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Abstract: Drought disasters jeopardize the production of vegetation and are expected to exert impacts
on human well-being in the context of global climate change. However, spatiotemporal variations
in drought characteristics (including the drought duration, intensity, and frequency), specifically
for vegetation areas within a growing season, remain largely unknown. Here, we first constructed
a normalized difference vegetation index to estimate the length of the growing season for each
pixel (8 km) by four widely used phenology estimation methods; second, we analyzed the temporal
and spatial patterns of climate factors and drought characteristics (in terms of the Standardized
Precipitation Evapotranspiration Index (SPEI)), within a growing season over vegetation areas of the
northern hemisphere before and after the critical time point of 1998, which was marked by the onset of
a global warming hiatus. Finally, we extracted the highly drought-vulnerable areas of vegetation by
examining the sensitivity of the gross primary production to the SPEI to explore the underlying effects
of drought variation on vegetation. The results revealed, first, that significant (p < 0.05) increases in
precipitation, temperature, and the SPEI (a wetting trend) occurred from 1982 to 2015. The growing
season temperature increased even more statistically significant after 1998 than before. Second, the
duration and frequency of droughts changed abruptly and decreased considerably from 1998 to 2015;
and this wetting trend was located mainly in high-latitude areas. Third, at the biome level, the wetting
areas occurred mainly in the tundra, boreal forest or taiga, and temperate coniferous forest biomes,
whereas the highly drought-vulnerable areas were mainly located in the desert and xeric shrubland
(43.5%) biomes. Our results highlight the fact that although the drought events within a growing
season decreased significantly in the northern hemisphere from 1998 to 2015, the very existence of a
mismatch between a reduction in drought areas and an increase in highly drought-vulnerable areas
makes the impact of drought on vegetation nonnegligible. This work provides valuable information
for designing coping measures to reduce the vegetative drought risk in the Northern Hemisphere.

Keywords: vegetation; growing season; Standardized Precipitation Evapotranspiration Index;
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1. Introduction

Drought is a recurring extreme climate event that occurs when the available water is significantly
deficient relative to the long-term average for a prolonged period and the supply cannot meet
the existing demand over a region [1,2]. It has been recognized as one of the most complex and
costliest hydroclimatic hazards and can have devastating impacts on vegetation, water resources, and
even human well-being, with substantial ecological, environmental, and social consequences in an
increasingly globalized world [3,4]. Accurately analyzing the spatiotemporal variation of drought
is a prerequisite for making strategic decisions with respect to drought management and drought
mitigation. However, the changing trends of drought in the context of global warming are still highly
controversial, and variations in drought characteristics specifically in areas of vegetation within a
growing season remain largely unknown.

Recently, long-term drought events occurred frequently in many regions around the world, such
as in the western United States, southeastern Australia, and the northeastern and southwestern parts
of China, and at the same time, short-term but severe events have occurred in Russia and the central
United States [5]. Most studies have attributed the severity and length of these recent droughts to
abnormal decreases in precipitation and increases in evapotranspiration promoted by global warming,
and various authors have suggested that the frequency and severity of drought events will continue
to increase in the context of future climate change [6-8]. However, there are also studies indicating
that there were little changes in global drought over the past 60 years [1,5], and emphasized that the
drought indices, in which the potential evapotranspiration (PET) was calculated from only temperature
data by using empirical Thornthwaite equation, have overestimated the effect of global warming.
These controversy results have caused much confusion in understanding the actual characteristics
of drought.

In addition, most previous studies that have attempted to reveal the variations in drought
characteristics have focused mainly on an annual or seasonal timescale over the entire terrestrial
ecosystem [7,9], yet little attention has been paid to the variations in drought specifically for areas
of vegetation within the growing season. Because the vegetation ecosystem is the major sink in
the global carbon cycle, sequestering carbon and slowing the increasing CO, concentration in the
atmosphere [10] will play a critical role in food production and climate regulation globally. However,
it is the economic sector that is the most sensitive to and primarily affected by drought, given that a
severe drought can disturb the photosynthetic function of plants [11], cause tree mortality [12], reduce
net primary production [10], or even alter the biological diversity (including composition and structure)
of vegetation communities [13,14]. The impacts of drought on vegetation communities will eventually
affect ecosystem services and trigger feedback mechanisms in natural or human systems, or both.

Moreover, the response of vegetation to droughts is more complex because it depends not only
on the resistance and adaptation of the vegetation community, but also on the onset timing of a
drought [15], and the timescale by which the drought is measured [2,16]. Because drought that occurs
within a vegetation growing season tends to cause greater impacts on productivity than one that
occurs in a time of dormancy [17], different biomes tend to respond to short drought timescales as a
result of different mechanisms and drought adaptation conditions [2]. Previous studies, which have
usually attached equal weight to time-series observations from periods outside and inside the growing
seasons, may potentially have produced less clear or biophysically meaningful spatiotemporal patterns
of vegetation response to drought. Therefore, knowing how to effectively quantify the changes in
drought characteristics, specifically for vegetation communities over the course of a growing season,
will provide an important guidance for alleviating the vegetative drought risk and thus promoting
human well-being.

