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Abstract
This study analyzes areal changes and regional climate variations in global semi-arid regions over 61 years
(1948–2008) and investigates the dynamics of global semi-arid climate change. The results reveal that the
largest expansion of drylands has occurred in semi-arid regions since the early 1960s. This expansion of semiarid regions accounts for more than half of the total dryland expansion. The area of semi-arid regions in the
most recent 15 years studied (1990–2004) is 7 % larger than that during the first 15 years (1948–1962) of the
study period; this expansion totaled 0.4 × 106 and 1.2 × 106 km2 within the American continents and in the
Eastern Hemisphere, respectively. Although semi-arid expansion occurred in both regions, the shifting patterns
of the expansion are different. Across the American continents, the newly formed semi-arid regions developed
from arid regions, in which the climate became wetter. Conversely, in the continental Eastern Hemisphere,
semi-arid regions replaced sub-humid/humid regions, in which the climate became drier. The climate change in
https://link.springer.com/article/10.1007/s00382-015-2636-8
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drying semi-arid regions over East Asia is primarily dominated by a weakened East Asian summer monsoon,
while the wetting of semi-arid regions over North America is primarily controlled by enhanced westerlies.

Introduction
Semi-arid regions cover ~15 % of the Earth’s land surface and supported 14.4 % of the global population in the
year 2000 (Safriel and Adeel 2005). The ecosystems in such regions are fragile and sensitive to strong
interactions between human activities and climate changes (Charney 1975; Huang et al. 2010; Rotenberg and
Yakir 2010; Xue 1996; Zeng et al. 1999). Most human effects on semi-arid climates are related to agricultural
exploitation of lands. Introduction of agriculture into such areas, whose natural condition is already
agriculturally marginal, might be motivated by a number of economic or social factors (Liu et al. 2008). These
factors include the need to provide food for a larger population, the decreasing productivity of existing
agricultural land, and the profit motive. Semi-arid populations rely primarily on rain-fed agriculture for their
livelihoods, and fluctuations in precipitation greatly affect the availability of surface water resources that are
necessary to sustain agricultural irrigation (Liu and Xia 2004; Schwinning et al. 2004). For instance, a slight
shift in rainfall patterns or a temperature change could be disastrous. In addition, much of the arid and semi-arid
land has undergone substantial anthropogenic change via urbanization and land-use changes (Gao et al. 2010; Li
et al. 2012; Xu et al. 2011; Bounoua et al. 2009; Georgescu et al. 2009; Scanlon et al. 2006; Fricke et al. 2009).
Thus, semi-arid climate change is important to investigate for the purposes of policy making.
The long-term global warming trend is particularly enhanced over semi-arid regions (Huang et al. 2012; Ji et al.
2014). Both observations and modeling studies indicate that in a warmer climate, droughts may become longer
in duration and more severe in currently drought-prone regions because of enhanced evaporation and reduced
precipitation (Dai 2013a). Drying trends may occur most significantly in semi-arid and arid regions as a result
of global warming, leading to an intensification of the hydrological cycle, with climatologically wet regions
becoming wetter and dry regions becoming drier (Chou et al. 2009; Held and Soden 2006; Seager et al. 2010).
Recent climate model simulation shows that the area of global drylands is projected to expand by ~10 % by
2100, except in India and northern tropical Africa, which will become wetter (Feng and Fu 2013). Decadalscale climate anomalies and land surface degradation have also occurred in these regions (Dregne 2002), and
the risk of land degradation is greatest in the middle of the aridity gradient, which is mostly located in semi-arid
drylands (Safriel and Adeel 2005).
Although historical climate changes in semi-arid regions have been discussed in previous studies (Bader and
Latif 2003; Giannini et al. 2003; Hoerling et al. 2006; Lu 2009; Lu and Delworth 2005; McCabe et al. 2008;
Méndez and Magaña 2010; Zeng et al. 1999), most of these studies are regionally limited by focusing on a
particular region or nation, i.e., Sahelian semi-arid regions (Hoerling et al. 2006; Lu and Delworth 2005); few
studies emphasize global semi-arid areas. In this work, we study semi-arid climate change from a global
perspective.
Three major questions are addressed in this study. Has expansion occurred in all semi-arid regions over the last
61 years? If so, the shifts of the semi-arid regions and other climate categories are important to understand. How
has the aridity changed in these regions? What are the dynamics of global climate change in semi-arid regions?
To understand the regional climate variability, this study conducts a systematic examination of areal changes in
Sect. 4 and an assessment of climate change in semi-arid regions in Sect. 5. Section 6 illustrates the dynamics of
semi-arid climate change globally, and the conclusions and discussion are presented in Sect. 7.

Datasets and methodology
Observation data
The precipitation dataset that we mainly used in this study is obtained from the National Centers for
Environmental Prediction (NCEP) Climate Prediction Center (CPC) (Chen et al. 2002). It is typically labelled
as the PRECipitation REConstruction over Land (PREC/L) dataset, and it is an observation station-based
dataset with a globally covered 0.5° × 0.5° latitude–longitude resolution for the period extending from 1948 to
the present. The PREC/L is derived from gauge observations taken at over 17,000 stations, and it was collected
from two large individual datasets: the Global Historical Climatology Network version 2 (GHCN2), and the
Climate Anomaly Monitoring System (CAMS). Therefore, the PREC/L can be regularly updated in near real
time with a sufficient number of stations and unique interpolation methods. The definition of drylands by
https://link.springer.com/article/10.1007/s00382-015-2636-8
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precipitation is as follows: areas that experience annual precipitation (P) of less than 500 mm; drylands are
further classified into hyper-arid (P < 25 mm), arid (25 mm ≤ P < 250 mm), and semi-arid
(250 mm ≤ P < 500 mm) regions (Thomas 2011).
In addition to the PREC/L, we used the corresponding surface air temperature (SAT) dataset of CPC in this
study, which is labelled as the GHCN_CAMS Gridded 2 m temperature (Fan and Van den Dool 2008). This
dataset has the same temporal coverage and spatial resolution as the PREC/L. To justify the uncertainty of the
dataset, it was compared with several observation-based SAT datasets, such as the Parameter-Elevation
Regressions on Independent Slopes Model (PRISM) dataset,Footnote 1 the National Climate Data Center
(NCDC) Climate Division Data, and the Climate Research Unit (CRU) dataset. The preliminary results show
that the quality of GHCN_CAMS land SAT analysis is reasonably high and that it can capture most of the
common temporal-spatial features in observed climatology as well as the anomaly fields over both the regional
and global domains (Fan and Van den Dool 2008).

