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Abstract  The vapor pressure deficit (VPD) is an important variable used to characterize atmospheric aridity. This paper
analyses the spatial and temporal characteristics of the decadal abrupt change (DAC) in the global land VPD after 1980 using
monthly scale data from the Climatic Research Unit. The results show that 60.5% of the global land area underwent a
significantly increased decadal abrupt change (IDAC) in the VPD, and the persistent IDAC of the VPD was obvious in the
middle and low latitudes of Eurasia, Africa and parts of South America but not in central North America or Western Siberia.
From 1980 to 2020, most regions experienced no more than two persistent IDACs, while more than two significant increases
occurred mainly around the Mediterranean and in eastern South America. The persistent IDAC occurred relatively early in the
middle and low latitudes of Eurasia, Africa, and eastern South America and after 2000 in the high latitude regions, Eastern
Europe, and near the Qinghai-Tibet Plateau. The regions where the persistent IDAC lasted longer than 10 years mainly included
North Africa, West Asia, eastern South America, and parts of East Asia, indicating that the persistent increases in atmospheric
aridity in these regions were obvious. In general, the persistent IDAC that began in 1993-2000 was significantly more than that
occurred in other periods and lasted longer than that before 1990, suggesting that the land area experiencing an abrupt increase
has an expansion after the 1990s and that the role of water limitation in this persistent IDAC in Central Asia and most of China
strengthened. In addition, the VPD showed another large-scale persistent IDAC over the global land region in 2009, indicating
that global atmospheric aridity intensified over the last decade. At the same time, in a few global regions, the VPD has exhibited
decreased decadal abrupt changes (DDACs) with durations shorter than 2 years.
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Introduction

The global surface temperature generally increases as the
carbon dioxide (CO,) concentration increases, and soil
drought and atmospheric aridity are intensifying in most
global areas; the degree of atmospheric aridity is directly
related to the occurrence and development of forest fires,
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vegetation mortality and extreme events. For example, when
the atmosphere is highly arid, forest fire occurrences increase
significantly, vegetation mortality increases, and the in-
tensity and frequency of compound dry-hot extreme events
increase significantly (Williams et al., 2015; Novick et al.,
2016; Zhou et al., 2019b; Yuan et al., 2019; Friedlingstein et
al., 2022). Therefore, there has recently been a growing in-
terest in atmospheric aridity changes in the research com-
munity, especially among policy-makers and scientists
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(Zhou et al., 2019b; Yuan et al., 2019).

The vapor pressure deficit (VPD) is the difference between
the saturated vapor pressure and the actual vapor pressure;
this is an important variable commonly used to indicate at-
mospheric aridity and can reflect the atmospheric demand for
water (Novick et al., 2016; Ficklin and Novick, 2017; Bar-
khordarian et al., 2021). A higher VPD corresponds to a drier
atmosphere, and a lower VPD corresponds to a wetter at-
mosphere. In most parts of the world, when the VPD is too
high, plant stomata tend to close to reduce water losses, re-
sulting in reduced plant photosynthesis; this process partially
offsets the increased carbon uptake caused by the CO, fer-
tilization effect and poses a challenge for global greening
alleviate the increased surface air temperature (Zeng et al.,
2017; Zhou et al., 2019a; Piao et al., 2020; Grossiord et al.,
2020; Song et al., 2022). However, it has also been suggested
that photosynthesis is positively correlated with the VPD in
the humid areas of the Amazon rainforest due to leaf turn-
over, radiation, etc. Although this positive correlation is
weakened or reversed when the VPD is more extreme, the
results show significant regional differences in the ecosys-
tem productivity response to the VPD (Green et al., 2020). In
addition, the VPD is strongly correlated with climate vari-
ables such as the temperature, evapotranspiration, and soil
moisture (Zhou et al., 2019b; Barkhordarian et al., 2021). For
example, abnormally high VPD is often accompanied by
abnormally low soil moisture, and the frequency and in-
tensity of compound extreme events comprising atmospheric
aridity and soil drought are expected to increase further in the
future, causing much greater impacts on ecosystem pro-
ductivity than individual extreme events (Zhou et al., 2019b;
Lu et al., 2022). At the same time, the VPD can also in-
directly drive the growth rate of atmospheric CO, (Bar-
khordarian et al., 2021; He et al., 2022). It is evident that
regional abnormal VPD and persistent abnormal changes
impact the climate and ecosystem, so it is necessary to in-
vestigate the characteristics of long-term VPD changes in
depth.