The vegetative drought risk is expected to increase in the future because drying trends over an
extensive region of the world have increasingly been attributed, at least in part, to anthropogenic global
warming [18]. However, the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC ARS5) pointed out that the rate of warming over the period of 1998-2012 (0.05 °C
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per decade) was significantly smaller than the rate calculated since 1951 (0.12 °C per decade) [19],
which has become known as a “global warming hiatus” [20]. Because of its apparent contradiction
with human-induced global warming theories, it has fueled much debate and many studies about
its possible consequences and causes. For example, Wu and Lau [21] investigated changes in daily
precipitation extremes from 1998 to 2013 and concluded that the global warming hiatus will further
increase the contrast between wet and dry extremes. Wang et al. [22] analyzed the long-term trend and
variability of flash droughts across China and found that the increasing trend of flash droughts had
tripled during the global warming hiatus period. In addition, Ballantyne et al. [23] combined satellite
and atmospheric observations to isolate the main terrestrial carbon cycle processes and concluded that
the reduced respiration induced by the warming hiatus had accelerated net terrestrial carbon uptake.
Wang et al. [24] used long-term satellite and FLUXNET records to examine vegetation phenology
trends in the northern hemisphere before and during the warming hiatus. They concluded that the
rate of spring and autumn phenology change had slowed during the warming hiatus. These studies
have highlighted the fact that a slight change in the mean global temperature may have profound
implications for the climate system and the response of vegetation. In addition, a number of factors
could have contributed to the recently observed hiatus in global warming, including changes in
radiative forcing, anthropogenic radiative forcing, deep ocean heat uptake, and internal variability
of the climate system [20,25-28]. However, other studies have noted that the warming hiatus is not
a worldwide phenomenon but rather is mainly due to exceptionally cold events over continents in
the northern hemisphere during boreal winter [29,30]. This confluence of considerable impacts and
controversial conclusions about the warming hiatus raises several questions, such as (1) whether
the increasing trend of the growing season temperature, which has more to do with the growth of
vegetation than the global mean temperature, had also stalled or even reversed in vegetation areas
of the northern hemisphere after 1998; (2) whether the hydrological cycle in vegetation areas had
decelerated during this global warming hiatus period; and (3) how the drought characteristics might
have changed in vegetation areas of the northern hemisphere before and after the critical time point
of 1998.

To address these issues, we first estimated the mean vegetation phenology, including the dates
of the start of the growing season (SOS) and end of the growing season (EOS), on the basis of 34
years of NDVI3g (third-generation normalized difference vegetation index (NDVI)) data. We then
further identified the length of the mean growing season in each pixel of the vegetation zone in the
northern hemisphere. Second, we explored temporal variations in the growing season temperature,
precipitation, and Standardized Precipitation Evapotranspiration Index (SPEI) during the periods of
1982-1998 and 1999-2015, respectively, and on the basis of this analysis, we explored the temporal and
spatial patterns of drought characteristics, including their duration, intensity, and frequency before
and after 1998, as well as their variations at the biome level. Finally, we investigated the spatial pattern
of vegetative drought sensitivity at the biome level with the aim of fully understanding the underlying
effects of drought variation on vegetation.

2. Materials and Methods

2.1. Study Area

We concentrated our study on the northern hemisphere extratropical terrestrial ecosystems (>30° N;
Figure 1) to estimate the phenology and further identify the growing season length because vegetation
has evident seasonality in these areas. Previous studies have also concluded that satellite-derived
NDVI for these regions have been less influenced by solar zenith angle effects [31,32]. To illuminate the
drought variations at the biome level, we classified the vegetated areas into eight biomes according to
the land cover classification map produced by Olson et al. [33]. To reduce the noise from nonvegetated
areas, those areas with an annual mean NDVI of <0.1 were considered nonvegetated and were excluded
from the remote sensing-based growing season length estimation.
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Figure 1. Study area and the distribution of biome types. The land cover classification map was
obtained from the Olson et al. [33].

2.2. Data Sets

2.2.1. Satellite NDVI Data Set

The NDVI has been widely used as an important proxy of photosynthetic activity to reflect
the seasonality of vegetation. In this study, we used the 15-day GIMMS3g (third-generation Global
Inventory Modeling and Mapping Studies) NDVI time series ranging from 1982 to 2015 to extract
the dates of the SOS and EOS, and we subsequently identified the growing season length for each
pixel. The GIMMS NDVI3g versionl was provided by the NASA Ames Ecological Forecasting Lab
(http://ecocast.arc.nasa.gov/data/pub/gimms/3g.v1). Such NDVI3g data have a spatial resolution of
1/12° and have undergone rigorous correction, preprocessing, and validation, which has allowed the
data to be widely used in previous climate change-related research [24,34].

2.2.2. Climate Data

Monthly precipitation and temperature data from 1982 to 2015 were obtained from the Climatic
Research Unit Time Series (CRU-TS) data set (http://data.ceda.ac.uk/badc/cru/data/cru_ts). The latest
version of this database, version 4.03, has been updated to span 1901 to 2018, with 0.5° spatial
resolutions on land areas [35]. It was derived by the interpolation of monthly climate anomalies
from extensive networks of weather station observations, and it has also been widely used in climate
change-related studies [1,34].