Estimation of potential evapotranspiration (PET)
The methods commonly used to estimate PET in climate studies are typically classified into three types:
temperature-based methods (Thornthwaite 1948; Hamon 1963; Hargreaves and Samani 1985), radiation-based
methods (Makkink 1957; Priestley and Taylor 1972; Turc 1961) and combination methods (Penman 1948;
Monteith 1981).
Because air temperature is correlated with net radiation and humidity, temperature-based PET methods appear
to perform relatively well in climatological applications (Shaw and Riha 2011). However, recent studies
indicate that simple temperature-based PET estimates are not appropriate for determining trends such as longterm evaporative demands and drought projections (Sheffield et al. 2012; McAfee 2013; Greve et al. 2014)
because temperature is not always the primary factor controlling PET (Donohue et al. 2010; Shaw and Riha
2011; Hobbins et al. 2012). In fact, PET is not only a function of air temperature but also of radiative and
aerodynamic controls (Penman 1948).
Regarding radiation-based PET methods, the Priestley and Taylor (1972) method is a simplification of the
Penman–Monteith method. The former only retains the radiation term, and it explicitly ignores the impact of the
aerodynamic control term, which is the effect of the water vapour pressure deficit (VPD), wind speed and
canopy resistance (Wang and Dickinson 2012). It has been noted that the failure to explicitly account for
changes in available energy, air humidity, and wind speed can cause some drought indices to identify an
artificial trend towards more droughts under a warming climate (Sheffield et al. 2012).
The Penman–Monteith algorithm is derived from physical principles, and it is superior to empirically based
formulations, which usually only consider the effect of temperature and radiation. The Penman–Monteith
algorithm used in this study considers many meteorological parameters related to the evapotranspiration
process, such as net radiation, relative humidity, wind speed and temperature data, as well as information on
vegetation characteristics (Allen et al. 1998).
0.408Δ(R n −G)+γ

PET =

900
Ta +273

u2 (e s −e a )

Δ+γ(1+0.34u2 )

where R n is the net radiation at the crop surface (MJ m−2 d−1), G is the soil heat flux density at the soil surface
(MJ m−2 d−1), T a is the mean daily air temperature at a 2-m height (°C), u 2 is the wind speed at a 2-m height
(m/s), e s is the saturation vapor pressure at a 2-m height (kPa), e a is the actual vapor pressure at a 2-m height
(kPa), Δ is the slope of the vapor pressure–temperature curve (kPa/°C), and γ is the psychometric constant (kPa/
°C). The employed data of net surface radiation (include shortwave and longwave net radiaton), specific
humidity, wind speed, and soil heat flux density are from the data product of Global Land Data Assimilation
Systems (GLDAS) at a 0.5° resolution; the data begin in1948 (Rodell et al. 2004). The solar radiation data are
corrected for 1983–2000 based on two global radiation products (Sheffield et al. 2006). Specific humidity and
wind speed data are adjusted according to the observationally based climatological methods developed by the
CRU at the University of East Anglia (Mitchell and Jones 2005). The regionally averaged wind speed trends
from GLDAS are −0.0009 and −0.0013 m s−1 a−1 in global land surface and Northern Hemisphere (see Fig. S1
& Fig. S2 in Supplementary) respectively, which are consistent with the declining trend in observed nearhttps://link.springer.com/article/10.1007/s00382-015-2636-8
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surface wind speed (−0.014 m s−1 a−1) as indicated by McVicar et al. (2012). However, the magnitude of trend
in GLDAS is much less than that of the observations over global land, so we should note that using the GLDAS
wind speed dataset may lead to biases toward increasing PET and drying climate in some areas because
GLDAS gets its wind speed and humidity from NCEP/National Center for Atmospheric Research (NCAR)
reanalysis, not from surface observations.

Aridity index (AI)
The aridity index (AI) represented the degree of climatic dryness is defined as the ratio of annual precipitation
(P) to annual potential evapotranspiration (PET). For the purposes of the AI, drylands are defined as regions
with AI of less than 0.65 and are further classified into hyper-arid (AI < 0.05), arid (0.05 ≤ AI < 0.2), semi-arid
(0.2 ≤ AI < 0.5), and dry sub-humid (0.5 ≤ AI < 0.65) subtypes (Middleton and Thomas 1997). The hyper-arid
regions are the driest, and followed by arid, semi-arid, and dry sub-humid regions in all four types of drylands.
The AI is provided by Feng and Fu (2013) and calculated from 1948 to 2008, and the spatial resolution of the
data is 0.5° by 0.5°.
In addition, Feng and Fu (2013) verified the uncertainty of different datasets when calculating PET and AI. Two
temperature and precipitation datasets were used: the CPC PREC/L and University of Delaware (UDel)
(Legates and Willmott 1990a, b) datasets. The solar radiation, specific humidity and wind speed used to
calculate the PET were also selected from two datasets: the GLDAS and the Twentieth Century Reanalysis
(20CR) datasets (Compo et al. 2011). Therefore, four combinations (i.e., CPC and GLDAS, CPC and 20CR,
UDel and GLADS, UDel and 20CR) were obtained and compared. The results showed a good agreement in the
global averaged temporal variations. However, we note that the trends may be slight different in specific regions
by using individual precipitation datasets, especially in Central Asia (see Fig. S3–S6 in Supplementary). As
indicated by Schiemann et al. (2008), the precipitation pattern is most realistically represented using UDel in
central Asia by comparing a wide range of observational precipitation data sets, and the large biases of the
observed precipitation may be leaded by the foothills of the large mountain systems such as the central Tien
Shan and the eastern Pamirs regions of very little precipitations. For similar precipitation trends in the semi-arid
regions from UDel and PREC/L in central Asia, we note that the data set of PREC/L precipitation seems also
reasonable to present the changes of precipitation trend in central Asia.

