover in the Northern Hemisphere, as measuredeported that changes in land cover may lead to significant
from satellites, has declined substantially in the past 30yrchanges in the East Asian monsoon, based on a pair of nu-
particularly from early spring through summer (Zhai and merical experiments (Fu and Yuan, 2001; Fu, 2003).
Zhou, 1997). The reduction of snow cover may cause the All the factors discussed above contribute to the enhanced
surface temperature to increase in the cold season. The thickvarming found over semi-arid regions (Fig. 9). The global
ness of seasonally frozen ground has decreased in responsefiattern of surface temperature trends and of warming in
winter warming (Lemke et al., 2007). On the other hand, bothdry regions may be dominated by circulation dynamical
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adjustment and SST anomalies due to greenhouse gas forGiannini, A.: Mechanisms of climate change in the semiarid African
ing. Accelerated warming in semi-arid regions may also be Sahel: the local view, J. Climate, 23, 743756, 2010.
attributable to local land surface processes, changes in snofiannini, A., Saravanan, R., and Chang, P.: Oceanic forcing of Sa-
: ontribyfi - 2003.
needed to clarify the contributions of these factors. _30_2' 1027-1030, _
It has been discussed that aridification in South-Easterf>0dings: L., Soto, M., Rutherford, B., and Maarouf, A.: Standard-
Europe (Kerész and Mika, 1999) and aridity trend in north- ized precipitation index zones for&tico, Atmosfera, 18, 33-56,

. 2005.
ern China (Fu et al., 2008). Gong, D., Zhou, T., and Wang, S.: Advance in the studies on north

atlantic oscillation (NAO), Advance in Earth Sciences, 16, 413—
420, 2001 (in Chinese).
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