2.2.3. SPEI Data

The SPEI data set for the period from 1901 to 2015, with a monthly frequency temporal resolution
and a 0.5° spatial resolution at timescales from 1 to 48 months, was obtained from the Consejo Superior
de Investigaciones Cientificas (CSIC; http://spei.csic.es/database.html). The SPEI value at each pixel
was calculated based on the difference between precipitation and potential evapotranspiration (PET)
to describe the drought conditions with respect to normal conditions for a given period. This process
revealed that a decrease in the SPEI may be caused by an abnormal increase in the PET or a decrease
in precipitation. In this SPEI data set, the PET was calculated based on the FAO-56 (Food and
Agriculture Organization of the United Nations, Irrigation and Drainage Paper 56) Penmann-Monteith
equation [36], which integrates the mass transfer and energy balance and has been widely used around
the world [5,7]. In addition, the SPEI has different implications at different timescales. For example, the
SPEI for longer timescales, such as 12 or 24 months, can reflect medium-term trends in precipitation
patterns and may provide an annual estimation of the reservoir levels, stream flows, and even
groundwater levels. While for shorter timescales, such as 1 to 3 months, the SPEI can be used to mirror
prompt changes in soil moisture, which is particularly important for biomass production. Because
the aim of the study was to investigate the drought variations and their impacts on vegetation areas,
which are sensitive to soil moisture, a 3-month timescale SPEI for the period of 1982 to 2015 was
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selected to reveal the variations in drought characteristics, including the drought duration, intensity,
and frequency, during the growing season in the northern hemisphere.

2.2.4. Gross Primary Production Data

The 8-day interval-gridded gross primary production (GPP) data set from Global Land Surface
Satellite (GLASS) products was used. This database covers 1982 to 2015 and globally has a 0.05° spatial
resolution in vegetation areas. The GPP product was simulated from the integration of eight light-use
efficiency models by the Bayesian model averaging method. Its accuracy has been validated by 155 flux
sites around the world [37,38].

2.3. Estimation of the Growing Season Length from the NDVI

For each pixel, the length of the growing season was defined as the time interval between the
SOS and EOS dates. To estimate the SOS and EOS from the NDVI data, we adopted the modified
Savitzky—Golay filter to smooth out mutational noise in the NDVI time series that is generated by
unstable atmospheric states, such as clouds [39]. Because various methods can be used to extract
phenology dates from the NDVI time series, the estimated result of each method may be different.
Therefore, to prevent the phenology estimation method from affecting the results, we selected four
widely used methods to determine the SOS and EOS for the northern hemisphere.

For Method 1, we first used the double logistic method to fit the NDVI time series at a daily
temporal resolution [24,34,40], and it can be described as:

1 n 1
1+ ec(t—d) 14+ ee(t—f)

NDVI(t) =a-+ b( ) (1)
where NDVI;) is the fitted NDVI at day £; a is the initial background NDVI value; a + b is the maximum
NDVI value; and ¢, d, ¢, and b are parameters of this function.

The annual variation curve of the NDVI was divided into two sections by the NDVI maximum
value: the ascending part (indicating the vegetation recovery from the nongrowing season) in about
the first half of the year and the descending part (indicating the process of plant senescence from the
growing peak) in about the second half of the year. For the ascending part of the NDVI, the SOS date
was extracted as the local maximum in the first derivative of the fitted NDVI, and for the latter part,
the EOS date was extracted as the local minimum in the first derivative of the fitted NDVI. In other
words, the date when the NDVI increased (or decreased) faster was determined as the SOS (or EOS).

In Method 2, the NDVI data were fitted with a double logistic function, and the second-order
derivative of the fitted curve was then calculated. The two dates corresponding to the two local
maximum points in the first half of the year were the SOS and the onset of maturity. The two dates
corresponding to the two local maximum points in the second half of the year were the onset of
senescence and the EOS [24].

In Methods 3 and 4, we also used the different threshold values method to extract the phenology.
First, the NDVI data were fitted by the double logistic function shown in Equation (1). The fitted NDVI
was then normalized by using the following function:

(NDVI — NDVL,;, )
(NDVIyax — NDVI,,;i, )

NDVI, 4t = (2)
where NDVI represents the fitted daily NDVI data by the double logistic function; NDVL,;,, represents
the minimum NDVI for each year, and NDVI,;;, represents the maximum NDVI for each year.
In Method 3, the SOS was determined as the day when the NDVI, 4, increased to 0.2 in the spring, and
the EOS was determined as the day when the NDVI,;, decreased to 0.2 in the autumn. Method 4 was
similar to Method 3, except that the threshold ratio value was set as 0.5. Finally, we used the average
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value of the four SOS and EOS extraction results as the final SOS and EOS applied in our study to
reduce uncertainties caused by any single calculation algorithm.

2.4. Defining a Drought Event and the Drought Duration, Intensity, and Frequency

There are various drought indices that can be used to quantify the variations in drought
characteristics, such as the Standardized Precipitation Index (SPI) proposed by McKee et al. [41],
which is calculated based on precipitation data. The SPI has a wide application mainly because of its
simplicity of calculation and because it can be calculated at different timescales to monitor droughts
with respect to different usable water resources. However, it overlooked the effects of temperature and
PET on the occurrence of drought events. Another widely used drought index, the Palmer Drought
Severity Index (PDSI), which is calculated based on both precipitation and temperature data, as well as
the water content of the soils, seems more appropriate for the objective and quantitative evaluation
of drought severity in the context of global warming. However, because of its fixed temporal scale
(yearly timescale), PDSI lacked the multiscale characteristic essential for us to determine the drought
characteristics within a growing season period. Therefore, to verify the accuracy of the results of
this paper, we analyzed the changes in drought characteristics by using the more accurate grid SPEI
data, in which the PET was calculated by the Penman—-Monteith equation [36]. Compared with the
Thornthwaite method, the Penman—-Monteith equation takes into account the combined effects of
wind speed, radiation, and relative humidity on evapotranspiration; it was thus a more accurate,
comprehensive, and physically based model for estimating the PET.

