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ABSTRACT

Drylands are among those regions most sensitive to climate and environmental changes and human-induced perturba-
tions. The most widely accepted definition of the term dryland is a ratio, called the Surface Wetness Index (SWI), of annual
precipitation to potential evapotranspiration (PET) being below 0.65. PET is commonly estimated using the Thornthwaite
(PET Th) and Penman–Monteith equations (PET PM). The present study compared spatiotemporal characteristics of global
drylands based on the SWI with PET Th and PET PM. Results showed vast differences between PET Th and PET PM;
however, the SWI derived from the two kinds of PET showed broadly similar characteristics in the interdecadal variability
of global and continental drylands, except in North America, with high correlation coefficients ranging from 0.58 to 0.89. It
was found that, during 1901–2014, global hyper-arid and semi-arid regions expanded, arid and dry sub-humid regions con-
tracted, and drylands underwent interdecadal fluctuation. This was because precipitation variations made major contributions,
whereas PET changes contributed to a much lesser degree. However, distinct differences in the interdecadal variability of
semi-arid and dry sub-humid regions were found. This indicated that the influence of PET changes was comparable to that of
precipitation variations in the global dry–wet transition zone. Additionally, the contribution of PET changes to the variations
in global and continental drylands gradually enhanced with global warming, and the Thornthwaite method was found to be
increasingly less applicable under climate change.
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1. Introduction
Drought is the world’s costliest natural disaster. It man-

ifests over multiple temporal and spatial scales, and can
have considerable influence on ecosystems, economies and
society (Heim Jr, 2002). To monitor, detect and quantify
drought, many drought indices have been developed (Heim
Jr, 2002; Keyantash and Dracup, 2002; Mishra and Singh,
2010; Valipour, 2013). Precipitation is the most important
factor regarding water availability in land hydrological sys-
tems, and thus various measures of precipitation over a given
period of time are incorporated in meteorological drought
definitions (Heim Jr, 2002). Additionally, it has been gener-
ally recognized that the capabilities of drought indices that
consider potential evapotranspiration (PET) to depict land
water conditions are better (Vicente-Serrano et al., 2012).
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PET represents the maximum amount of water capable of
being lost through evaporation from the soil surface and via
transpiration at the canopy level under a given set of atmo-
spheric conditions, assuming complete vegetation cover of
the ground and an adequate water supply (Food and Agricul-
ture Organization of the United Nations, 2008). Compared
with actual evapotranspiration, PET can be more easily es-
timated from meteorological data and provides a reasonable
representation for surface evapotranspiration to some extent
(Valipour et al., 2017); especially in humid areas, PET tends
to equal to actual evapotranspiration (Gao et al., 2007). Cur-
rently, many methods are available for the calculation of PET
(e.g. Thornthwaite, 1948; Shuttleworth and Wallace, 1985;
Allen et al., 1994a, 1994b; Hargreaves and Allen, 2003; Te-
gos et al., 2015; McMahon et al., 2016; Valipour et al., 2017).
For instance, Thornthwaite (1948) proposed a method to esti-
mate PET (known as the Thornthwaite method) based only
on daily averaged temperature and the maximum amount
of sunshine duration, which is calculated based on latitude.
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The Penman–Monteith equation is a physically based ap-
proach that considers wind speed, humidity and solar and
longwave radiation in addition to temperature (Allen et al.,
1994a, 1994b). A two-source PET model (Yuan and Quir-
ing, 2014), which is also known as the Shuttleworth–Wallace
model (Shuttleworth and Wallace, 1985; Zhou et al., 2008), is
considered an improvement over the Penman–Monteith equa-
tion because it addresses the radiation balance at the canopy
level and the soil surface separately.

The choice of proper methods for the calculation of PET
has recently received considerable attention and has sparked
notable controversy (e.g. Trenberth et al., 2014; Tegos et al.,
2015; Rezaei et al., 2016; Zhang et al., 2016; Valipour et
al., 2017; Feng et al., 2017). Global drought trends under
climate change are still a matter of debate, caused by the
differences between the Thornthwaite-based and Penman–
Monteith-based PET (Sheffield et al., 2012; Dai, 2013; van
der Schrier et al., 2013; Trenberth et al., 2014; Yuan and
Quiring, 2014). The Palmer Drought Severity Index (PDSI;
Palmer, 1965) is calculated using a complex water budget
system based on precipitation, temperature and the soil char-
acteristics of the site. It has been found to be not very sen-
sitive to different methods for calculating PET in the formu-
lation of the PDSI (Dai, 2011; van der Schrier et al., 2011;
Yuan and Quiring, 2014). Consequently, Dai (2011) reported
that when the PDSI is calculated using either the Thornth-
waite or Penman–Monteith method for calculating PET, there
are no significant differences in global drought patterns, and
significant global drying trends can be found with both ap-
proaches. However, Sheffield et al. (2012) suggested there
has been little change in global drought over the past 60 years
when using the Penman–Monteith-based PDSI, and that the
global drying trend revealed by the Thornthwaite-based PDSI
is overestimated.