Under the background of global warming, a significant
increase in the global average VPD occurred in the 1990s,
and many studies have focused on the impact of this VPD
increase on the vegetation ecology and climate (Yuan et al.,
2019; Lu et al., 2022; He et al., 2022), but few studies have
focused on the spatial or temporal characteristics of abrupt
VPD changes themselves at the decadal scale. The decadal
abrupt change (DAC) in the VPD can directly reflect the
significant changes and regional differences in VPD at a
relatively long time scale in the historical period and can also
reflect the influencing factors of those significant changes in
the VPD and the responses of other climate variables in this
particular period, thus providing an important basis for ex-
ploring the formation and development mechanisms of at-
mospheric aridity and isolating the independent effect of the

VPD from the impacts of other factors (Liu et al., 2020;
Humphrey et al., 2021). How does the occurrence time of the
increased decadal abrupt change (IDAC) of the VPD differ
among different regions of the world? Do some differences
in the duration of IDACs exist among different regions? Are
there regions with decreased decadal abrupt changes
(DDAC:S) in the VPD? To answer these questions, we used
monthly scale data from the Climatic Research Unit (CRU)
to analyse the spatial and temporal characteristics of the VPD
DAC at the global land scale from 1980 to 2020 by the
moving ¢ test technique. The results reveal the changes in the
VPD and the development of atmospheric aridity in detail
and provide a reference for analysing the physical mechan-
isms associated with VPD changes and their impacts on the
climate system and ecosystem, thereby improving the re-
sponses of models to atmospheric aridity, reducing the pre-
diction uncertainty and solving the problems related to
atmospheric aridity (Liu et al., 2020; Zhou et al., 2021; Berg
and McColl, 2021; Humphrey et al., 2021; Liu et al., 2021).

2. Data and methods

2.1 Data

The study data were obtained from the monthly scale ob-
servation land dataset CRU ts4.05 provided by the CRU
(Harris et al., 2020). An existing study has shown that VPD
data calculated at the monthly scale are credible (He et al.,
2022). We used the maximum (minimum) surface air tem-
perature and actual vapor pressure in the CRU dataset to
calculate the VPD, and the data provided by CRU were
uniformly bilinearly interpolated to a horizontal spatial re-
solution of 1°x1° to ensure a consistent resolution for sub-
sequent related studies. Greenland and Antarctica were
excluded from the global land area in our data.

The VPD is defined as the difference between the saturated
vapor pressure and the actual vapor pressure (kPa), which is
calculated from the temperature and water vapor pressure
according to the following equation (Allen et al., 1998):

_ 17.07 % Ty
SVPmaX—O.6108 X exp[m N (1)
- 17.27 % T
SVPmm—O6108 X exp[m], (2)
PSP *SVPu ®
VPD=SVP — AVP, (4)

where, T, (Tin) is the monthly average daily maximum
(minimum) temperature (°C). SVP,,. (SVP;,) is the satu-
rated vapor pressure (kPa) at the corresponding maximum
(minimum) temperature, as calculated according to the em-
pirical formula, SVP is the monthly mean saturated vapor
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pressure (kPa), and AVP is the actual vapor pressure (kPa)
provided by CRU. Since the equation is nonlinear, the esti-
mated saturated vapor pressure and the corresponding VPD
are smaller when the monthly average temperature is used,
so the monthly average saturated vapor pressure should be
calculated as the average of the saturated vapor pressure
corresponding to 7, and T, (Allen et al., 1998).

2.2 Methods

2.2.1 Moving t test technique

The M-K test, piecewise linear regression, and moving ¢ test
are commonly used in abrupt change detection tasks and
have been applied in past VPD studies (Toms and Les-
perance, 2003; Yuan et al., 2019; Yuan et al., 2021). The
moving ¢ test technique is used in this study; this method
detects abrupt changes in the mean by examining whether the
difference between the means of two subsamples is sig-
nificant (Fu and Wang, 1992; Wei, 2007). Compared to the
single abrupt change of VPD obtained by the M-K test (Yuan
et al., 2021), the results obtained by the moving ¢ test can
include multiple different significant changes in a long time
series. In some regions with complex variation character-
istics, the moving ¢ test can show more accurate and detailed
information about multiple abrupt changes of variables in
terms of the duration, number, and spatiotemporal interval
(Xiao and Li, 2007; Wang et al., 2018).

The method is described as follows:

First, set a certain moment as the reference point, and the
two subsamples taken in the two subseries x; and x, before
and after this point are expressed as n; and n,, respectively.
The means of the subsamples are x,,; and x,,,, and the sub-
sample variances are s,z and szz. The degree of freedom is
calculated as v=n,+n,—2. The sample length of the subsample
is set to 10 years in this study, so n;=n,=10, and the degree of
freedom is 18.