Köppen–Geiger climate classification
Since the Köppen climate classification was first proposed by Köppen (1884), various classifications based on
Köppen’s original method have been developed, such as Thornthwaite-type method (Thornthwaite 1948;
Feddema 2005), Köppen-Trewartha (Trewartha and Horn 1980), Köppen–Geiger method (Köppen 1936; Geiger
1954). Generally, the Köppen-Trewartha is a simplified method used in many studies, which is only developed
by using temperature and precipitation, and the Thornthwaite-type method is infrequently used because it is too
complex (Thornthwaite 1948; Feddema 2005). Comparing with the above methods, the Köppen–Geiger method
is based on the vegetation types of a region, together with temperature and precipitation, and it is the most
common climate classification in use. As a result, we choose Köppen–Geiger classification in this paper.
Recently, updates to the Köppen–Geiger climate classification were published in several studies based on
observed temperature and precipitation (Kottek et al. 2006; Peel et al. 2007). In this work, we adopt the
Köppen–Geiger climate classification map for the period of 1951–2000 with 0.5° resolution; this map was
published by Kottek et al. (2006). Both the map and the underlying digital data are available online at
http://koeppen-geiger.vu-wien.ac.at/present.htm. These data produce a total of 31 climate classes described by
three letters. The first letter describes the main classes, namely, equatorial climates (A), arid climates (B), warm
temperate climates (C), snow climates (D) and polar climates (E). In this work, we describe only the four arid
classes of type B, i.e., hot desert climate (BWh), cool desert climate (BWk), hot steppe climate (BSh), and cool
steppe climate (BSk). The second letter accounts for precipitation, where “W” represents desert and “S”
represents steppe. The third letter denotes the temperature, where “h” and “k” are warm and cool, respectively.

Circulation data
The East Asia summer monsoon (EASM) index, which is archived at http://ljp.gcess.cn/dct/page/65544, is used
here. The EASM index is defined using the area-averaged, JJA-averaged, dynamically-normalized winds at
850 hPa within the East Asian monsoon domain (10°–40°N, 110°–140°E). For details of this normalization,
https://link.springer.com/article/10.1007/s00382-015-2636-8
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please see Li and Zeng (2002). In addition, the NCEP/NCAR reanalyses including the geopotential heights
(HGT) and winds at 850 hPa are also used here (Kalnay et al. 1996).

Comparison of dryland definitions
The spatial distributions of drylands (as identified by AI or annual precipitation from 1961 to 1990 and the
Köppen–Geiger climate classification for 1951–2000) are shown in Fig. 1a–c. Although there are no fixed or
precise limits for the biomes, the major dryland biomes include savanna, grassland, and desert (Safriel and
Adeel 2005). Figure 1d shows the major dryland surface vegetation types from MODIS. As shown in Fig. 1a,
global drylands defined by AI is primarily distributed in the middle and low latitudes and closely match the map
from UNEP (Middleton and Thomas 1997). Major hyper-arid areas occur over the central and northern Sahara
Desert, the Rub al Khali Desert in the eastern Arabian Peninsula, the Iran/Afghanistan/Pakistan border area, the
Taklimakan Desert in northwestern China, the Gobi Desert in Mongolia/China border area and the Atacama
Desert area (Fig. 1a), where the MODIS land cover types are barren (Fig. 1d). Generally, arid areas are located
over the southern Sahara Desert, southern Africa, western Arabia Peninsula, Central Asia, areas of Mongolia
and northern China, and much of Australia (Fig. 1a), where the land cover types are barren or sparsely
vegetated, i.e., shrubland and grassland (Fig. 1d). Semi-arid and dry sub-humid regions are located in the
western United States, the west coast of South America, Central and East Asia and a large portion of Australia
outside of the central desert regions, where the land cover type is primarily grassland (Fig. 1d).
Fig. 1
The global distribution of drylands over 1961–1990 according to three definitions: a aridity, b
precipitation, and c Köppen–Geiger climate classification; d surface vegetation types from the
moderate-resolution imaging spectroradiometer (MODIS) (ISLSCP II MODIS (Collection 4) IGBP
Land Cover), available online at http://daac.ornl.gov/cgi-bin/dsviewer.pl?ds_id=968
Full size image
Compared with Fig. 1a, the dryland area defined by annual precipitation (Fig. 1b) is significantly smaller than
that defined by AI everywhere except for the latitudes around 50°–60°N. The dryland area defined by
precipitation is larger in Asia and North America at approximately 60°N, such as in Siberia, while the AI
classifies these areas as humid, due to the low PET. In Fig. 1c, the Köppen–Geiger BWh subtype is located in
the subtropical latitudes between 30°S and 30°N. Such areas include the entire Sahara Desert, the Arabian
Peninsula, large regions of Iran, southern Pakistan and Afghanistan, southern Africa, and much of Australia.
The BWk areas are mainly located in East and Central Asia, as well as small areas in the Great Basin Desert of
the western United States, northern Africa and southern Australia. The BSh regions tend to be located in the
tropics and subtropics, which are most commonly found along the fringes of subtropical deserts. This type of
area is primarily located in regions such as the Sahel in northern Africa, southern Africa, small portions of India
and Mexico, and a large portion of Australia outside of the central desert regions. This type of region also can
be found on the poleward side of the northern Africa deserts, which typically feature a Mediterranean climate.
The BSk subtype tends to be located in temperate zones, and the majority of these areas are located in East
Asia, Central Asia and North America in the Northern Hemisphere and sections of South America and interior
southern Australia in the Southern Hemisphere.
Of the three definitions of drylands, the AI definition is most reasonable and reliable, and the dryland coverage
agrees well with the surface vegetation types. Obviously, precipitation alone is insufficient for defining climatic
boundaries (Safriel and Adeel 2005). In Australia, for example, the generally accepted limit for an arid zone is
250 mm, but particular areas of the tropical northwest are clearly arid even though the mean annual rainfall
exceeds 500 mm (Mabbutt 1979). In addition, the annual precipitation in Siberia is less than 500 mm, but the
major land cover type is forest, and the climate is humid. As investigated in previous studies, the Köppen–
Geiger climate classification may mistakenly classify regions with distinctively different weather patterns and
vegetation as belonging to the same climate type (Trewartha and Horn 1980). For example, western Washington
and Oregon in the northwest US are classified as the same climate type as southern California (in the southwest
US), although the two regions have strikingly different weather and vegetation types (Feng et al. 2014).
Furthermore, particular drylands may be classified as other climate types, i.e., Mediterranean semi-arid regions,
which are classified as Csb or Csa by the Köppen–Geiger climate classification, where the “s” indicates
“summer dry” and “b” and “a” indicate “warm summer” and “hot summer”, respectively. Thus, the arid climate
https://link.springer.com/article/10.1007/s00382-015-2636-8
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(type B) defined by the Köppen–Geiger climate classification does not represent the total drylands, and it is
significantly smaller than the global drylands because several climate subtypes are classified in each major
climate type based on the seasonal variations in temperature and precipitation. Compared with Fig. 1a, the
drylands defined by the Köppen–Geiger climate classification are significantly smaller in most areas, i.e., East
Asia, Central Asia, and North America. As indicated by Kottek et al. (2006), a total of 29.1 % of the global land
area is covered by Köppen–Geiger arid climates, but the areal coverage of the total drylands according to the AI
definition is 6.1 × 107 km2, or 41 % account for the global land (Safriel and Adeel 2005). Thus, the drylands in
the following sections are based on the definition of AI.