Drylands are considered to be areas where average rain-
fall is less than the potential moisture losses though evap-
otranspiration, and they are among those regions most sen-
sitive to climate and environmental changes and human-
induced perturbations (Reynolds et al., 2007; Huang Jr,
2016a). Understanding the response of drylands to climate
change is essential for developing adaptation and mitigation
strategies, and thus has become a subject of widespread con-
cern (Hulme et al., 1992; Lioubimtseva and Henebry, 2009;
Feng and Fu, 2013). It has been demonstrated that global
drylands expanded remarkably during 1948 to 2005, espe-
cially in Africa and Eurasia (Ma and Fu, 2007). In China,
the boundary between arid and semi-arid land has noticeably
expanded eastwards and southwards in the past 100 years,
and dryland expansion in northern China is evident because
of decreasing precipitation, together with increasing evapora-
tion (Ma and Fu, 2003, 2005, 2006; An et al., 2014; Li et al.,
2015).

Most climatological studies on dryland, as above (e.g.
Sherwood and Fu, 2014), tend to be based on a common def-
inition of the term “drylands”. This definition, which is pro-
vided by the World Atlas of Desertification (UNEP, 1992),
employs a ratio of annual precipitation to PET, called the Sur-

face Wetness Index (SWI; Hulme et al., 1992; UNEP, 1992).
Various methods for the calculation of PET have been used
in the SWI; for instance, the Thornthwaite method (Ma and
Fu, 2003, 2005, 2006, 2007) and Penman–Monteith method
(Liu and Ma, 2007; Feng and Fu, 2013; Li et al., 2015; Huang
Jr, 2016a). Of note is that, different from the PDSI, the SWI
does not feature any parametrization, standardization or post-
processing, and is therefore certainly affected by different es-
timates of PET. Consequently, notable differences in the spa-
tiotemporal characteristics of global drylands, attributable to
different estimates of PET, are expected. However, sensitivity
of the SWI to different methods for the calculation of PET,
in the study of the spatial distribution and temporal evolu-
tion of global drylands, has yet to be investigated. Therefore,
the present study aimed to quantitatively identify the differ-
ences in the spatiotemporal variabilities of global drylands
between the Thornthwaite and Penman–Monteith parameter-
izations for PET.

The paper is organized as follows: Section 2 introduces
the data and method. This is followed by a comparison of
the PET values derived using the Thornthwaite and Penman–
Monteith methods in section 3. Section 4 presents the spa-
tiotemporal characteristics of global drylands defined by the
SWI with the two estimates of PET. A discussion and conclu-
sions are summarized in section 5.

2. Data and methods
2.1. Data

Several datasets were used in this study: (1) Global land
monthly precipitation, air temperature, cloud cover, vapor
pressure, and PET, from 1901 to 2014, with a high reso-
lution of 0.5◦ × 0.5◦, were obtained from the CRU TS3.23
(Harris et al., 2014). The PET was calculated using the
Penman–Monteith formula, as developed and recommended
by the Food and Agricultural Organization (FAO) (Allen et
al., 1994a, 1994b). Because of its high reliability, this PET
dataset has been used for the calculation of SPEIbase v2.4
(Vicente-Serrano et al., 2010a, 2010b; Beguerı́a et al., 2014).
(2) The Global Land Cover Map (GlobCover) for 2009, rep-
resenting 22 land cover classes, with a horizontal resolution
of 300 m, was obtained from the European Space Agency
(Bontemps et al., 2011).

2.2. Estimation of PET
2.2.1. Thornthwaite method

Thornthwaite (1948) correlated monthly mean tempera-
ture with PET, as determined from the water balance, for val-
leys in the eastern USA, where there was a supply of surface
water. Willmott et al. (1985) modified Thornthwaite’s orig-
inal approach slightly by introducing parameterization for a
limited range of average air temperature T (Units: ◦C):

PET =
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where I is the heat index and α is estimated using an I-related
third-order polynomial:

I =

12∑

i=1

(T
5

)1.514
T > 0 ; (2)

α= 0.49239 + 1.792×10−2I−7.71×10−5I2 + 6.75×10−7I3 .

(3)

To account for the variability of day h and month length
θ, PET is adjusted to

PET = PET
(
θ

30

)( h
12

)
. (4)

Descriptions of each component in the above formulas are
provided in Table 1.

2.2.2. Penman–Monteith method

The Penman–Monteith equation is a physically based
method that uses a “big leaf” assumption. It defines a refer-
ence PET based on a hypothetical land cover, which closely
resembles a clipped grass surface with uniform height (0.12
m), fixed surface resistance (70 s m−1), and surface albedo
(0.23) (Allen et al., 1994a, 1994b). In addition, water is
abundantly available at the reference evapotranspiration rate.
Here, the FAO Penman–Monteith equation is given as

PET =
0.408∆(Rn−G) +γ 900

T+273.16 u2(es− ea)
∆+γ(1 + 0.34u2)

. (5)

Definitions of the various components used in this formula
are provided in Table 1.