The ¢ statistic is defined as follows:

Xm2 ~Xmi
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where, length of the subsamples before and after the re-
ference point is determined, and then a strict significance test
is performed. When the absolute value of the statistic is
greater than the given critical value (a confidence level of
99%), a significant difference is assumed between the mean
values of the two subsamples before and after the reference
point, and the point is considered to represent an abrupt
change point. Finally, the reference point is set by moving
the window to calculate the time series continuously.
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The moving ¢ test reflects the abrupt change in the mean
over time, and we examine the change in the mean at the
decadal scale by setting the subsample length to 10 years.
The obtained abrupt change point was called the decadal
abrupt mean change, decadal abrupt change, or abrupt
change for short, written as DAC in this paper (Fu and Wang,
1992; Xiao and Li, 2007). To clarify the research object, a
period during which the statistic continuously exceeded the
critical value was considered a persistent DAC (a period with
continuous DACSs); the first year of the persistent DAC was
considered to be the starting year of that persistent DAC; and
the timespan of the whole persistent DAC was considered the
duration of that persistent DAC. It can be understood that the
abrupt change point represents a significant change in the
decadal mean between the periods before and after that year.
A persistent DAC is a period with continuous abrupt change
points, representing a period of continuous significant
change during which the variable remains in a relatively
intense state of change. A positive statistic indicates that the
VPD value changes in a positive direction, suggesting a VPD
increase, which is an increased decadal abrupt change, re-
presented by IDAC. A negative statistic indicates that the
VPD value changes in a negative direction, indicating a
decreased VPD, which is a decreased decadal abrupt change,
represented by DDAC. In this paper, the global average and
grid data were detected by moving ¢ test to compare the
spatial and temporal characteristics of the persistent DACs of
the global VPD.

2.2.2  Multiple linear regression method
Multiple linear regression is an analytical method used to
study correlations among multiple variables. The role and
influence of the independent variables are studied by ana-
lysing the quantitative statistical relationships between
multiple independent variables and a dependent variable
(Shi, 2009; Huang, 2016).

The multiple linear regression equation is expressed as
follows:

Y =botb X +bo Xt b X(i=1,2,..., m), (7

where, Y is the dependent variable, X; is the independent
variable, b; is the regression coefficient of X}, also known as
the partial regression coefficient, indicating the degree of
change in the dependent variable Y for each unit change in
the independent variable X, and b, is the intercept.

The standardized partial regression coefficients can be
obtained by standardizing the partial regression coefficients
as follows:

Bi=b(i=1.2,...,m), ()
y

where, s; is the standard deviation of the independent vari-

able X, sy is the standard deviation of the dependent variable

Y, and B; indicates that the dependent variable ¥ will change



1524 Cheng M, et al.

by B; standard deviations for each additional standard de-
viation of the independent variable X;. Since B; is di-
mensionless, it can be used to directly compare the effects of
different variables on the dependent variable.

In this study, the effects of the temperature (X,) and actual
vapor pressure (X,) as independent variables on the depen-
dent variable VPD (Y) were investigated by this method.
This analysis was performed using data processing software,
referenced to http://dx.doi.org/10.5065/D6WD3XHS.

3. Results and analysis

3.1 Characteristics of the global land VPD

The climatological mean VPD for 1901-2020 over global
land is shown in Figure 1a. The overall spatial distribution of
the VPD shows higher VPD in middle and low latitudes and
lower VPD in high latitudes; large VPD differences can be
seen among different latitudes. For example, in parts of
Africa, the VPD reached 3.5 kPa; in India and Australia, it
exceeded 2 kPa in most areas; and in the high latitudes of
Eurasia, it was only approximately 0.2 kPa. The VPD mainly
decreased with increasing latitudes in the middle and high
latitude regions, and the VPD distribution at low latitudes
was consistent with the vegetation cover types (He et al.,
2022). Specifically, the VPD was lower in tropical rainforest
areas near the equator (such as the Amazon region in South
America and central Africa) and rapidly increased when
transitioning to desert areas at higher latitudes (such as the
desert regions in northern Africa and West Asia); the VPD
was also significantly higher in the scrubland areas of Aus-
tralia, southern Africa and southwestern North America than
in areas with other vegetation cover types at the same lati-
tude. The overall characteristics of the climatological mean
VPD suggest a wetter atmosphere at high latitudes and a
drier atmosphere at middle and low latitudes, especially in
some desert and scrubland areas, such as northern African
deserts, West Asia and Australia.

An overall upwards VPD trend over the past 120 years can
be found in the evolution characteristics of the global aver-
age land VPD from 1901 to 2020, as shown in Figure 1b.
Specifically, this period can be divided into the following
three stages: during the first stage, from 1900 to 1940, the
VPD rose slowly; the second stage, from 1941 to 1975, was a
period of slow decline in the VPD; and the third stage, from
1976 to 2020, was a period of dramatic increase during
which the VPD showed a significant increasing trend,
especially over the most recent 30 years. In general, the
global average VPD exhibited an increase-decrease-increase
process, with some periods of this process showing more
significant changes than others; thus, the VPD exhibits ob-
vious abrupt change characteristics.