Expansion of semi-arid regions
The dryland subtypes of hyper-arid, arid, semi-arid and dry sub-humid cover 1.1 × 107 km2, 1.9 × 107 km2,
2.3 × 107 km2, and 0.9 × 107 km2, accounting for 7, 13, 15, and 6 % of the land surface, respectively. For all of
these subtypes of global drylands, the semi-arid region is the largest, and it accounts for more than one-third of
the total dryland area.
Figure 2 shows the temporal variations in the areal coverage of drylands and its subtypes from 1948 to 2008.
The global drylands have greatly expanded because the dryland area in the more recent 15 years (1990–2004) is
2.6 × 106 km2 (or 4 %) larger than that during 1948–1962 (Fig. 2a). Feng and Fu (2013) also obtained similar
results by analyzing the observations for 1948–2008. The expansions of the dryland subtypes are 0.6 × 106,
−0.1 × 106, 1.6 × 106, and 0.5 × 106 km2 for the hyper-arid, arid, semi-arid and dry sub-humid categories,
respectively (Fig. 2b–e). The largest dryland expansion has occurred in semi-arid regions, where the area has
expanded since the early 1960s, accounting for more than half of the total dryland expansion (Fig. 2c). The area
of dry sub-humid regions experienced few fluctuations prior to the 1980s, decreased in the early 1980s, and
significantly expanded after the late 1980s. The areal changes in arid regions show strong decadal variations,
with large areas before the 1970s, reduced areas in the 1970s, and resumed expansion in the early 1980s; the
area for the most recent 15 years is comparable with that present before the 1970s. The arid regions had the
smallest areas during the 1970s as a result of large positive precipitation anomalies in the Southern Hemisphere,
which led to a transition from arid to semi-arid regions (Feng and Fu 2013).
Fig. 2
Temporal variations in the area (units: 106 km2) for a total drylands, b dry sub-humid regions, c
semi-arid regions, d arid regions, and e hyper-arid regions for the period of 1948–2008. The 15year running mean (thick blue curves) is applied to emphasize climate change
Full size image
The AI of a semi-arid region is within the range of 0.2–0.5, according to the definition. Transitions from semiarid regions to other dryland subtypes will occur if the AI falls outside the range of 0.2–0.5. To understand the
changes in semi-arid regions during the last 61 years, two periods are chosen: the first 15 years (from 1948 to
1962) and the most recent 15 years (from 1990 to 2004) of the monitoring period. Table 1 shows all of the
transitions in the semi-arid regions, which include arid to semi-arid, sub-humid/humid to semi-arid, semi-arid to
arid, and semi-arid to sub-humid/humid regions. The newly formed semi-arid regions that transited from other
subtypes are 4.1 × 106 km2 and they are formed by two transitions from arid to semi-arid regions (1.1 × 106
km2) and sub-humid/humid to semi-arid regions (3.0 × 106 km2). The amount of the decrease from semi-arid
regions to other subtypes is 2.5 × 106 km2, which also includes two transitions from semi-arid to arid regions
(1.6 × 106 km2) and semi-arid to sub-humid/humid regions (0.9 × 106 km2). Therefore, the net change in the
semi-arid region is 1.6 × 106 km2 by subtracting the reduced areas from the newly formed areas. Comparing the
two types of shifts, the semi-arid area that transited from sub-humid/humid regions is nearly 3 times larger than
that from arid regions. This result indicates that the newly formed semi-arid regions primarily transited from
sub-humid and humid regions, which account for 73 % of the newly formed semi-arid regions. Comparing the
transitions between semi-arid (sub-humid/humid) and arid (semi-arid) regions, the area transiting from semiarid (sub-humid/humid) to arid (semi-arid) is much larger than that transiting from arid (semi-arid) to semi-arid
(sub-humid/humid); therefore, more semi-arid (sub-humid/humid) regions become drier.
https://link.springer.com/article/10.1007/s00382-015-2636-8
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Table 1 The area transitions (106 km2) between semi-arid regions and other classes for 1990–
2004 relative to 1948–1962
Full size table
Figure 3 demonstrates the global distribution of semi-arid regions and their transitions to other subtypes. As
shown in Fig. 3, the transition from sub-humid/humid (semi-arid) to semi-arid (arid) primarily occurs in East
Asia, east Australia, and northern and southern Africa. The transition from semi-arid (arid) to sub-humid/humid
(semi-arid) occurs in central/west Australia, the central US, and southern South America. The results indicate
that the transitions to drier types primarily occurred in the Eastern Hemisphere, except for in central/west
Australia, whereas the shifts to wetter types occurred in the mid-latitudes in North and South America. Notably,
two temperate semi-arid regions in North America and East Asia show different changes, in which more arid
and semi-arid regions became wetter in North America but semi-arid and dry sub-humid regions became drier
in East Asia. To investigate the regional climate changes in semi-arid regions globally, eight semi-arid regions
are selected, i.e., East Asia, Central Asia, northern Africa, North America, South America, southern Africa,
central/west Australia, and east Australia. The latitude/longitude information is listed in Table 2 and labeled in
Fig. 3.
Fig. 3
Global distribution of semi-arid regions and their transitions to other climate classifications,
including old semi-arid regions (grey), sub-humid/humid to semi-arid regions (orange), semi-arid
to arid regions (dark red), arid to semi-arid regions (dark green), and semi-arid to sub-humid/humid
regions (blue) for 1990–2004 relative to 1948–1962
Full size image
Table 2 Latitude/longitude information for eight regions
Full size table
The shifts from sub-humid/humid to semi-arid, semi-arid to arid, semi-arid to sub-humid/humid, and arid to
semi-arid for eight typical semi-arid regions are shown in Fig. 4. The results show that, except for Central Asia
and northern Africa, 6 semi-arid areas in the most recent 15 years (1990–2004) are larger than those during
1948–1962. The largest semi-arid expansion occurred in East Asia, which accounts for nearly 50 % of the
global semi-arid expansion. In comparing the four semi-arid regions in the Northern Hemisphere, except for
North America, the area that shifted to a drier class is much larger than the area that shifted to a wetter class,
particularly in East Asia and northern Africa (Fig. 4a, b). For example, the area that shifted to drier classes is
four times larger than the area that shifted to wetter classes in East Asia. However, in North America, the area
that shifted to wetter types is nearly ten times larger than the area that shifted to drier categories. In the Southern
Hemisphere, the climate primarily shifted to drier categories in southern Africa and east Australia but shifted to
wetter categories over central/west Australia and South America (Fig. 4c, d). In all eight semi-arid regions
considered, two of the three regions that shifted to wetter types are within the American continents.
Fig. 4
The transitions from sub-humid/humid to semi-arid, semi-arid to arid, semi-arid to subhumid/humid, and arid to semi-arid regions over the eight semi-arid regions of a East Asia, Central
Asia, northern Africa (in the Eastern Hemisphere); b North America (in the Northern Hemisphere);
c southern Africa, central/west Australia, and east Australia (in the Eastern Hemisphere); and d
South America (in the Southern Hemisphere)
Full size image
The area changes in the semi-arid regions between the American continents and the Eastern Hemisphere are
shown in Table 3. The semi-arid areas in the more recent 15 years (1990–2004) are 0.4 × 106 km2 and 1.2 × 106
km2 larger than those during 1948–1962 within the American continents and in the Eastern Hemisphere,
respectively. Although expansions of semi-arid regions occur in both areas, the shifting patterns of the
expansion are different. The newly formed semi-arid regions shift from arid regions, in which the climate
https://link.springer.com/article/10.1007/s00382-015-2636-8
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becomes wetter within the American continents. Conversely, in the continents of the Eastern Hemisphere, the
expansion of semi-arid regions replaces the sub-humid/humid regions in which the climate becomes drier. For
example, the transition from sub-humid/humid to semi-arid classes occurs over 2.6 × 106 km2 of the continental
Eastern Hemisphere; this area is five times larger than the area transited from arid to semi-arid (0.5 × 106 km2).
Within the American continents, the areal change in the sub-humid/humid to semi-arid areas (0.4 × 106 km2) is
less than the areal change from arid to semi-arid (0.6 × 106 km2). The results indicate that wetting of arid
regions plays an important role in the expansion of semi-arid areas in the American continents versus the drying
climate trend in the continents of the Eastern Hemisphere. The causes of the different behaviors between the
American continents and the Eastern Hemisphere are addressed in Sect. 6.
Table 3 The areal changes (106 km2) in semi-arid regions over the American continents and
the continents in the Eastern hemisphere
Full size table