The monthly SPEI-3 (SPEI at a 3-month timescale) series for each pixel during the growing season
from 1982 to 2015 was selected to construct the drought duration, intensity, and frequency maps.
For example, for a specific pixel, the SOS occurred in March and the EOS occurred in November.
The monthly SPEI series from March to November from 1982 to 2015 was then selected for the drought
characteristic analysis. The drought event starts and end dates in the month were defined as when
the SPEI fell below 0 and when the SPEI returned to a positive value, respectively. However, because
the soil moisture can buffer vegetation growth during periods of moisture deficiency, in our analysis,
a drought event was defined to occur when the SPEI value fell below 0 for at least three consecutive
months. Once a drought event had been determined with its start and end months, the duration of the
drought event was calculated by the number of months between the start (included) and end months
(not included). In addition, the drought intensity was calculated as the value of the integral area
between the SPEI line and the horizontal x axis (SPEI = 0) from the start to the end month of the drought,
which indicated that the more negative the intensity value, the more severe the drought. The drought
frequency was defined as the number of drought events that occurred over a defined period.

To compare the changes in drought duration and intensity before and after the critical time point
of 1998, the total drought duration (TDD) and total drought intensity (TDI) were then calculated
as the sum of the duration and intensity of the drought events that occurred in 1982-1998 and
1999-2015, respectively.

2.5. Statistical Analysis

The annual trends for climate factors, SPEI values, and drought characteristics were estimated by
regressing them against the year over the periods of 1982-1998 and 1999-2015. To match the spatial
resolution of the NDVI data, the precipitation, temperature, and GPP data were first resampled into
1/12° by using the bilinear interpolation method. The drought sensitivity of ecosystem production was
determined based on a Pearson correlation analysis between the annual GPP and SPEI data, with high
correlation coefficients indicating a high drought sensitivity (high vulnerability to drought) and vice
versa [42]. The significance of correlations was evaluated at p < 0.05.
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3. Results

3.1. Spatial Distribution of Averaged SOS and EOS from 1982 to 2015

Spatial patterns of the SOS and EOS were shown in Figure 2. These results showed that the mean
SOS in the 1982-2015 period in the northern hemisphere mainly occurred from March to May (from
the 80th to 150th day of the year (DOY)), which accounted for 93.8% of the pixels (Figure 2c). Earlier
SOS (<80th DOY) regions were located in the southeast regions of North America, the southwest
regions of Eurasia, and the middle-east regions of China, whereas the later SOS (>150th DOY) regions
were concentrated mainly in high-latitude areas (Figure 2a). Additionally, in more than 96.2% of the
study area, the EOS occurred from September to November (from the 255th to 325th DOY), and 76.2%
occurred from September to October (Figure 2d). Most late EOS (>315th DOY) regions were located in
the southeastern and northeastern parts of North America and western Eurasia, whereas most early
EOS (<275th DOY) regions were located in inner Asia (Figure 2b).
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Figure 2. The spatial distribution of average SOS (a) and EOS (b) of vegetation area in the Northern
Hemisphere during 1982-2015. (¢,d) shows the frequency distribution of 34-year averaged SOS and
EOS, respectively.

3.2. Temporal and Spatial Patterns of Climate Factors and SPEI within Vegetation Growing Seasons in
1982-1998 and 1999-2015

A piecewise linear regression method was used to quantify the change in annual averaged climate
factors (mean value during the growing period), including precipitation and temperature before and
after 1998. Results showed no obvious changing trend in precipitation in 1982-1998, but precipitation
increased significantly (p < 0.05), by 7.8 mm per decade, in 1999-2015 (Figure 3a). With respect to
temperature, no apparent warming hiatus was observed after 1998. On the contrary, the temperature
increased by 0.3 °C per decade both before and after 1998, and this increasing trend was statistically
significant (p < 0.05) in 1999-2015 (Figure 3b). In addition, it is worth noting that the standard deviation
of precipitation and temperature were both higher in 1982-1998 than in 1999-2015. As for the SPEI,
a significant (p < 0.01) increasing trend was observed over the entire study period, which indicated that
the vegetation zone of the northern hemisphere had undergone a considerable wetting trend in the
growing season of 1982-2015. When the period was divided into two parts, neither increasing trend in
the SPEI was statistically significant, but the trend increased more rapidly in 1999-2015 (Figure 3c).