To further understand the abrupt change characteristics of
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the global-average land VPD, we detected the DAC of the
VPD time series using a moving ¢ test to understand this
phenomenon of a rapid change in a short term (Figure 1b).
Seven persistent DACs occurred from 1901 to 2020, as
shown in the results. In the first stage, four significant per-
sistent IDACs were identified (with DAC durations of 1919,
1921-1923, 1925-1926, and 1930-1935); in the second
stage, only one persistent DDAC was found, from 1943 to
1949; in the third stage, two significant persistent IDACs
were identified (with DAC durations of 1979 and 1994—
2011). The persistent IDAC with the longest duration began
in 1994 and lasted until 2011 (N was chosen to be 10 in the
moving ¢ test technique, so the last statistical period was
2011-2020, after which the analysis was stopped due to the
lack of subsamples in the subseries; thus the latest starting
year considered in this study was 2011). The number of
persistent IDACs was much higher than the number of per-
sistent DDACs overall, and except for the period starting in
1994 with a long duration, all other persistent DACs were
limited within 6 years and occurred mainly before 1980.
Therefore, in our subsequent research, we focus on persistent
IDACs that began after 1980. The starting year of the per-
sistent IDAC with the longest duration was chosen as the
piecewise point; then, piecewise linear regression was per-
formed on the annual average series at 1994. The trend after
1994 (0.0022 kPa yrfl) was significantly higher than that
before 1994 (0.0001 kPa yrfl) and passed the 99% sig-
nificance test, further confirming that the related analysis of
the persistent DAC effectively reflected the significant VPD
changes. The global average VPD increased rapidly after the
1990s, and has been in a persistent abrupt increase for a long
time.

3.2 Spatial and temporal characteristics of the VPD
IDAC

Significant regional differences were observed in the VPD
IDAC results, and the results of the moving ¢ test on each grid
point on land after 1980 (Figure 2a) show a large range of
two or more persistent IDACs in eastern South America,
Africa, and the middle and low latitudes of Eurasia, espe-
cially in Western Europe and North Africa, where the num-
bers of persistent IDACs were significantly higher than in
other regions. In many areas of the globe, such as Western
Siberia, central North America, Australia, and most of
western South America, no VPD IDACs were identified.
These results suggest that the atmospheric aridity in the
middle and low latitudes has changed dramatically, while the
changes in high latitude regions have been relatively mod-
erate. In general, the areas with multiple persistent IDACs
were found to concentrated mainly around the Mediterranean
and in eastern South America, indicating a strong degree of
atmospheric aridification in these areas that is deserving of
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Figure 2 The spatial distribution of the number of the persistent IDAC occurrences (a) and the percentage of global land areas undergoing an IDAC (b)
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effective global land area refers to the global land area excluding Greenland and Antarctica.

further attention.

The grid points simultaneously in the abrupt increase state
were counted to analyse the large-scale IDACs in space in
different periods. Figure 2b shows the percentage of areas
that experienced an IDAC in the corresponding year among
the global effective land area. Four stages can be clearly seen
in spatial IDAC range results. The figure shows that before
1991, the global regions that were experiencing abrupt VPD
increases at the same time remained below 5%, a relatively
small and stable percentage; beginning in 1992, this area
increased rapidly, and the percentage was maximized in
1998, when 23.8% of the global land area was in a state of
simultaneous abrupt increase; subsequently, from 1999 to
2008, the area began to decrease gradually, falling below
10% in 2008; and after 2009, another obvious range ex-
pansion that reached 14.4% occurred. In general, there were
two significant areal expansions in the mid-late 1990s and
approximately 2010, and the global expansion of this abrupt
increase area indicated that the VPD was in a state of rapid
increase in more increasing regions. This finding also in-

dicates that the global land area has experienced a large-scale
rapid VPD increase along with increased atmospheric aridity
over the past decade.

We further quantified the DAC information and counted
the appearance times of the persistent IDAC on all grid
points (Figure 3a). The results show that 39.5% of the re-
gions experienced no persistent IDACs; this category ac-
counted for the highest proportion and corresponded mainly
to high latitudes; 54.2% of the regions experienced one or
two persistent IDACs, comprising more than half of the total
study area, of which 37.5% had one occurrence and 16.8%
had two occurrences; regions with three or more occurrences
were fewer and relatively concentrated, accounting for only
6.3%; the percentage of regions with five or more occur-
rences was below 0.5%, and the maximum number of per-
sistent IDACs experienced in a region was seven, but only
0.02% of the land areas experienced seven persistent IDACs,
most of which were concentrated in parts of western Europe.
The overall characteristics of the persistent IDAC occurrence
times showed an areal decrease with an increasing occur-
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Figure 3 Statistical information of persistent IDACs that occurred on global lands from 1980 to 2020. (a) The percentages of the study area where different
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and (e) the distribution of areas with different persistent IDAC occurrence times at each longitude and latitude, respectively; and (f) and (g) the proportion of
different durations of persistent IDACs at each longitude and latitude, respectively. In panel (c), the histogram shows the average duration of all persistent
IDACs in which the starting year is the stated year (year), the black solid line is the probability distribution that the starting year is that year in all persistent
IDACSs, and the grey dotted line is the fitted straight line for the time remaining to 2011. In panels (d) and (e), the percentage of areas with different persistent
IDAC occurrence times at the given longitude (latitude) is indicated as the ratio of the area with different occurrence times at that longitude (latitude) to the
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the average duration at each longitude (latitude).

