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Drought changes and the underlying causes have, in the backdrop of warming climate,
aroused widespread concern. However, exact changes in patterns of meteorological
droughts in both space and time are still open for debate. The Northern Hemisphere is
home to 90% of the world’s population and has been afflicted by droughts over time. Here
we present the evolution of spatiotemporal patterns of meteorological droughts, quantified
by standardized precipitation evapotranspiration index across the Northern Hemisphere
and related causes during a period of 1961-2018. We found amplifying droughts
characterized by higher frequency, longer duration, and stronger severity across
middle- and low-latitudes of the Northern Hemisphere, specifically, Mongolia, China
and Central Asia expanding along central Eurasia, Circum-Mediterranean region, and
southwestern North America (NA). Russia, Central Asia, China and the Indian Peninsula are
regions with frequent droughts. Period of 1961-2018 witnessed spatial evolution of
droughts in counterclockwise direction over North America. In general, the spatial
evolution of meteorological droughts in  Northern Hemisphere also followed
counterclockwise direction due to the atmospheric pressure belt, wind bel,
atmospheric circulation, and sea-land breeze. SPEl-based droughts were in close
relation with El Nifio-Southern Oscillation (ENSO) and Atlantic Multidecadal Oscillation
(AMO). In particular, La Nifa phenomenon could dry out southern NA and central and
western Russia; and Atlantic Multidecadal Oscillation might affect the spatiotemporal
variation of the drought in mid-high latitudes. These findings help understand
meteorological droughts in the context of global warming.

Keywords: meteorological droughts, standardized precipitation evapotranspiration index, spatiotemporal evolution,
attribution analysis, northern hemisphere

1 INTRODUCTION

Drought is of stochastic nature afflicting society and eco-environment and is often considered as one
of the costliest natural hazards (Mishra & Singh, 2010; Hayes et al., 2011; Svoboda and Fuchs, 2016;
Yu et al.,, 2019). Drought-induced global economic losses have been estimated to be as high as six to
eight billion US dollars each year (Wilhite, 2000; Yu et al., 2019). Recent decades witnessed growing
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population and expansion of agricultural, energy, and industrial
sectors which pushed up the demand for water resources and
water scarcity risk over the globe (Vorosmarty et al., 2000; Mishra
& Singh, 2010; Sternberg, 2011; Yu et al, 2019). Meanwhile,
anthropogenic global warming is accelerating the global
hydrological cycle (e.g., Allen and Ingram, 2002) and hence is
altering the spatiotemporal patterns of precipitation resulting in
increased hydrometeorological extremes, such as floods and
droughts (Easterling et al., 2000; Dore, 2005; Zhang et al,
2013), while there are remarkable discrepancies in terms of
drought variations under changing climate. Dai et al. (1998)
and Dai (2011) indicated the amplification of droughts and
showed continuously enhancing drought risk in a warming
climate, while Sheffield and Wood (2008) and Sheffield et al.
(2012) argued that little change was observed in global droughts
over the past 60 years. The Northern Hemisphere is home to
~90% of the world’s population, and accounts for about 66.6% of
the world’s land area (Miller et al., 2010). Drought events were
usually recognized as four categories: i.e. meteorological drought
caused by insufficient precipitation, agricultural drought caused
by insufficient soil moisture, hydrological drought caused by
insufficient river flow and water storage, and socioeconomic
drought caused by insufficient demand and supply of
economic commodities brought about by drought (Mishra &
Singh, 2010). While, meteorological drought is usually the
starting point for other three droughts and therefore thorough
investigation of meteorological droughts and relevant causes are
of paramount importance in the sustainability of reginal water
resources and socio-economy over Northern Hemisphere.