Spatial patterns of the SPEI during the two study periods were reflected by their mean values and
the standard deviation. Significantly different spatial patterns in the mean SPEI were observed both
before and after 1998 (Figure 4). In 1982-1998, the regions with a low SPEI (<—0.1) accounted for 27.7%
of the study area and were mainly located in the high and mid-latitudes, including the middle and
northeastern part of Russia, northwestern Canada, and northern Kazakhstan (Figure 4a). However,
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after 1998, the regions with a low SPEI decreased to 13.6% and were mainly concentrated in low-latitude
areas, including northern Mongolia and northeastern China (Figure 4b). Overall, the high-latitude
areas underwent a considerable increase in SPEI (wetting trend) in 1999-2015. Compared with the SPEI,
the standard deviation also showed a high spatial heterogeneity for the study area, but no apparent
difference was observed between the two study periods. Most standard deviations were in the range
of 0.5 to 0.9. Regions with a high standard deviation were observed mainly in the northeastern and
north-central parts of Russia and northwestern Canada, whereas areas with low standard deviations
were widely concentrated in the middle- and low-latitude regions (Figure 4c,d).
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Figure 3. Changing trend of annual (a) precipitation, (b) temperature, and (c) SPEI during 1982-1998
and 1999-2015, respectively. Each year value was averaged of all pixels during the growing season.
The blue line is the linear fit of 1982-1998; and the red line is the linear fit of 1999-2015.
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Figure 4. Spatial patterns of SPEI and its standard deviation during 1982-1998 and 1999-2015. (a,b) the
spatial patterns of SPEI during 1982-1998 and 1999-2015, respectively; (c,d) the spatial patterns of
standard deviation of SPEI during 1982-1998 and 1999-2015, respectively.

3.3. Temporal and Spatial Patterns of Drought Characteristics in 1982-1998 and 1999-2015

We observed that both the annual drought duration and drought intensity series changed
abruptly at approximately 1998 across the entire period (Figure 5). Specifically, the drought duration
showed a slight increasing trend before 1998, but this trend was subsequently reversed in 1999-2015,
with a significantly (p < 0.1) decreasing trend by 2 months per decade (Figure 5a). The absolute
values of drought intensity exhibited a slight decrease before 1998 but a strong decrease afterward,
with a 6.5 times larger trend (Figure 5b).

Figure 6 showed the TDD maps for each selected period (1982-1998 and 1999-2015). During the
1982-1998 period, more than 19.14% of the study areas had TDDs longer than 50 months, and these
areas were located mainly in northwestern Canada, the eastern United States, northern Kazakhstan,
and a large part of central and eastern Russia (Figure 6a). However, during the 1999-2015 period,
the number of high-level TDD areas (TDD >50 months) decreased considerably and accounted for
only about 11% of the study area. The high-level TDD areas in 1999-2015 were located mainly in
intersection regions, such as North America and Canada, northern Inner Mongolia, eastern China, and
scattered locations in Russia (Figure 6b). In addition, by calculating the difference in TDD between
these two selected periods, we found that the percentage of TDD areas that had decreased accounted
for 60.2% of the total study area, with more than 27.5% of the pixels showing a decrease of more
than 14 months (Figure 6¢,e). The distribution of these areas (TDD with a decrease of >14 months)
closely coincided with the distribution of high-level TDD (>50 months) areas in 1982-1998 (Figure 6a,c).
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Overall, the mean TDD decreased from 39.03 months in 1982-1998 to 34.23 months in 1999-2015
(Figure 6d). However, we also found that about 13% of the pixels experienced a pronounced increase
(>14 months) in TDD and that these areas were mainly located in low latitudes in the study area, such
as northern Mongolia, northeastern China, and the eastern United States (Figure 6¢,e).
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Figure 5. Inter-annual variations of (a) drought duration and (b) absolute value of drought intensity
during 1982-1998 and 1999-2015. Each year value was averaged of all pixels. The blue line is the linear
fit of 1982-1998; and the red line is the linear fit of 1999-2015.

150: w1200 W ‘)0°I w 60°W 30‘: W I];’ 30I° E 60‘.’ E 90°E 120°E 150° E d X10°
1 1 1 1 1

mean = 39.03

S50°N 70°N  90°

1982-1998

pixel counts

150°W  120°W  90° W 60°W 30°wW 0° 30°E 60°E 90°E 120°E 150°E 180°
1 1 1 1 1 1 1 1 1 1 1

50°N 70°N  90°
L

19992015 | . AR

7 80 9%
5
— € 35
Total drought duration (months) N
N Kilometers A 30
0<1515 22 29 36 43 50 57 65>65 ¢ 1550310 620
150°W  120°W  90°W 60°W 30°wW 0° 30°E 60°E 90°E 1200E  150°E st
IS 1 1 1 1 1 1 1 1 1 1 1 &
5
* .20
. §
g %ls
£
z [~}
o 10
z
s
Total drought duration different
0
& oS B P A TDD diff
<34-34 24 —14 0 14 24 34 >34 P yﬂ' O AR S e A

Figure 6. The spatial distribution of total drought duration (TDD) of each pixel in Northern Hemisphere
during 1982-1998 and 1999-2015. (a,b) exhibited the spatial distribution of TDD during 1982-1998
and 1999-2015, respectively; (c) showed the spatial patterns of the TDD different between 1982-1998
and 1999-2015. (d) represented the frequency distribution of TDD in 1982-1998 and 1999-2015.
(e) represented the frequency distribution of the TDD different between 1982-1998 and 1999-2015.