rence number, indicating that the phenomenon of multiple
persistent IDAC occurrences may have been caused by the
unique climate conditions in some regions. In addition, great
differences in the distribution of persistent IDACs were
observed among different longitudes (latitudes) (Figure 3d,
3e). In terms of the longitude, the areas that experienced
persistent IDACs between 0 and 45°E were significantly
larger than those in other longitude ranges, and only a small
portion of the areas in each longitude range experienced no

persistent IDACs; in addition, the area and proportion of
areas with two or more persistent IDACs in this longitude
range were also significantly higher than those in other
longitude ranges. In terms of the latitude, relatively few areas
had persistent IDACs north of 60°N, essentially only one
persistent IDAC occurred in this range; while areas with
persistent IDACs between 15°N and 45°N were more nu-
merous, and the proportion reached the maximum near 30°N,
and the proportion of areas with persistent IDACs was sig-



Cheng M, et al.

nificantly higher in this latitude range than in other ranges.
The latitudinal area and proportion of areas with persistent
IDAC:Ss in the total latitudinal area gradually decreased as the
latitude transitioned southward from 30°N.

The duration distribution of all persistent IDACs is given
in Figure 3b; from the figure, it can be seen that the longer
the duration was, the lower the probability of occurrence
was. More than half of the durations were 1-2 years (53.5%),
meaning that IDACs in a large part of the world were ob-
served mainly in 1 or 2 years, after which the VPD main-
tained a relatively stable change and no sustained
intensification in atmospheric aridity occurred. However,
0.3% of all persistent IDACs exhibited durations exceeding
15 years, indicating that the aridification of the atmosphere
in these regions has been increasing and that atmospheric
conditions with intensifying aridity may cause severe da-
mage to the local climate and ecosystem, requiring a focus on
monitoring, detecting and conducting some targeted miti-
gation and adaptation studies. The distribution of the per-
sistent IDAC durations only shorter than or equal to 12 years
is shown in the figure due to the small proportion of dura-
tions longer than 12 years (1.9%). Further analysis of the
proportions of different durations and the average duration of
all persistent IDACs at each longitude (latitude) (Figure 3f,
3g) shows that the largest duration proportion was 1-2 years
at most longitudes (latitudes); this proportion could exceed
80% at most longitudes (latitudes) with relatively few sig-
nificant change areas. With regards to longitude, no obvious
characteristic of the average duration was observed, with
most durations ranging from 2 to 5 years. Among the latitude
ranges, the average durations north of 50°N and south of 30°
S were basically concentrated in 1 or 2 years, but longer
durations accounted for a relatively large proportion near 70°
N, where the average duration could reach 5 years. For the 0—
30°N range, the proportion of the persistent IDAC durations
longer than 2 years increased and the average duration in-
creased to 4—6 years.

Analysing the starting year and average duration of per-
sistent IDACs starting in the corresponding year (Figure 3c)
revealed significant increases in both terms in the 1990s.
Specifically, from the probability density distribution of the
starting year, no significant characteristics were exhibited
before 1992, when the distribution fluctuated at approxi-
mately 2%; the persistent IDAC that began in 1993-2001
accounted for a large proportion, and the occurrence prob-
ability during this period was roughly twice that before 1993,
although large fluctuations still occurred; after that, the
percentage decreased from 2002 to 2008; and the highest
percentage of grid points (7.8%) was found in 2009, in-
dicating that the persistent IDAC that began in 2009 was the
most. In terms of the average duration, the average duration
of persistent IDACs that began in 1981-1989 was relatively
short, at approximately 2 years; the average duration from
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1990 to 1997 was extended overall, especially in the early
1990s, when the duration increased rapidly compared to that
before 1990 and exceeded 6 years in some years; the average
duration decreased after 1998 and subsequently remained
relatively stable at approximately 3 years. Notably, the de-
crease in the average duration during this later period does
not indicate short-duration events but is more so the result of
the moving ¢ test method being halted after 2011 in Figure 3c.
Overall, the prolonged duration during the early 1990s and
the subsequent increase in persistent IDACs combined to
cause a large portion of the global land area to be in a state of
significant IDAC simultaneously in the 1990s, consistent
with the findings shown in Figure 2b.