2.3. SWI
The SWI, which is the ratio of the annual accumulated

precipitation to PET, is also known as the Humidity Index
(Hulme et al., 1992; UNEP, 1992) and the Aridity Index
(Huang Jr, 2016a, 2016b):

SWI =

∑12
i=1 Pi∑12

i=1 PEi
, (6)

Table 1. Parameters used in the Thornthwaite and Penman–
Monteith methods.

Thornthwaite Penman–Monteith

T , 2-m average air tem-
perature (◦C);

θ, the length of the month
(days);

Latitude, which is used
for calculating the du-
ration of daylight on the
15th day of the month;
h (hour)

T , 2-m average air temperature (◦C);
Rn, crop surface net radiation (MJ

m−2 d−1);
G, soil heat flux (MJ m−2 d−1);
u2, 2-m wind speed (m s−1);
es, saturation vapor pressure (kPa);
ea, actual vapor pressure (kPa);
∆, slope of the vapor pressure curve

(kPa ◦C−1);
γ, psychrometric constant (kPa ◦C−1);
900, coefficient for the reference crop;
0.34, wind coefficient for the refer-

ence crop

where Pi and PEi are the monthly precipitation and PET, re-
spectively. Drylands are defined as regions where the SWI is
below 0.65, including hyper-arid (SWI < 0.05), arid (0.05 6
SWI < 0.20), semi-arid (0.20 6 SWI < 0.50) and dry sub-
humid regions (0.50 6 SWI < 0.65).

In this study, the PET estimated using the Thornthwaite
and Penman–Monteith method is denoted as PET Th and
PET PM, respectively. The SWI forced by the same precipi-
tation amount but with the PET Th or PET PM is referred to
as SWI Th and SWI PM, respectively.

2.4. Method
The Ensemble Empirical Mode Decomposition (EEMD)

method (Huang and Wu, 2008; Wu and Huang, 2009) is a
recently developed data-adaptive filter, which has been em-
ployed to decompose time series into various timescale com-
ponents (Wu et al., 2011; Xia et al., 2013; Qian and Zhou,
2014). In this study, the EEMD method was used to decom-
pose the annual time series of global drylands for the period
1901–2014 to obtain their multidecadal variability and non-
linear trends. The Student’s t-test (Wilks, 2005) was used to
calculate the significance of the difference between two time
series.

3. Comparison of PET values
Figures 1a and b show distinct differences between the

spatial distributions of PET Th and PET PM, with signifi-
cant zonal characteristics (Fig. 1c). Compared with PET PM,
PET Th was much lower in the subtropics, whereas it was
much higher in the tropics and high northern latitudes.

As shown in Fig. 2, PET Th and air temperature had sim-
ilar zonal distributions, i.e., a unimodal distribution with a
peak at approximately 10◦N. However, PET PM showed a
bimodal distribution, with two peaks in the subtropics and a
low in the tropics. Abundant convective clouds and precipi-
tation in the tropics reduce solar radiation and vapor pressure
deficit, resulting in low values of PET, whereas the subtropics
are associated with the opposite conditions. Consequently,
PET values in the tropics should be much lower than in the
subtropics. This indicates that PET PM is more reasonable
and reliable than PET Th; the latter overestimates PET in
the tropics but underestimates it in the subtropics, because
of the exclusion of cloud cover and vapor pressure deficit in
the Thornthwaite parameterization. This result is consistent
with that of van der Schrier et al. (2011), who investigated
the dependence of the PDSI on the alternative Thornthwaite
and Penman-Monteith methods for PET.

Despite the large differences in the spatial distributions,
the interannual variabilities of PET Th and PET PM were
quite similar. As shown in Fig. 3a, significant positive corre-
lations between PET Th and PET PM were found in most ar-
eas. For example, regions with correlation coefficients above
0.8 were located in North Africa, Southern Europe, Central
Asia, and the Brazilian highlands. However, the long-term
trends of PET PM differed from those of PET Th. Figure 3b
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Fig. 1. Spatial distributions of average (1951–2014) annual ac-
cumulated PET (units: mm) using (a) Thornthwaite (PET Th)
and (b) Penman–Monteith (PET PM) equations, and (c) their
differences (PET PM minus PET Th). The shaded areas in (c)
denote differences that are statistically significant at the 0.001
level.

shows regions with significant warming accounted for ap-
proximately 87% of the global land area, excluding Antarc-

tica. Among these regions, approximately 87% of areas
had significantly increasing PET Th, while only around 54%
of areas had significantly increasing PET PM (Figs. 3c and
d). This means that PET Th increases with global warm-
ing, whereas the long-term trends of PET PM are not deter-
mined by air temperature alone (Xu et al., 2006; Fu et al.,
2009). Many studies have demonstrated a decrease in PET
in many places throughout the world over the past 50 years
(e.g., Roderick and Farquhar, 2002; Xu et al., 2006; Gao et
al., 2006; Fu et al., 2009)—a trend that is associated with
widespread decreases in solar radiation resulting from in-
creasing cloud coverage and aerosol concentration (Roderick
and Farquhar, 2002), wind speed (Gao et al., 2006), and vapor
pressure deficit (Cong et al., 2009; Fu et al., 2009). There-
fore, PET PM shows a more reasonable long-term trend.