Differences in the TDI maps between the 1982-1998 and 1999-2015 periods were shown in Figure 7;
the more negative the TDI value was, the more often the area was affected by high-severity droughts.
The results showed that more than 64.8% of areas exhibited an increased TDI and that 23.5% of
the pixels of the TDI increased by more than 16 (Figure 7c,e). In addition, it is worth noting that
the mean TDI increased from —30.12 in 1982-1998 to —25.0 in 1999-2015 (Figure 7d), which further
indicates that the effects of the drought were alleviated after 1998. Spatially, the TDI maps showed a
roughly similar spatial pattern as the TDD during the two study periods because they are connected.
The proportion of high-level drought intensity (TDI <—44) areas decreased from 13.2% in 1982-1998
to 6.7% in 1999-2015 in the study areas (Figure 7a,b), and these high-level drought intensity areas
were concentrated mainly in eastern and middle Russia, northeastern China, and northern Kazakhstan
during the 1999-2015 period.
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Figure 7. The spatial distribution of total drought intensity (TDI) of each pixel in Northern Hemisphere
during 1982-1998 and 1999-2015. (a,b) exhibited the spatial distribution of TDI during 1982-1998
and 1999-2015, respectively; (c) showed the spatial patterns of the TDI different between 1982-1998
and 1999-2015. (d) represented the frequency distribution of TDI in 1982-1998 and 1999-2015.
(e) represented the frequency distribution of the TDI different between 1982-1998 and 1999-2015.

High drought frequency (>11 events) areas accounted for 16.1% of the study area in 1982-1998,
and these areas were located mainly in northwestern Canada, northern Kazakhstan, and the central
and eastern parts of Russia (Figure 8a). After 1998, the proportion of high drought frequency areas
decreased significantly and accounted for only 9.6% of the total pixels. These high drought frequency
areas in 19992015 were located mainly in northern Mongolia and northeastern China (Figure 8b). When
comparing the drought frequency areas between the 1982-1998 and 1999-2015 periods, we found that
54.1% of the pixels showed a decrease in drought frequency and that 4.9% of them had decreased by more
than 6 events (Figure 8c,e). Overall, the mean values for drought frequency decreased from 8.9 events in
1982-1998 to 8.0 events in 1999-2015 (Figure 8d). However, in a small proportion of areas, the drought
frequency also showed a pronounced increase (>6 events), such as in Mongolia and northern China
(Figure 8c).

3.4. Changes in TDD, TDI, and DF at the Biome Level

The mean TDD, TD], and drought frequency at each biome during the 1982-1998 and 1999-2015
periods were presented in Figure 9. Results showed that the largest decrease in the mean TDD occurred
in the tundra (TUN; decreased from 44.7 to 33.1 months) biome, followed by the boreal forests or taiga
(BF; 39.3 to 31.2 months), temperate coniferous forests (TCF; 37.9 to 31.9 months), temperate grasslands,
savannas, and shrublands (TGSS; 37.6 to 33.9 months), and montane grasslands and shrublands (MGS;
39.8 to 36.6 months) biomes, whereas the deserts and xeric shrublands (DXS), temperate broadleaf and
mixed forests (TBMF), and Mediterranean forests, woodlands, and scrub (MFWS) biomes showed no
obvious change (Figure 9a). At the same time, except for MFWS, all the biomes presented increased in
TDI (Figure 9b). The increased amplitudes of each biome were roughly consistent with the changes in
TDD, whereas the largest increase in TDI also occurred in the TUN (=35.5 to —25.8) biome, followed by
the BF (=32.0 to —23.1), TCF (-29.2 to —22.8), TGSS (—27.2 to —23.5), and MGS (-29.8 to —26.3) biomes.
As for the changes in mean drought frequency (DF), only the TUN, BF, and TCF biomes exhibited
obvious decreases, from 9.9 to 7.9, 9.3 to 7.6, and 8.7 to 7.4, respectively (Figure 9c).
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Figure 8. The spatial distribution of drought frequency (DF) of each pixel in Northern Hemisphere
during 1982-1998 and 1999-2015. (a,b) exhibited the spatial distribution of DF during 1982-1998
and 1999-2015, respectively; (c) showed the spatial patterns of the DF different between 1982-1998
and 1999-2015. (d) represented the frequency distribution of DF in 1982-1998 and 1999-2015. (e)
represented the frequency distribution of the DF different between 1982-1998 and 1999-2015.
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Figure 9. The average total drought duration (TDD) (a), total drought intensity (TDI) (b), and drought
frequency (DF) (c) at each biome during 1982-1998 and 1999-2015.

As regard to the interannual variations in mean drought duration and drought intensity during
the two study periods among different biomes (Table 1), we found that the annual trend for drought
duration had transformed from increasing to decreasing trend in the TBMF, TCF, and TGSS biomes.
Among them, the trend in the TCF biome decreased significantly (p < 0.05) by 0.06 months per year
during the 1999-2015 period. In the TUN biome, the drought duration exhibited a slight decrease
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before 1998, but it increased more strongly afterward, with an 18 times larger trend. The drought
intensity showed nonsignificant trends in the TBMF, TCF, TGSS, MGS, MFWS, DXS, and TUN biomes
in 1982-1998, but a significant increase afterward in the TCF (p < 0.05) and TUN (p < 0.01) biomes.
In addition, the drought intensity increased significantly (p < 0.05) in the BF biome before 1998, but
this trend was subsequently stalled.