Semi-arid climate change
Climate change associated with changes in precipitation and PET would lead to changes in AI and thus in the
areal extent of drylands and its subtypes. The linear trends in AI, precipitation, and PET in semi-arid regions
from 1948 to 2008 are shown in Fig. 5. The AI decreases, suggesting drying trends during the last 61 years over
East Asia, including northeastern China, northern Mongolia, east Australia, the Sahel in northern Africa,
southern Africa, and Mediterranean regions, while wetter trends are apparent in central/west Australia, South
America, North America, and other small areas, such as northern Central Asia and western China (Fig. 5a).
Precipitation decreases in the Sahel, southern Africa, east Australia, and East Asia but increases in central/west
Australia and within the American continents (Fig. 5b). The patterns of precipitation are consistent with those
for AI, with only particular regional differences. This result suggests that precipitation is a key factor that
affects AI. The PET decreases over the American continent, but PET increases over other Northern Hemisphere
continents. However, this pattern is reversed in the Southern Hemisphere, and the PET increases in South
America but decreases in southern Africa and northern Australia (Fig. 5c). During the same period, the surface
air temperature (SAT) warms in most of the semi-arid regions; this trend is particularly pronounced in the
eastern Sahel and higher latitudes over the Northern Hemisphere, i.e., East and Central Asia (Fig. 5d). The
different trends between the PET and temperature in particular regions, e.g., North America and southern
Africa, imply that temperature is not always the primary factor controlling PET (Donohue et al. 2010; Shaw and
Riha 2011; Hobbins et al. 2012), which is also influenced by other factors, such as, winds, net radiation, and
humidity.
Fig. 5
The distributions of the linear trends in the AI, precipitation, PET, and SAT in semi-arid regions
globally from 1948 to 2008. a P/PET trend (/decade), b P trend (mm/decade), c PET trend
(mm/decade), d temprature trend (°C/decade)
Full size image
Figure 6 shows the variations in the regionally averaged precipitation, PET, and AI in three mid-latitude semiarid regions over East Asia, Central Asia, and North America in the Northern Hemisphere. Considering that the
newly formed semi-arid regions transited from other climate types, they are different from the semi-arid regions
of the same domain already in place; thus, each of the semi-arid regions is divided into old and newly formed
semi-arid regions. In East Asia, precipitation decreases in both areas, but the decrease in the precipitation is
57 mm in the newly formed semi-arid regions; this value is 3 times higher than that in the old semi-arid regions
(Fig. 6a). The PET increases by 132 mm in the newly formed semi-arid regions; this value is two times higher
than that in the old semi-arid regions (Fig. 6b). The decrease in precipitation and increase in PET lead to a
significant decrease in AI, which indicates that two types of semi-arid regions became drier over the past
61 years, particularly in the newly formed semi-arid regions (Fig. 6c). The PET increases significantly in both
types of semi-arid regions in Central Asia (Fig. 6e). The rates of change in precipitation between the old and
newly formed semi-arid regions are remarkably different (Fig. 6d). The regionally averaged precipitation shows
a sharp decrease of 81 mm in the newly formed semi-arid regions; this value is nearly 9 times higher than that
in old semi-arid regions. Thus, the decrease in the AI in the newly formed semi-arid regions is 4 times larger
https://link.springer.com/article/10.1007/s00382-015-2636-8
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than that in the old semi-arid regions (Fig. 6f). The time series of regionally averaged precipitation, PET, and AI
are consistent between the old and newly formed semi-arid regions, without significant changes in North
America (Fig. 6g–i). The PET shows strong decadal variations, with the largest value occurring during the
1950s, observed decreases in the mid-1960s, and minimum values in the mid-1980s before increasing again in
the early 1990s. The upward trend in precipitation and downward trend in PET leads to an increasing trend in
the AI in both the old and newly formed semi-arid regions; thus indicates the semi-arid regions became wetter
over the past 61 years. The annual variability in the AI is completely consistent with that of precipitation, which
indicates that the precipitation is a dominating factor in the wetting trend of North America. Although historical
records reveal that droughts occurred in the late 1980s and at the beginning of the 21st century, the higher AI
and precipitation in the most recent 20 years provide evidence that the current climate is indeed becoming
wetter compared with the climate of the 1950s in North America.
Fig. 6
The variations in the regionally averaged precipitation, PET, and AI in the semi-arid regions over
East Asia (left column), Central Asia (middle column), and North America (right column) from
1948 to 2008. The blue curve indicates the newly formed semi-arid regions, and the black curve
denotes the old semi-arid regions. The thick blue (black) line illustrates the linear trend for the
curve, and a asterisk indicates a trend that exceeds the 99 % confidence level. a, d, g Annual
precipitation. b, e, h Annual PET. c, f, i Annual P/PET
Full size image
Comparing these regions in Fig. 6, the regionally averaged precipitation, PET, and AI show consistent upward
or downward trends between the newly formed and old semi-arid regions. Precipitation decreases in East Asia
and Central Asia but increases in North America, and the PET shows an increasing trend in East Asia and
Central Asia, in contrast to the decreasing trend in North America. As a result, the AI is consistent with
precipitation, which reveals that the climate becomes drier in East Asia and Central Asia but becomes wetter in
North America. Notably, the changes of precipitation, PET and AI in the newly formed semi-arid regions are
much larger than those in the old semi-arid regions in the drying semi-arid regions over East Asia and Central
Asia. In contrast, the variations in the precipitation, PET and AI show little difference between the newly
formed and old semi-arid regions in the wetting region over North America.
Northern Africa is also an important semi-arid region, which has received more attention because of the scarcity
of rainfall and the long periods of drought that occurred in 1970s and 1980s (Dai et al. 2004; Hulme et al.
2001). The PET increases in both the old and newly formed semi-arid regions, and it has remained at a stable
level since the 1980s (Fig. 7b). The precipitation and AI both decrease significantly in the old and newly formed
semi-arid regions, and the time series indicates strong decadal variations (Fig. 7a, c). The maximum values
occur in the early 1950s; then, the values decrease and remain steady with reduced precipitation and AI until the
mid-1980s. These values have partially recovered since the driest period in the mid-1980s. This decadal
variation in precipitation was also demonstrated in previous studies (Dai et al. 2004; Hulme et al. 2001; Zeng et
al. 1999).
Fig. 7
Same as Fig. 6 but for northern Africa semi-arid regions. a Annual precipitation. b Annual PET. c
AnnualP/PET
Full size image
For two severely drying semi-arid regions in the Northern Hemisphere over East Asia and northern Africa, the
decrease in the precipitation in the old semi-arid regions over northern Africa is 8 times larger than the changes
in East Asia; the rate of change in the decreasing PET also shows a rate twice as large as that in East Asia. As a
result, the drying trend in the old semi-arid regions over northern Africa is more severe than that in East Asia. In
contrast, during the same period, the precipitation decreases by 173 mm in the newly formed semi-arid regions
over northern Africa, which is 3 times higher than that in East Asia (57 mm); only a slight difference is
observed in the variability in the PET between East Asia and northern Africa. However, the AI changes are
comparable in the newly formed semi-arid regions in East Asia and northern Africa; thus, the drying trend in
https://link.springer.com/article/10.1007/s00382-015-2636-8
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the newly formed semi-arid regions in East Asia is more sensitive to the decrease in precipitation than the trend
in northern Africa because the climatological PET of the newly formed semi-arid regions in northern Africa
(1785 mm) is much larger than that in East Asia (902 mm).
Figure 8 shows the time series of the regionally averaged precipitation, PET, and AI in semi-arid regions over
southern Africa, central/west Australia, and east Australia in the low latitudes of the Southern Hemisphere. The
decreasing trends in the AI in southern Africa and east Australia reveal that the semi-arid regions became drier
(Fig. 8g, i). Furthermore, the rates of change in the AI in the newly formed areas are much larger than the
changes in the old semi-arid regions. In central/west Australia, the annual variations and linear trends in the
regionally averaged precipitation, PET, and AI are all consistent between the old and new semi-arid regions
(Fig. 8d–f). The increasing trend in the precipitation and significant decreasing trend in the PET contribute to an
upward trend in the AI, which indicates that the climate became wetter in central/west Australia, even though
the wetting trend is not significant. Similar results for the regionally averaged precipitation and PET show
significant increases in the old and newly formed semi-arid regions over South America. The AI shows upward
trends of 0.06 and 0.04, which indicate that the semi-arid regions became wetter over the last 61 years in South
America (figure not shown).
Fig. 8
Same as Fig. 6 but for southern Africa (left column), central/west Australia (middle column), and
east Australia (right column) semi-arid regions. a–c Annual precipitation. d–f Annual PET. g–i
Annual P/PET
Full size image