The starting years and durations of the first, second, and
longest-duration persistent IDACs were compared at all grid
points (Figure 4). Here, we considered that most of the in-
formation could be reflected by screening out these three
times for comparison because only 6.3% of the study area
experienced three or more persistent IDACs and the per-
centage of the third and subsequent persistent IDACs having
the longest duration was only 3.2%. The starting year shows
an overall distribution of early years in the middle and low
latitude regions and late years in the high latitude regions.
Specifically, in regions where only one persistent IDAC
occurred, the first persistent IDAC in the middle and high
latitudes of the Northern Hemisphere, north-western South
America, and some other regions occurred after 2005, and a
large portion of these events continued until 2011, when the
moving ¢ test stopped, while those in the middle and low
latitudes generally occurred earlier, mostly before 2000.
Regional differences in the starting year were observed in
regions with multiple persistent IDACs. For example, per-
sistent IDACs appeared in parts of Africa and Europe before
1990, while in Asia, they were concentrated mainly between
1993 and 2005. Among them, long timespans could be seen
between the first and second persistent IDACs in the Middle
East and northwest China, with the first appearing in ap-
proximately 1995 and the second appearing after 2005; these
findings are consistent with the findings shown in Figure 3c.
In terms of the event duration, most persistent IDACs with
the longest duration were the first events, accounting for
82.7% of all the grid points in which IDACs occurred, and
longer-duration events were concentrated in the middle and
low latitudes, such as in eastern South America, Africa, the
Middle East, and south-eastern China, where IDACs could
last more than 10 years. On the whole, persistent IDACs
began earlier and lasted longer in the middle and low lati-
tudes, while they began relatively late in the high latitudes;
these findings are consistent with the above conclusion that
the persistent VPD IDACs occurred mainly in the mid-low
latitudes in the 1990s and in the high latitudes after 2005 and
that atmospheric aridity intensified first in the middle and
low latitudes. It should be noted that some areas experienced
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a significant VPD increase after 2005; this should be con-
sidered in subsequent climate studies to determine whether
new significant atmospheric aridity stress and significant
changes in the climate background field are occurring in this
area. These persistent IDACs that have begun in the 21st
century may be affected by increased temperature and
warming and wetting in the high latitudes of the Northern
Hemisphere (Zhu et al., 2016).

In preliminary VPD analyses, researchers have often used
a fixed year as the criterion for dividing the period in some
previous studies; such a selection has little impact on global-
scale studies but has shortcomings for regional-scale studies;
for example, IDACs that occurred late would be masked in
some areas due to the use of this method. Four regions were
selected in this paper based on the occurrence times of the
persistent DAC, the duration, the starting year, and the key
regions of land-atmosphere coupling proposed in previous
studies (Qiao et al., 2022). These regions are shown in Figure
5a and correspond to eastern North America, western South
America, central Africa, and high-latitude Asia; we found

that the DAC information contained in the global time series
cannot fully represent the changes in some individual re-
gions. The fixed year (1994) in these regions is not the year
in which the VPD began to change significantly, and the
following points need to be noted: (1) some stages with
opposite VPD changes may be difficult to fully perform due
to the segmentation of the time series, for example, there are
two DAC:s lasted 1 year in eastern North America after 1980,
which are the DDAC in 1992 and the IDAC in 2005, and
considering a fixed year would make the DDAC challenging
to show (Figure 5b); (2) for significant increases that oc-
curred relatively early or late, the trends obtained for the
periods before and after the fixed year deviated from the
actual situation, for example, the three IDACs identified in
central Africa after 1980 occurred in 1983, 1987, and 2001,
and it can be clearly observed that central Africa showed a
significant increase in the early 1980s, while the persistent
IDAC occurred in high-latitude Asia after 1980 was from
2009 to 2011, and the obvious increasing trend in the VPD in
high latitudes after 2005 would be weakened by setting an
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the persistent global land average VPD IDAC occurred after 1980.

early cutting point (Figure 5d, ¢); and (3) the fluctuations in
some areas, such as western South America, would be
masked to some extent (Figure 5c¢).

Our analysis of the selected areas does not negate the
conclusions obtained from the segmentation of the global
average VPD in previous studies, and there is consensus
regarding the roles of the VPD in vegetation and ecosystem
carbon fluxes at the global scale among the results obtained
by many researchers (Novick et al., 2016; Yuan et al., 2019;
Grossiord et al., 2020; He et al., 2022). Our study focuses
more on illustrating that for regional-scale research objects,
and more information should be combined to select the
cutting point for the corresponding analysis. For example,
when studying VPD changes at a regional scale, one can first
focus on the spatial distributions of the occurrence times and
the starting year of persistent IDACs and persistent DDACs
at the global scale to understand the occurrence time and

spatial range of significant decadal VPD changes, and then
analyse target areas based on this information to determine
the cutting point at which significant changes occurred by the
starting year, so as to analyse the complex situation caused
by regional differences in greater detail.