Table 1. Interannual variations in total drought duration (TDD) and total drought intensity (TDI) at the
biome level during the 1982-1998 and 1999-2015 periods, respectively 1.

TDD TDI
Biome
1982-1998 1999-2015 1982-1998 1999-2015
TBMEF 0.009 -0.009 -0.003 0.014
TCF 0.003 —-0.06 —0.006 0.051
BF —0.026 -0.012 0.043 0.009
TGSS 0.004 -0.012 0.005 0.008
MGS 0.014 0.006 —0.033 0.007
TUN —0.004 -0.074 0.009 0.092
MFWS -0.027 0.005 0.023 0.03
DXS 0.04 0.002 -0.047 —0.006

! The value for each period is the average of all pixels in that specific biome. The significant with p < 0.05 was shown
in bold, and p < 0.01 was shown in bold and italic.

3.5. The Sensitivity of Ecosystem Production to Drought

The sensitivity of ecosystem production to drought was reflected in the ability of vegetation to
respond to and recover from the impacts of a drought event. This was a particularly important indicator
when estimating the drought impacts. Drought that occurs in highly drought-sensitive areas will
cause a larger reduction in production than will drought in low drought-sensitive areas. Our results
showed that the interannual variation in GPP was closely correlated with the annual SPEI (averaged
values during the growing season) in most of the study areas (Figure 10a,b), which indicated that the
dryness or wetness exerts a large influence on the GPP. The spatial patterns of highly drought-sensitive
areas were roughly the same over the two study periods, and they were located mainly in arid and
semi-arid areas, such as northern Kazakhstan, northern Mongolia, northern China, and the midwestern
part of the United States. It is worth noting that at the biome level, a great proportion of the highly
drought-sensitive areas were concentrated in the DXS (43.5%), TGSS (24%), and TBMF (16.3%) biomes
(Figure 10c), where the drought duration, intensity, and frequency were not significantly alleviated
in 1999-2015. However, the proportion of highly drought-sensitive areas in biomes with significant
drought relief was very small. For example, these proportions were only 0.44% (averaged across the
two study periods) and 5.4% of the highly drought-sensitive areas were located in the TUN and TCF
biomes, respectively. This means that even though the average number of the occurrence of drought
events was reduced over the vegetation zone of the northern hemisphere, the mismatch between the
reduction in drought areas and the highly drought-sensitive areas still makes the impact of drought on
vegetation nonnegligible.
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Figure 10. Spatial patterns of drought sensitivity of vegetation during (a) 1982-1999 and (b) 2000-2015.
Significance of correlations was assessed at p < 0.05. (c) showed the proportion of high drought
sensitivity areas (significantly positive correlation) at each biome.

'

. Discussion

Temperature, precipitation, and PET are three key variables of the SPEI that can greatly influence
the variations in drought. Temperatures have increased significantly around the world in recent
decades, and the predominant explanations given have been the increasing use of fossil fuels and the
increase in greenhouse gas emissions caused by anthropogenic activities [43,44]. In this context, recent
work suggests that global aridity has increased in step with the observed warming trends and that
this drying will aggravate for many regions as the continuous rise in temperature further increases
evapotranspiration [7,18]. However, in contrast to the general expectation that a warmer climate will
bring about an increase in PET, several studies have demonstrated that the PET has shown a steady
downward trend over the last 18-20 years, both globally [45] and regionally in many areas of the
northern hemisphere, such as in northern China [46], India [47], Italy [48], and Canada [49]. This is
known as the “evaporation paradox” phenomenon [50]. Recently, several studies have attempted
to explain what causes this paradoxical phenomenon. Some authors have concluded that under the
backdrop of climate change, a weakening of PET resulted from the combined effects of sunshine hours,
wind speed, solar radiation, and relative humidity overcomes the increase in PET induced by the
temperature elevation and eventually results in increased PET in some regions [51]. It is important
to note that a regional study in China emphasized that the rising temperatures contribute to a very
limited extent to the variation in PET compared with other climate factors [52]. Our study results
supported the view that using only temperature as input data to estimate the variation in PET, such as
by using the Thornthwaite method [53], will overestimate the effects of global warming and eventually
result in producing incorrect drought trends [1,5]. This may partially explain why recently published
studies have generally produced apparently conflicting results regarding to drought trends in the
context of climate change.

In addition, a great deal of research has indicated that human-influenced global warming not only
affects evapotranspiration but may also be partly responsible for increases in heavy precipitation [54,55].
Our results revealed a significant increase in precipitation in the vegetation zone of the northern
hemisphere (Figure 3a) and showed that the areas with a wetting trend in 1999-2015 were located
mainly in the high and mid-latitudes (Figure 4), which is consistent with the result by Zhang et
al. [56]. That study also attributed the significant increases in precipitation in the mid-latitudes of
the northern hemisphere to anthropogenic forcing [56]. The wetting trend in high latitudes was also
identified by Zhang et al. [57], but they contributed this wetting trend (especially for Eurasian Arctic
regions) to the enhancement of poleward atmospheric moisture transport. In parallel, Spinoni et al. [58]
investigated the drought characteristics variations globally based on SPI and also revealed that the
drought frequency decreased significantly in Northern Hemisphere in recent decades. Contrary to our
results, however, they concluded that the drought duration and intensity have changed insignificantly.
The main reason for this discrepancy was that the SPI calculation was based only on precipitation data,
and the effects of temperature and PET on drought were overlooked. Guan et al. [59] used Al and
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Palmer Drought Severity Index (PDSI) to study the response of drought to the recent global warming
hiatus in Northern Hemisphere and also revealed a wetting trend over the mid-to-high latitudes.
However, they deduced that the wetting zone (high latitudes of Northern Hemisphere) is likely to
disappear when the temporary global warming hiatus ended. In other words, they attributed this
wetting trend to the slowdown of the increase in temperature.