Dynamics of climate change in semi-arid regions
Semi-arid climate change may be caused by both global- and regional-scale factors. The global-scale factors
include planetary-scale internal dynamical processes, SST anomalies, well-mixed greenhouse effects and
external forcing. However, the effects of these factors on climate change in semi-arid regions might vary by
region. In this section, we discuss the causes of the different behaviors in semi-arid climate changes over the
eight typical semi-arid regions via the effect of planetary-scale internal dynamical processes and atmosphericocean interactions.
First, the linear trend in the atmospheric circulations from the NCEP/NCAR re-analyses during the period of
1948–2008, including the geopotential heights (HGT) and winds at 850 hPa are examined, as indicated in
Figs. 9 and 10. Comparing the influences of the westerly circulation and monsoon circulation on semi-arid areas
in North America and East Asia, North America is more strongly influenced by the westerly circulation, but
East Asia is more strongly influenced by the monsoon circulation (Trenberth et al. 2000; Wang and Ding 2006).
Under global warming, the temperature rise has not been evenly distributed over the globe; the North Pacific
has cooled along 40°N (figure not shown; IPCC 2007), and the Aleutian Low has been deepening, particularly
in winter (Fig. 9). This long-term strengthening of the Aleutian Low causes an increase in Western US coolseason precipitation (e.g. Huang et al. 2005; Dai 2013b), highly owing to the accelerated westerly along the
southern flank of the deepened Aleutian Low (Fig. 10). This enhanced westerly favors substantially more
moisture-rich air and storm tracks from Pacific to the west North America, thereby favoring precipitation and
contributing to the wetting trend in this region. Additionally, warm Atlantic SSTs also influence the
precipitation over the western US, particularly in summer (Kushnir et al. 2010; Feng et al. 2011), primarily by
modulating the impact of the El Niño–Southern Oscillation (ENSO)-like SST forcing in the Pacific, which is
comparatively weak (Mo et al. 2009). However, for the semi-arid region in East Asia, the climate is largely
controlled by the Asia monsoon system, particularly the summer monsoon. As shown in Fig. 9b, almost all of
East Asia is controlled by an anomalous high pressure center accompanied by anomalously strong northerlies
along its eastern flank (Fig. 10b), implying the East Asian summer monsoon (EASM) is weakening (Fig. 11).
This result is consistent with the previous studies (Xu et al. 2006; Zhu et al. 2012; Zuo et al. 2012). This is in
related to a reduction in the meridional thermal gradients between Asian continent and adjacent oceans due to
pronounced warming over the tropics (IPCC 2007; Ueda et al. 2006; He et al. 2014). Because the EASM is
weakening, the moisture advected by the monsoon cannot reach the margin of semi-arid area; thus, drying is
induced over these regions. Overall, the two different circulation systems, i.e., the westerlies and the EASM,
https://link.springer.com/article/10.1007/s00382-015-2636-8
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play decisive roles in the wetting of the semi-arid climate in North America and the drying in East Asia,
respectively.
Fig. 9
Linear trends in the mean geopotential height (1 gpm/decade, interval = 2 gpm/decade) at 850 hPa
using the NCEP/NCAR re-analyses for a DJF and b JJA
Full size image
Fig. 10
Linear trends in the wind (vectors, 1 m/s decade) and mean zonal wind (shading, 1 m/s decade) at
850 hPa using the NCEP/NCAR re-analyses in a DJF and b JJA
Full size image
Fig. 11
The annual mean time series of the East Asia summer monsoon index. The black curves indicate
the 11-year Gaussian-type filtered values, and the dashed lines denote the linear trend in the curves
Full size image
In contrast to East Asia, the moisture of Central Asia is primarily delivered by the prevailing westerlies in the
mid-latitudes (Chen et al. 2010). Because of the anomalous high pressure center over most of Asia (Fig. 9),
anomalous easterlies exist to the south and anomalous westerlies exist to the north of Central Asia, implying
that the prevailing westerlies are becoming stronger in the north and weaker in the south (Fig. 10). Similar
circulation trend happens in boreal spring and autumn as well. These changes induce the wetting in the
northernmost regions of Central Asia and the drying over most of the southern area, as indicated in Fig. 5b,
whereas the semi-arid climate is drier, on average, across all of Central Asia, particularly under the influence of
the pronounced warming in this region.
The climate over the semi-arid region in northern Africa is inextricably linked to the West African monsoon
(WAM) system, which blows from the tropical Atlantic Ocean across the Sahel and brings rain to this region,