3.3 Possible causes of the persistent IDAC of the VPD

The possible causes of the significant VPD changes identi-
fied in the longest-duration persistent IDAC phase were
analysed by multiple linear regression from the two influ-
encing factors of the actual vapor pressure and temperature.
The VPD was positively correlated with temperature during
the historical period (1901-2020), especially in low lati-
tudes, such as Africa and South America, where each 1 °C
increase in temperature was accompanied by a VPD increase
of more than 0.2 kPa (Figure 6a); while the VPD was ne-
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gatively correlated with the actual vapor pressure on a global
scale, with each 0.1 kPa decrease in the actual vapor pressure
causing a VPD increase of more than 0.05 kPa in most parts
of the world (Figure 6d). In the period of the longest-duration
persistent IDAC, the VPD was still significantly positively
correlated with the temperature, but in most parts of China
and Central Asia, the VPD change caused by the actual vapor
pressure increased significantly. For example, every 0.1 kPa
decrease in the actual vapor pressure was accompanied by a
VPD increase of approximately 0.15 kPa in northern China
(Figure 6e). In addition, the effects of the temperature and
actual vapor pressure on VPD were compared using the
standardized partial regression coefficients in the two peri-
ods (Figure 6g, 6h, reference method 2.2.2). The effect of the
temperature on the VPD was greater than the effect of the
actual vapor pressure on the VPD in most areas during the
historical period; while the effect of the actual vapor pressure
on the VPD was greatly enhanced and even exceeded the
effect of the temperature in most of China, Central Asia,
northern Eastern Europe, and northern Central Siberia during
the persistent IDAC period, although the VPD response to
increasing temperature was still high at low latitudes. In
general, the VPD exhibited a high response to the tempera-
ture at low latitudes during both the historical and the per-
sistent IDAC period, but the effect of the actual vapor
pressure was greatly enhanced during the persistent IDAC
period in some places, such as middle latitude Asia.
Combining the trend changes of the temperature and actual
vapor pressure (Figure 6¢, 6f), it can be found that the
temperature had a greater influence on the VPD in low la-
titudes (Figure 6h), although both the temperature and actual
vapor pressure were increasing, especially in Africa and
South America, so the increase of temperature was the main
reason for the persistent IDAC of VPD in these regions; the
temperature increase was accompanied by a decrease in the
actual vapor pressure in some other regions, such as western
Eastern Europe, western China and northern Central Siberia,
where the temperature increase and actual vapor pressure
decrease combined to cause the persistent IDAC of the VPD;
while the response of the VPD to the actual vapor pressure
was greatly enhanced in the persistent IDAC period in
eastern and northern China in the 1990s, and the persistent
IDAC of VPD was caused mostly by the actual vapor pres-
sure decrease. The strengthening of the water limitation may
have been an essential factor in the persistent abrupt VPD
increase observed in most parts of China, northern Eastern
Europe, Central Asia, and other regions; while the significant
VPD changes were more affected by global warming in other
regions. In addition, the water limitation was strengthened in
some areas where the starting year around 2010 (Figure 4c),
so whether a change in soil moisture will exacerbate the
atmospheric humidity limitation on the VPD and cause more
frequent and more intense atmospheric aridity in more areas

in the near future is a matter of concern.

3.4 Spatial and temporal characteristics of the VPD
DDAC

Although the VPD DAC:s in the global land area mainly in
the form of VPD increases, persistent DDACs also occurred
in some areas, such as in central North America and around
the Great Lakes, in the subtropical region of western South
America, in central Africa and in parts of middle latitude
Asia; however, these events were much smaller in number
and duration, and the starting year is also significantly dif-
ferent (Figure 7). Although most of the regions with multiple
persistent IDACs do not overlap with regions with persistent
DDAC:s, significant decreases were still detected in some
regions with multiple significant increases, such as central
Africa and parts of Siberia, and attention should be given to
the possible complexity of the climate background field and
the model simulation accuracy in these regions. In addition,
the abnormal VPD decreases observed in Africa and parts of
Asia in the last decade are also worthy of attention under
global warming and intensified atmospheric aridity. It should
be noted that if both an IDAC and a DDAC occurred in a
certain period, the positive (negative) VPD trend might
conceal the DDAC (IDAC). For example, in north-eastern
China, the VPD trend after 1994 was smaller than that before
1994 (Figure 7a), but there was a long-lasting persistent
IDAC around 1995 (Figure 4c); this decreasing trend also
obscured the significant VPD increase that occurred in
northern North America after 2005 (Figure 4c), which may
have led to the rapid development of atmospheric aridity in
the short term and posed challenges to ecology and human
society; in addition, the trend after 1994 increased compared
to those before 1994 in western North America and parts of
central Africa, but a significant persistent DDAC continued
after 1994.