To elaborate on the temporal variabilities of the two types
of PET, the regional-averaged PET and associated statisti-
cal information for northern South America, the USA, North
Australia, and Central Asia are shown in Fig. 4 and Table
2. Considerable differences between PET Th and PET PM
were evident in these regions, with differences ranging from
−217.1 (northern South America) to 838.3 mm (North Aus-
tralia). The long-term trends of PET were opposing, i.e.,
there was a significant increasing trend in PET Th but a sig-
nificant decreasing trend in PET PM for the periods 1901–
2014 and 1951–2014. In addition, the interannual variations
of PET Th and PET PM over northern South America were
markedly different, with a correlation coefficient of only 0.1.

4. Comparison of temporal and spatial char-
acteristics of global drylands attributed to
the two estimates of PET

4.1. Variability in spatial distribution
The spatial distributions of global drylands based on

multi-year averages of SWI PM and SWI Th are displayed
in Fig. 5. Although the two patterns were broadly similar, the

Fig. 2. Zonally averaged values of (left-hand axis) annual mean air temperature (units:
◦C), cloud cover (units: %) and vapor pressure deficit (×5; units: hPa), and (right-hand
axis) annual accumulated precipitation, PET Th and PET PM (units: mm), for the pe-
riod 1951–2014.
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Fig. 3. (a) Correlation between PET Th and PET PM for the period 1951–2014. Shaded areas denote correlation coefficients
statistically significant at the 0.001 level. (b–d) Long-term tendencies from 1951 to 2014 for (b) annual mean air temperature
[units: ◦C (10 yr)−1], (c) annual accumulated PET Th and (d) PET PM [units: mm (10 yr)−1]. Stippling indicates the trend is
statistically significant at the 0.001 level.

Table 2. Statistical values of annual accumulated PET Th and PET PM over northern South America, the USA, North Australia, and
Central Asia. Difference means PET PM minus PET Th.

1951–2014 mean (mm) 1901 (1951)–2014 linear trend [mm (10 yr)−1] 1901 (1951)–2014

PET Th PET PM Difference PET Th PET PM correlation coefficient

South America 1460.7 1243.6 −217.1∗ 4.7∗ (10.2∗) −2.5∗ (−15.0∗) 0.1 (0.1)
USA 791.3 1290.0 498.7∗ 2.5∗ (4.9∗) −1.0 (−3.0) 0.6∗ (0.5∗)
North Australia 1477.7 2316.0 838.3∗ 2.5∗ (6.3∗) −6.5∗ (−6.9) 0.4∗ (0.4∗)
Central Asia 1055.0 1341.1 286.1∗ 2.5∗ (5.1∗) −1.5∗ (−2.3) 0.5∗ (0.5∗)

∗Indicates difference, linear trend or correlation coefficient is statistically significant at the 0.05 level.

spatial extents and sizes for each arid region were obviously
different. As shown in Fig. 6, drylands classified by SWI PM
and SWI Th accounted for approximately 44.8% and 40.4%,
respectively, of the global land area. Most drylands were dis-
tributed within the subtropics, where the underestimation of
PET Th resulted in larger SWI Th and, consequently, fewer
areas were classified as drylands. Between the classifications
of SWI Th and SWI PM, differences in the areal percentages
of drylands (4.4%) mainly derived from that in arid regions
(4.1%). Although the areal percentages of semi-arid regions
were approximately equal, their spatial extents were obvi-
ously different. It was apparent that high northern latitudes,
where PET Th was overestimated (Fig. 1c and Fig. 2), were
classified as semi-arid and dry sub-humid regions by SWI Th
(Fig. 5a). This is not a reasonable result.

Consistent with the above results, more areas were de-
fined as drylands by SWI PM than by SWI Th in all conti-
nents, excluding Antarctica (Fig. 6). For instance, drylands
percentage classified by SWI PM (16.8%) was twice that
by SWI Th (8.4%) over Europe. The spatial extent of dry-
lands classified by SWI PM and SWI Th in Oceania was the
largest among the continents, at approximately 86.1% and
77.7%, respectively. Half of Oceania (51.4%) was classified
as arid regions by SWI PM, whereas only 18.2% of the con-
tinental area was classified as arid regions by SWI Th, which
yielded a relatively wetter result because of the underestima-
tion of PET. In Africa, the severity of aridity was the greatest
among the continents, although the spatial extent of drylands
was only second largest. Most of the world’s hyper-arid
regions were found to be concentrated within Africa, with
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Fig. 4. Evolution of annual accumulated PET Th and PET PM (units: mm) from 1901 to 2014
over (a) northern South America (5◦S–11◦N, 60◦–80◦W), (b) USA (30◦–45◦N, 80◦–120◦W),
(c) North Australia (23◦–12◦S, 120◦–150◦E) and (d) Central Asia (25◦–38◦N, 70◦–80◦E).