primarily during the boreal summer (Nicholson 2013; Nicholson and Kim 1997). Many results with various
atmospheric models forced by the long-term global sea surface temperature (SST) reveal that the oceans control
the change in the precipitation in the African Sahel (Bader and Latif 2003; Giannini et al. 2003; Hagos and
Cook 2008; Lu and Delworth 2005). Although warming of the tropical Indian Oceans is a non-negligible
component of historical Sahelian drought (Bader and Latif 2003; Hagos and Cook 2008; Lu and Delworth
2005), the Atlantic Ocean SSTs played an important role in the recovering rainfall in the 1990s (Hagos and
Cook 2008; Hoerling et al. 2006; Ting et al. 2009). As shown in Fig. 9b, an anomalously high pressure center
occurs around the Sahel in the long-term trend, and the land-sea low-level pressure gradient is weakened, which
drives a weaker monsoon flow and induces a drying trend in this semi-arid region.
The semi-arid region in southern Africa receives the most rainfall in the austral summer season, primarily due to
the tropical-extratropical influences and associated convection, which are strongly influenced by the
surrounding oceans, particularly the Indian Ocean. The Indian Ocean has warmed markedly since 1970 (IOCI
2002), accompanied with broad rising pressure trend over southern Africa. These changes in the SST and
regional circulation inhibit convection and induce a drying trend over the semi-arid region in southern Africa. In
addition, the rainfall in southern Africa is also affected by ENSO via the influence on the SST fluctuations in
the western Indian Oceans, with drier than normal conditions during El Niño and wetter conditions during La
Niña (Nicholson and Kim 1997; Richard et al. 2000; Mason 2001; Reason and Rouault 2002; Misra 2003; Kane
2009). During the last half of the 20th century, El Niño events strengthened, occurred more frequently, and had
a more stable relationship with South Africa because of the increasing trend in the Pacific Decadal Oscillation
(PDO) index, thereby worsening the semi-arid climate over southern Africa.
https://link.springer.com/article/10.1007/s00382-015-2636-8
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The annual rainfall has changed significantly in recent decades in the semi-arid region of Australia.
Precipitation has declined in east Australia but has shown a marked increasing trend in central/west Australia,
mainly during the austral summer season (Wardle and Smith 2004; Shi et al. 2008). The marked changes over
the Indian Ocean, particularly since 1970, could trigger the overlying atmospheric circulation that generates
anomalous ascending motion west of 140°E and anomalous subsidence east of 140°E; these changes are
responsible for the wetting over central/west Australia (promoting convection) and drying observed over east
Australia (inhibiting convection) (Taschetto and England 2008; Li et al. 2012). In addition, an anomalous
anticyclonic circulation at low levels in the east tends to weaken the easterlies from the tropical western Pacific,
thus diminishing the transport of moisture and exacerbating the drying over east Australia. An anomalous
cyclonic circulation over central/west Australia brings moist air to the northwest, leading to an increase in
rainfall over the semi-arid region in central/west Australia (Fig. 9a). The drying trend over east Australia could
be associated with ENSO (Taschetto and England 2008; Shi et al. 2008). In approximately 1976, the PDO
entered a warm phase, with an increasing frequency of El Niño events and a drying trend over east Australia.
The semi-arid region in South America is located leeward of the Andes Mountains, which are oriented north–
south, and is strongly influenced by the typical westerly flow (Garreaud et al. 2013; Garreaud 2007; Parker et
al. 2007). Most of the humid air masses transported by the westerlies from the Pacific are blocked by the Andes,
and downslope subsidence dries the area east of the Andes via adiabatic warming (Paruelo et al. 1998; Garreaud
et al. 2013). Therefore, the precipitation over the semi-arid region east of the Andes is strongly and negatively
correlated with the 850-hPa zonal wind (Garreaud 2007; Garreaud et al. 2013). During the last six decades, reanalysis data suggested that an anomalously high pressure center existed over Patagonia (Fig. 9a, b),
accompanied by anomalous easterlies (westerlies) along the northern (southern) flank (Fig. 10a, b). This high
pressure trend is similar to the result shown by Thompson and Wallace (2000), who indicated that these results
to be at least qualitatively reliable despite concerns about the reliability of the NCEP–NCAR reanalysis over
this region (e.g. Randel and Wu 1999; Marshall 2003). Accordingly, the westerly flow tended to decrease in the
mid-latitudes (approximately 45°S); therefore, the anomalous onshore winds bring additional moisture and
favoring a wetting trend in the semi-arid region to the east of the Andes.