4. Conclusion and discussion

In this paper, we analysed the spatial and temporal char-
acteristics of the VPD DACs that occurred globally over a
period of more than one hundred years with CRU data and
statistical analysis methods such as the moving ¢ test; we
focused on the situation after 1980. The results show that the
persistent IDAC occurrence times of VPD from 1980 to 2020
mainly presented a spatial distribution of more occurrences
in the middle and low latitudes and fewer occurrences in the
high latitudes, with most regions experiencing fewer than
two persistent IDACs. Significantly more persistent IDACs
were initiated between 1993 and 2001 than in other periods,
and a large increase was again observed in 2009. The longest
duration can be up to 22 years, with significantly longer
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durations observed in the 1990s than in other periods. The
increased number and duration of persistent IDACs together
caused a rapid expansion of regions with significantly in-
creased VPD in the 1990s and in approximately 2010. The
starting years of persistent IDACs were early in the middle
and low latitudes and late in the high latitudes, and the
durations were significantly longer in the middle and low
latitudes, indicating that atmospheric aridity intensified first
in the middle and low latitudes. For the period of the per-
sistent IDAC with the longest duration, the water limitation
on the VPD was significantly enhanced in Central Asia and
most parts of China. In addition, there were some regions
with persistent DDACs, but the range, occurrence frequency
and duration of the persistent DDAC were significantly less
than those of a persistent IDAC.

The study conducted in this paper suggests that the se-
lection of the regional turning year is important when
studying the regional VPD or atmospheric aridity. The VPD
is generally affected by a number of factors comprehen-
sively, as has been shown in some past studies: an increase in
temperature directly leads to an increase in the saturated
vapor pressure, which further contributes to an increase in
the VPD when the surface relative humidity changes little
(Allen et al., 1998; Williams et al., 2013); a decrease in ocean
evaporation is an important mechanism responsible for de-
creased actual vapor pressure on land (Stocker et al., 2014;

Fu and Feng, 2014; Yuan et al., 2019); in addition, a soil
moisture decrease is another important reason for a decrease
in land moisture and the moisture limitation resulting from
the soil moisture to be further enhanced (Jung et al., 2010;
Yuan et al., 2021; Denissen et al., 2022). The occurrence
time, degree, and range of significant VPD changes differ
due to large differences in the climate background field and
changes in climate variables among different regions. The
instability of climate change and the possible strong in-
stability drivers should be considered in regions with mul-
tiple persistent DACs, especially in areas that have
experienced transitions between the IDAC and DDAC.

In this study, we focused on significant persistent IDACs
of the VPD that have occurred since 1980 and provided a
preliminary analysis of the possible causes of the persistent
IDAC with the longest duration. Global warming may be the
main reason for the abrupt VPD increases experienced in
regions such as Africa and South America in the 1990s, but
enhanced water limitation may be the main reason for the
rapid development of the VPD in the high latitudes of the
Northern Hemisphere and in parts of Europe over the last
decade, and the negative feedback effect between the VPD
and soil moisture may also plays an important role (Zhou et
al., 2019a; Konapala et al., 2020; Zhou et al., 2021; Bar-
khordarian et al., 2021). The forcing effect of aerosols may
also be another factor affecting the VPD IDACs over the past
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10 years (Barkhordarian et al., 2019), and therefore, the
persistent IDAC of VPD and its causes over the last 10 years
deserve more in-depth investigation. At the same time, some
scientific questions that deserve close attention under the
background of global surface temperature are raised (Zuo et
al., 2021): will the VPD again experience a large-scale sig-
nificant IDAC? Will the water limitation on the VPD be
further strengthened in some regions? Will there be more
frequent and more intense atmospheric aridity in more re-
gions? And what are the respective roles of energy and water
limitations, and will these factors significantly impact the
regional climate and ecosystem? The land-atmosphere cou-
pling process is not accurate in existing Earth system models,
and the feedback mechanisms between the VPD and vari-
ables such as evapotranspiration, vegetation, and carbon flux
remain to be improved (Yuan et al., 2019; Berg and McColl,
2021; Liu et al., 2021). The results and discussion in this
paper can provide a reference for other researchers to isolate
the effect of the VPD in the climate system (Zhou et al.,
2019b), improve the response mechanisms to atmospheric
aridity in models, and reduce the uncertainty of future pro-
jections (Grossiord et al., 2020; Humphrey et al., 2021).

The change of the mean value is the main reason for VPD
DAC:s in most parts of the globe, and this should be pointed
out in the content that the moving ¢ test was used in this
paper. The absolute mean value changes were small in only a
few regions, such as the Qinghai-Tibet Plateau and the high
latitudes of the Northern Hemisphere, but the large relative
changes in these regions make them also worthy of attention.
The contents of this work provide an idea for other re-
searchers to use variance to study the significant changes
caused by VPD fluctuations in the historical period, espe-
cially in areas with small mean changes. This study is helpful
for deepening our understanding of the characteristics of
VPD changes in the historical period, the development of
atmospheric aridity and the possible impact mechanisms, and
provides an important reference for solving the problems
associated with atmospheric aridity and alleviating increas-
ingly severe atmospheric aridity events.
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