23.1% and 20.0% of the continental area classified as hyper-
arid regions by SWI PM and SWI Th, respectively. In Asia,
only 3.2% of the continental area was classified as hyper-arid
regions by SWI Th, which is an obvious underestimation,

i.e., the Taklamakan Desert in northwestern China should be
classified as hyper-arid regions rather than arid regions. In
North America, the semi-arid area based on SWI Th com-
prised the north of Alaska and northern Canada instead of
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Fig. 5. Spatial distributions of global drylands using the 1951–
2014 average: (a) SWI Th; (b) SWI PM.

most of the western United States. In South America, the
distributions of drylands defined by SWI PM and SWI Th
were similar; however, the sizes of each arid region based on
SWI Th were relatively smaller.

It is known that vegetation species respond not only to
surface moisture conditions but also to effective cumulative
temperature, soils, geomorphological and topographical fea-
tures, and human activities. Therefore, surface vegetation

types do not always match climatic zones exactly. As the
main land cover type in hyper-arid and arid areas, the re-
sponse of barren land to surface moisture deficit is much
stronger and more durable with respect to other vegetation
types. This is because of its short-term (months to years)
resistance to change due to climatic variations and/or human
activities. Generally, barren land tends to occur in drylands
and drier regions have more barren land. As classified based
on SWI Th (Table 3), approximately 34.3%, 39.2%, 16.3%
and 2.9% of global barren land was located in hyper-arid,
arid, semi-arid and dry sub-humid regions, respectively. Of
note is that the areal percentage of global barren land in
arid regions (39.2%) was slightly larger than that in hyper-
arid regions (34.3%), and more than half (62.4%) of areas
were barren land in arid regions. For SWI PM, global bar-
ren land was mainly concentrated in hyper-arid regions, with
an areal percentage of 44.5%, and areal percentages of bar-
ren land declined sharply in regions with decreasing sever-
ity of aridity, ranging from 39.4% (arid regions) to 1.3%
(dry sub-humid regions). Compared with SWI Th-based

Table 3. Areal percentages of global barren land (P1) located in
hyper-arid, arid, semi-arid, and dry sub-humid regions, and areal
percentages of barren land (P2) over each arid region using 1951–
2014 averages of SWI Th and SWI PM∗.

Hyper-arid Arid Semi-arid Dry sub-humid

SWI Th P1 34.3 39.2 16.3 2.9
P2 93.5 62.4 12.0 3.6

SWI PM P1 44.5 39.4 9.2 1.3
P2 95.4 46.5 8.1 2.3

∗P1i = ai/(
∑5

i=1 ai)×100%; P2i = ai/bi×100%, where ai is the area of barren
land in each climate zone, i = 1, . . . ,5 indicates hyper-arid, arid, semi-arid,
dry sub-humid and humid regions, respectively, and then

∑5
i=1 ai represents

the total area of global barren land; bi is the area of each climate zone.

Fig. 6. Areal percentages of hyper-arid, arid, semi-arid, and dry sub-humid regions, using the
1951–2014 average SWI Th and SWI PM, respectively, over global and continental land areas.
The blue number above each column indicates the areal percentage of drylands.
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classification, hyper-arid regions defined by SWI PM had
more barren land (95.4%), whereas arid regions had less bar-
ren land (46.5%). Thus, SWI PM presents a more reasonable
and reliable spatial distribution of global drylands with re-
spect to SWI Th.

4.2. Variability in temporal evolution
Differences in the interdecadal variabilities of global dry-

lands classified by SWI Th and SWI PM were compared on
global and continental scales, after variations shorter than
20 years were removed using the EEMD method. Addition-
ally, to quantitatively assess the contributions of precipitation

and PET variations to dryland changes, dryland evolutions
caused by precipitation or PET changes only are discussed
separately.

4.2.1. Global mean

Figure 7a shows the interdecadal variabilities of areal per-
centages of global hyper-arid regions. Although there are
differences among the curves, a sharp upward trend is evi-
dent during 1901–2014. Hyper-arid region evolutions caused
by precipitation changes only presented similar interdecadal
characteristics to those caused by both precipitation and PET
changes, while those caused by PET Th-only and PET PM-

Fig. 7. Areal percentages (units: %) of global (a) hyper-arid, (b) arid, (c) semi-arid, (d) dry sub-humid regions,
and (e) drylands during 1901–2014, defined by SWI Th and SWI PM, together with SWI Th and SWI PM
with precipitation only (no PET changes, denoted by “p only”) or PET only (no precipitation changes, denoted
by “pet only”).
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only changes both showed a sustained upward trend since
1901, especially after the 1980s, in response to global warm-
ing. From the mid-1980s, the areal percentage of hyper-arid
regions defined by SWI Th exhibited a distinct interdecadal
fluctuation without a long-term trend, whereas that defined
by SWI Th with precipitation changes only showed a signif-
icant downward trend. For the areal percentage of hyper-arid
regions defined by SWI PM, there was an obvious upward
trend since the mid-1980s, whereas interdecadal fluctuation
was apparent in that defined by SWI PM with precipitation
changes only. These findings indicate a global expansion of
hyper-arid regions over the past 100 years, and the trend is in-
sensitive to the two estimates for PET. Also of note is that the
result of SWI Th showed a greater (twice as large) upward
trend [0.085% (10 yr−1)] than that of SWI PM [0.040% (10
yr−1)]. Therefore, the global expansion of hyper-arid regions
can be attributed to both increasing PET and decreasing pre-
cipitation, with the latter’s contribution being approximately
70.9% and 61.6% in SWI Th and SWI PM, respectively.