Conclusions and discussion
Of all subtypes of global drylands, semi-arid regions have the largest area, which accounts for more than onethird of the total dryland area. The largest expansion of drylands also occurs in semi-arid regions, which account
for half of the total dryland expansion. Globally, semi-arid regions have expanded over the last 61 years (1948–
2008), and the area during 1990–2004 is 1.6 × 106 km2 (or 7 %) larger than that during 1948–1962. The
expansion of semi-arid regions across the continents in the Eastern Hemisphere accounts for 75 % of the total
expanded semi-arid regions (1.6 × 106 km2) than that of 25 % across the American continents. Although
expansions of semi-arid regions occur in both areas, the shifting patterns of the expansion are different. The
newly formed semi-arid regions are shifted from arid regions, where the climate becomes wetter, over the
American continents. Conversely, in the continents of the Eastern Hemisphere, the expansion of semi-arid
regions replaces the sub-humid/humid regions, where the climate becomes drier. In all eight semi-arid regions
considered, five of them become drier, but another three, as North America, South America and central/west
Australia, become wetter. The rates of change in precipitation, PET and AI in the newly formed semi-arid
regions are much larger than those in the old semi-arid regions in the drying semi-arid regions. However, the
precipitation, PET and AI show similar trends, with only slight differences between the newly formed and old
areas in the wetting semi-arid regions that transitioned from drier climate types.
Notably, two temperate semi-arid regions in North America and East Asia show different climatic patterns. The
distinct behaviors of the old and newly established semi-arid regions in North America and East Asia reveal the
different responses of semi-arid areas to the decadal variability in the westerlies and monsoon systems under
global warming. The climate change in the drying semi-arid region over East Asia is mainly dominated by a
weaker East Asian summer monsoon, whereas the wetting semi-arid regions over North America are mainly
controlled by enhanced westerlies, which are related to the reduced ocean-land temperature gradient under
global warming (He et al. 2014).
Furthermore, the decadal variations and long-term trends in sea surface temperatures (SSTs) of the world oceans
also play a crucial role in the widespread drying over semi-arid regions by providing boundary forcing, as well
as initiating and sustaining particular circulation anomalies in the atmosphere at the corresponding time scales
(Kushnir et al. 2002; Alexander 2013). Evidence indicates that the widespread drying that has occurred over the
https://link.springer.com/article/10.1007/s00382-015-2636-8
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decades in semi-arid regions is also controlled by atmospheric-ocean interactions (Huang et al. 1998; Wang et
al. 2014). Studies using atmospheric models forced by long-term SSTs support the claim of a controlling role of
the oceans on the climate of the semi-arid region in the Sahel (Bader and Latif 2003; Giannini et al. 2003;
Hoerling et al. 2006; Lu 2009; Lu and Delworth 2005) and other extra-tropical semi-arid regions (McCabe et al.
2008; Méndez and Magaña 2010). Warming of the tropical oceans is a non-negligible component of historical
Sahelian droughts (Hagos and Cook 2008; Ting et al. 2009), and the current recovery can be attributed to the
variability in the Atlantic Ocean (Hoerling et al. 2006; Ting et al. 2009). Warming in the tropical Pacific could
weaken summer monsoons and thus drier conditions in eastern China (Li et al. 2010; Zhou et al. 2009).
In addition to the effect of the oceans, previous studies also emphasized that the interaction between land
surfaces (land use and land cover change) and the atmosphere is critical for drying trends in semi-arid regions
(Huang et al. 2008; Guan et al. 2009; Wang et al. 2010). A positive feedback process was proposed by Otterman
(1974) and explained by (Charney 1975) as follows: bare soil reduces the net radiation at the surface, thus
creating evaporation and moist static energy declines, which induce drier and warmer conditions (Nicholson
2000; Xue 1996; Xue and Shukla 1993; Zeng et al. 1999). Increased local anthropogenic dust aerosols
associated with human activities, such as agriculture and industrial activities might play an important role in the
drying trends over the semi-arid regions (Cook et al. 2009; Su et al. 2008; Huang et al. 2010, 2011, 2014;
Mulitza et al. 2010; Wang et al. 2013). Thus, human activities can also lead to significant change over semi-arid
regions. An attribution of human-induced land use change is needed to examine the anthropogenic contribution.
Effort has been made to discriminate between climate and human-induced dryland changes (Evans and Geerken
2004; Omuto et al. 2010; Wessels et al. 2007). However, these studies are mainly case studies that require highquality satellite observations (e.g., normalized difference vegetation index data (NDVI)). Therefore, the change
in global human-induced semi-arid regions requires further research.
All of the factors discussed contribute to the climate change observed over semi-arid regions. The drying or
wetting trends in semi-arid regions might be dominated by SST anomalies or by local land surface processes
due to human activities and global warming. Further studies are needed to clarify the contributions of these
factors.

Notes
1. 1.
PRISM group, Oregon State University, see http://www.prismclimate.org.
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