However, contrary to the prevailing view of a warming hiatus after 1998 that occurred in both the
global and hemispheric scale [59], our results showed that increasing trends in the growing season
temperatures of Northern Hemisphere during this time period were even more statistically significant
than those before. This discrepancy indicated that the reversed trend (decreasing trend) in non-growing
season temperature may have overweighed the increasing trend in growing season temperature and
eventually resulted in slowing down of rising in annual mean temperature in the Northern Hemisphere.
However, such assumption needs to be further validated by future work. In addition, the increase
in growing season temperature may be related to the snow-albedo feedback because a rapid rise in
temperatures will accelerate the melting of snow, which in turn will reduce the surface albedo in
high-altitude areas of the northern hemisphere, resulting in enhanced absorption of solar radiation on
the land surface and further increasing the temperature [60]. Beyond that, the accelerated melting
of the snow and ice may be another important reason (besides the increase in precipitation) of why
the areas with wetting trends are located mainly in the high latitudes. In addition, drought events
primarily affect the productivity of the vegetation. However, an interesting phenomenon is that the
significantly increasing trend in production before 1998 (referred to by the GPP and NDVI) was slowed
or even reversed during the 1999-2015 period in a great part of the northern hemisphere, while the
drought events obviously decreased. Yuan et al. [61] tried to explain the slowing down or even the
decreased in vegetation production during this period in terms of an increased atmospheric vapor
pressure deficit, which describes the difference between the water vapor pressure at saturation and the
actual water vapor pressure for a given temperature, and plays a critical role in determining plant
photosynthesis. Those authors concluded that the increased vapor pressure deficit had offset the
positive CO; fertilization effect in 1999-2015 and eventually resulted in persistent and widespread
decreases in vegetation productivity. However, our results revealed that the mismatch between the
distribution of highly drought-vulnerable areas and significant decreases in the areas of drought may
also be partly responsible for this discrepancy.

Regarding the method, we suggest that the drought indices should preferentially include the
dynamics of temperature in the context of global warming. Therefore, we selected SPEI, which
combines the sensitivity of the PDSI with changes in the evaporation demand (mainly caused by
temperature fluctuations and trends) and the multitemporal nature of the SPI, to define the drought
events. In this context, our findings of a significant wetting trend within the growing season in the
northern hemisphere should be more consistent with the real-life situation. Additionally, compared
with the change in drought as characterized by area [62], our study used the drought duration, intensity,
and frequency, which could comprehensively express the occurrence of drought within a time interval
and had better applicability in the severity analysis method. Despite these achievements, this study
still faced two limitations. First, because of the limited availability of data, we did not show the
temporal and spatial variations in PET, which were also important to fully understand the climatic
drivers in regional drought. Second, we used only CRU-TS temperature data to reveal changes in
temperature within the growing season in vegetation areas of the northern hemisphere. However,
several recent authors have emphasized that other important aspects of the warming hiatus were
related to observational biases in global surface temperature data that could well have muted the
recent warming [63,64]. Therefore, cross-validation of our comparison with different data sets would
seem to be particularly necessary.
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5. Conclusions

Using various high-quality data sets, namely, the GIMMS-3g 1/12° spatial resolution NDVI,
CRU-TS climate (0.05°), and SPEI (0.05°), we analyzed the variation in drought characteristics,
including the drought duration, intensity, and frequency, within the growing season in the northern
hemisphere before and after the important time point of 1998, after which the global warming trend
was stalled. Furthermore, on the basis of these analyses, we explored the impacts of the spatiotemporal
variation in drought characteristics on various vegetation types. The results indicated that the annual
growing season precipitation, temperature, and SPEI all showed significant (p > 0.05) increases during
the 1982-2015 period and that the increasing trend in temperature after 1998 was steadier and more
significant than before. No obvious changes in drought characteristics were observed before 1998, but
afterward, both the drought duration, drought frequency, and absolute values of drought intensity
decreased significantly. Spatially, the areas with considerable wetting trend were located mainly at
high latitudes, such as in northwestern Canada, the eastern United States, and a great part of central
and eastern Russia. At the biome level, significant decreases in drought characteristics mainly occurred
in the TUN, BF, and TCF biomes. In addition, to fully understand the potential damage to vegetation
from drought, we extracted the highly drought-vulnerable areas by examining the correlation between
GPP and the SPEIL We found that the highly drought-vulnerable areas were located mainly in the low
latitudes and that they mainly occurred in the DXS, TGSS, and TBMF biomes, which is inconsistent
with the distribution of obvious decrease in drought areas. Therefore, we suggested that although
overall wetting trends were found in vegetation areas in the northern hemisphere, the low latitudes
(especially the arid and semi-arid areas) still face a greater threat of drought.
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