The areal percentages of global arid regions (Fig. 7b) de-
fined by SWI Th and SWI PM had similar variations, with
a high correlation coefficient of 0.91 (Table 4). They both
showed a significant downward trend during 1901–2014, at
−0.104% (10 yr)−1 and −0.102% (10 yr)−1 respectively, and a
shift from a positive to negative anomaly in the 1960s, as did
those defined by precipitation changes only. However, arid
region evolutions caused by PET Th-only and PET PM-only
changes both showed a rising trend, and the upward trend of
the former was statistically significant. This suggested that
the areal percentages of global arid regions declined signifi-
cantly during 1901–2014, because of the increases in precipi-
tation, without obvious differences between the two estimates
for PET. With respect to increasing PET, increasing precipi-
tation plays a dominant role, which offsets the drying effect
of increasing PET and eventually results in the contraction
of arid regions. However, the expansion of arid regions was
visible since the late 1970s because of both decreasing pre-
cipitation and increasing PET.

As shown in Fig. 7c, consistent with SWI Th and
SWI PM, the SWI with PET Th-only and PET PM-only
changes showed that a significant rising trend existed in the
areal percentages of global semi-arid regions during 1901–

Table 4. Correlation coefficients (R) between interdecadal variations
of each arid region defined by SWI PM and SWI PM over global
and continental areas.

Dry sub-
R Hyper-arid Arid Semi-arid humid Dryland

Global 0.82∗ 0.91∗ 0.67∗ 0.03 0.66∗
Asia 0.92∗ 0.92∗ 0.73∗ 0.20 0.78∗
Africa 0.87∗ 0.81∗ 0.49∗ 0.27∗ 0.89∗
Europe – – 0.74∗ 0.14 0.84∗
North America 0.96∗ 0.78∗ −0.11 0.12 0.58∗
Oceania 0.84∗ 0.80∗ 0.68∗ 0.83∗ 0.80∗
South America 0.39∗ 0.82∗ 0.77∗ 0.59∗ 0.80∗

∗Indicates correlation coefficient is statistically significant at the 0.01 level.

2014, with an accelerated upward trend since the 1960s
(Huang et al., 2016b). However, a weak declining trend was
found in semi-arid region evolutions caused by precipitation
changes only. This finding indicates that the dominant con-
tributor to the expansion of global semi-arid regions is in-
creasing PET, especially since the 1960s.

Areal percentages of global dry sub-humid regions (Fig.
7d) defined by SWI Th and SWI Th with precipitation
changes only both presented a shift from a positive to neg-
ative anomaly in the early 1940s and a significant declin-
ing trend during 1901–2014. Also, the tendency for dry
sub-humid region evolutions caused by precipitation changes
only, i.e., −0.090% (10 yr)−1, was approximately twice that
caused by both precipitation and PET Th changes [−0.045%
(10 yr)−1]. For the areal percentages of dry sub-humid re-
gions defined by SWI PM, obvious interdecadal fluctuation
and an insignificant downward trend existed, whereas signifi-
cant rising and declining trends were found in dry sub-humid
region evolutions caused by PET PM-only and precipitation-
only changes, at 0.057% (10 yr)−1 and −0.043% (10 yr)−1,
respectively. Notably, dry sub-humid region evolutions as-
sociated with SWI PM differed considerably from those as-
sociated with SWI Th, with a correlation coefficient of only
0.03 (Table 4); although, they both showed a contraction of
global dry sub-humid regions that could be attributed to in-
creases in precipitation. The contribution of increasing pre-
cipitation was approximately twice that of increasing PET in
the evolution of dry sub-humid regions defined by SWI Th,
whereas the contributions of increasing precipitation and in-
creasing PET approximately offset each other in that defined
by SWI PM.

Figure 7e shows the interdecadal variabilities of global
drylands were broadly analogous to those of global semi-
arid regions (Fig. 7c), which accounted for approximately
40.2% and 37.0% of global drylands defined by SWI Th
and SWI PM, respectively. Distinct interdecadal fluctuations
were presented clearly in dryland evolutions based on both
SWI Th and SWI PM during 1901–2014. The evolutions of
drylands caused by PET Th-only and PET PM-only changes
both showed a significant rising trend, whereas a significant
declining trend was exhibited in that caused by precipitation
changes only, with a shift from a positive to negative anomaly
during the 1940s. These results indicate the wetting effect
of increasing precipitation approximately offsets the drying
effect of increasing PET, resulting in no obvious long-term
trend in global drylands defined by SWI Th and a weak de-
clining trend in that defined by SWI PM.

Generally, the interdecadal variabilities of global dry-
lands, including each arid region, were broadly similar be-
tween the classification of SWI Th and SWI PM, with high
correlation coefficients ranging from 0.66 to 0.91; although,
several differences existed in dry sub-humid regions, with a
correlation coefficient of only 0.03. They both showed expan-
sion of global hyper-arid and semi-arid regions, contraction
of arid and dry sub-humid regions, and interdecadal fluctua-
tion of drylands, during 1901–2014. This is because precipi-
tation changes make a major contribution in the interdecadal
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variabilities of global drylands, whereas PET changes con-
tribute to a much lesser degree except in semi-arid regions.
However, the contribution of PET changes has evidently in-
creased since the 1980s, in response to global warming.

4.2.2. Continental mean

Figure 8a shows distinct interdecadal fluctuations in areal
percentages of drylands over Asia defined by SWI Th and

SWI PM during 1901–2014. A shift from a positive to neg-
ative anomaly occurred during the early 1940s, followed by
a transition from a negative to positive anomaly during the
late 1960s and early 1970s, and a reversal to a negative
anomaly during the late 2000s. A significant upward trend
was found in dryland evolutions caused by PET Th-only and
PET PM-only changes, whereas that caused by precipitation-
only changes presented a significant declining trend, and

Fig. 8. Areal percentages (units: %) of drylands over (a) Asia, (b) Africa, (c) Europe, (d) South America, (e)
Oceania, and (f) North America during 1901–2014, defined by SWI Th and SWI PM, together with SWI Th
and SWI PM with precipitation only (no PET changes, denoted by “p only”) or PET only (no precipitation
changes, denoted by “pet only”).
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the tendency in the areal percentage of drylands defined
by SWI Th with precipitation-only changes was approxi-
mately twice that defined by SWI PM with precipitation-only
changes. After the 1980s, an accelerated upward trend in dry-
land evolutions caused by PET Th-only and PET PM-only
changes was evident, as were enhanced differences between
the evolutions of drylands defined by SWI Th and SWI Th
with precipitation-only changes, as well as SWI PM and
SWI PM with precipitation-only changes. This means that
the influence of PET changes on drylands over Asia has in-
tensified since the 1980s.

Unlike in Asia, an obvious upward trend was evident
in the areal percentages of drylands over Africa, especially
since the late 1950s, with a shift from a negative to posi-
tive anomaly during the late 1970s and early 1980s, albeit
with some differences among the curves apparent (Fig. 8b).
These trends could be attributed to sustained decreasing pre-
cipitation since the late 1950s and increasing PET since the
1970s. The contributions of PET changes accounted for
approximately 60.4% in the evolutions of drylands defined
by SWI Th, and approximately 51.1% in those defined by
SWI PM. It has also been noted that a declining trend existed
in dryland changes during the early 1990s because of sub-
stantially increased precipitation across the Sahel and south-
ern Africa (Maidment et al., 2015).

Among the continents, Europe had the smallest areal per-
centage of drylands, containing no hyper-arid or arid regions
(Fig. 6). Both SWI Th and SWI PM showed obvious inter-
decadal fluctuations in the evolutions of drylands over Eu-
rope during 1901–2014 (Fig. 8c). Two transitions from a
negative to positive anomaly occurred during the early 1920s
and the mid-2000s, respectively, and a shift from a posi-
tive to negative anomaly appeared during the mid-1950s. In
contrast to the sustained upward trend in dryland changes
caused by PET Th-only changes, that induced by PET PM-
only changes showed similar interdecadal fluctuations to the
evolutions of drylands defined by SWI PM and SWI PM
with precipitation-only changes. Since the early 2000s, a
sharply rising trend was evident among all curves, which
could be attributed to decreasing precipitation plus increas-
ing PET.

As shown in Fig. 8d, interdecadal variabilities of drylands
over South America were analogous to those over Europe in
terms of cycle and transitions. It was noted that a significant
upward trend was apparent in dryland evolutions caused by
PET Th-only changes, whereas that caused by PET PM-only
changes presented a significant downward trend. This was
because PET Th and PET PM had opposite long-term trends
over South America, i.e., a significant upward and downward
trend, respectively (Table 2). The wetting effect of increas-
ing precipitation was partly offset and, consequently, there
was no distinct long-term trend in the evolutions of drylands
defined by SWI Th; whereas, the wetting effect of increas-
ing precipitation was enhanced and significant contraction of
drylands was associated with SWI PM-based classification.

For the evolutions of drylands over Oceania (Fig.
8e), consistent interdecadal fluctuations with a downward

trend were shown in SWI Th, SWI PM and those with
precipitation-only changes. However, areal percentages of
drylands defined by SWI Th and SWI Th with precipitation-
only changes had a larger amplitude, and their fluctua-
tions were out of phase with those defined by SWI PM
and SWI PM with precipitation-only changes since the mid-
1990s. Consistent with South America, opposing long-term
trends of the two estimates for PET were also found. This
finding indicates that precipitation changes dominate the in-
terdecadal variabilities of drylands and the contribution of
PET changes is relatively less.

In contrast to the other continents, there were distinct
differences between the evolutions of drylands defined by
SWI Th and SWI PM over North America; although, a de-
clining trend was shown in both (Fig. 8f). In the classification
of SWI PM, obvious interdecadal fluctuations were found,
with two transitions from a negative to positive anomaly, and
from a positive to negative anomaly, during the late 1910s
and the mid-1950s, respectively. However, areal percentages
of drylands defined by SWI Th showed relatively higher fre-
quency variations and an opposing long-term trend since the
mid-1960s. This was because high northern latitudes over
North America were classified as humid regions by SWI PM,
but as semi-arid and dry sub-humid regions by SWI Th (Fig.
5a). Consequently, the areal percentages of semi-arid (dry
sub-humid) regions defined by SWI Th and SWI PM showed
distinct differences during 1901–2014, with a correlation
coefficient of only −0.11 (0.12) (Table 4). Also of note
was that the interdecadal variations in drylands caused by
PET PM-only changes were comparable with those defined
by SWI PM and SWI PM with precipitation-only changes,
in terms of amplitude and long-term trends, and this was
also true in the classification of the three kinds of SWI Th.
This means that the contributions of precipitation and PET
changes are approximately equal and offset each other over
North America.

Besides North America, the interdecadal variations of
drylands defined by SWI PM and SWI PM were analogous
and reasonably comparable among the continents, with high
correlation coefficients ranging from 0.58 to 0.89 (Table 4).
This was because precipitation changes made a major contri-
bution to the interdecadal variabilities of drylands over each
continent. Also of note was that the spatial extent of the cli-
matic dry–wet transition zone was very sensitive to PET val-
ues, and thus differences attributable to the two estimates for
PET tended to manifest there.

5. Discussion and conclusions
PET represents the maximum amount of water capable

of being lost from the land surface, and is a critical compo-
nent of the land water cycle and an important input to the
SWI in defining global drylands. The Thornthwaite method
is a popular way to estimate PET because of the simplicity of
the computations required and the minimal demand regarding
meteorological variables. The Penman–Monteith method is
considered more realistic physically, but it requires some ad-
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ditional meteorological variables. Various estimates of PET
in the SWI will certainly induce different classifications of
global drylands. Therefore, the present study assessed the
sensitivity of the SWI to the two estimates for PET, in the
study of the spatial distributions and temporal evolutions of
global drylands, especially on interdecadal timescales, for the
purpose of providing background and information helpful in
selecting an appropriate PET parameterization in the analysis
of global drylands.

Considerable differences were found between the two
kinds of PET. In terms of spatial extent, the differences exhib-
ited distinct zonal characteristics. With respect to PET PM,
PET Th was significantly lower in the subtropics, whereas
it was significantly higher in the tropics and high northern
latitudes. This is because the Thornthwaite-based PET can-
not capture the influence of solar radiation, vapor pressure
deficit, and wind speed. Because most drylands are dis-
tributed within the subtropics, the underestimation of PET by
the Thornthwaite method in this region results in fewer areas
being classified as drylands on global and continental scales.
The classifications given by SWI PM and SWI Th showed
drylands as covering approximately 44.8% and 40.4% of
the global land area, respectively. In terms of long-term
trends, PET Th exhibited a direct response to the effects of
global warming, and showed a significant rising trend over
most global land areas. In contrast, regions with increasing
PET PM and global warming both only accounted for ap-
proximately 47% of theglobal land area, excluding Antarc-
tica. Compared with SWI Th, SWI PM presented a more
reasonable and reliable spatial distribution of global drylands,
which could be confirmed by the global distribution of barren
land.

Besides North America, broadly similar results, with high
correlation coefficients ranging from 0.58 to 0.89, were pre-
sented in the interdecadal variabilities of global drylands de-
fined by SWI PM and SWI Th. Global expansion of hyper-
arid and semi-arid regions, contraction of arid and dry sub-
humid regions, and interdecadal fluctuation of drylands, were
evident during 1901–2014, and these trends were not very
sensitive to differences between the two estimates for PET.
This is because precipitation changes make a major contri-
bution in the interdecadal variabilities of drylands, whereas
PET changes contribute to a lesser degree. For North Amer-
ica, the spatial extent of drylands defined by SWI Th was ob-
viously different from that defined by SWI PM. The north of
Alaska and northern Canada, instead of most of the western
United States, were classified as semi-arid and dry sub-humid
regions by SWI Th. Consequently, SWI Th failed to provide
a reasonable result for the interdecadal variations in drylands
over North America. Additionally, it should be noted that
the influences of PET changes on the interdecadal variabili-
ties of semi-arid and dry sub-humid regions were comparable
to those of precipitation changes, and thus estimates of PET
based on the different methods could yield diverse results.

It has been noted that the influences of PET changes on
the interdecadal variabilities of global drylands have gradu-
ally enhanced with global warming. The response of dry-

lands to PET variations in the future could be significantly
different from that over the past 100 years. Compared with
the Thornthwaite method, the Penman–Monteith method is
recommended in the analysis of global drylands in the fu-
ture, especially in the climatic dry–wet transition zone. Addi-
tionally, the applicability of some minimalistic PET models,
such as a simplified equation developed by Hargreaves and
Allen (2003), which can provide very similar estimates to the
Penman–Monteith method, in the analysis of global drylands,
has yet to be further investigated but should be addressed in
future work.
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