A multitude of studies have addressed spatiotemporal patterns
of droughts at regional and even global scales (Zhang et al., 2015;
Herrera-Estrada et al,, 2017). Shiau and Lin (2016) analyzed
meteorological drought variations in both space and time over
Taiwan, China, using quantile regression and cluster analysis
techniques. Spinoni et al. (2019) detected a remarkable increase in
the frequency and severity of meteorological droughts during the
periods of 1951-1980 and 1981-2016 across the Mediterranean
region, the Sahel, the Congo River basin, northeastern China, and
central Asia. Zhang et al. (2021) quantified relationships between
drought and 23 drought factors using remote sensing data during
the period of 2002-2016 across China and found that
precipitation and soil moisture made relatively large
contributions to droughts. Recent studies started to focus on
the spatiotemporal evolution of hydrometeorological variables,
such as air temperature (e.g., Ji et al., 2014) and droughts (Xu
etal, 2015; Yu et al,, 2019). Wang et al. (2015) analyzed drought
evolution trajectories and found that drought evolution can be
attributed to the East Asian summer monsoon. Zhou et al. (2019)
analyzed spatiotemporal variations of meteorological drought
within Poyang Lake Basin, China, in terms of drought clusters,
migration trajectory and migration direction. In this study, we
attempt to depict meteorological drought evolution as well as
migration trajectories over the Northern Hemisphere.

Highlighting causes behind meteorological droughts can help
understand meteorological droughts and drought hazards.
Previous studies have linked spatiotemporal evolutions of
droughts with sea surface temperature (SST) and large-scale
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climate indices reflecting the occurrence of the climate events
(Wu & Kinter, 2009). Erfanian et al. (2017) found that warmer-
than-usual SSTs in the Tropical Pacific (also El Nifo events) and
Atlantic were the main driving factors behind extreme droughts
in South America. However, SST anomalies also results from
atmospheric circulation anomalies (Andreas & Hazeleger, 2005;
Zhe et al., 2016; Turner et al., 2022). Madden Julian Oscillation
(MJO; Zhang 2005) often affects the evolution of SST anomalies;
SST anomalies in the tropics can also feedback extratropical
circulation anomalies (Lau, 1997). Besides, relations between
MJO and precipitation extremes also indirectly corroborate the
impact of SST on droughts (e.g. Zheng et al., 2020). Hence, we
attempted to quantify the relationship between SST and
spatiotemporal evolution of meteorological droughts across
Northern Hemisphere, and investigate causes behind
meteorological droughts from the perspective of SST changes.

El Nifio Southern Oscillation (ENSO) and other large-scale
climate events such as Pacific Decadal Oscillation (PDO) have
substantial impacts on the occurrence and development of
regional and global droughts (Ozger et al, 2009; Wang &
Arun, 2015; Wang et al, 2019; Gore et al., 2020; Nguyen
et al., 2021; Pieper et al, 2021). Sun and Yang (2012) found
that the interactions between La Nina, North Atlantic Oscillation
(NAO), and thermal conditions of the Qinghai-Tibet Plateau
triggered severe droughts in southern China in spring. Feng et al.
(2020) evidenced the important role of large-scale climate drivers
such as ENSO in drought forecasting, showing critical relations
between drought and large-scale climate drivers.

Temporal features of droughts involve frequency, intensity,
duration and trend, and spatial features include drought-affected
area, drought centroid, drought cluster and severity (Mishra et al.,
2010; Mishra & Singh, 2010; Zhou et al., 2019). Yevjevich (1967)
proposed a one-dimensional method to extract duration, severity
and intensity of droughts from drought index sequence.
Andreadis et al. (2005) and Lloyd-Hughes (2012) proposed the
three-dimensional clustering method (e.g., Xu et al., 2015). Perez
et al. (2011) developed the methodologies for characterizing
droughts can be classified into non-contiguous and contiguous
drought area analyses (ie, NCDA and CDA). The one-
dimensional method does not take into account the spatial
distribution of drought events and is suitable for research
based on site data. The three-dimensional clustering method
can use spatial heterogeneity to correct spatial discontinuity
caused by abnormal drought indices and is more suitable for
grid data-based research. Considering that the data in the present
study is a grid dataset, we use a three-dimensional clustering
method (Andreadis et al, 2005) to identify meteorological
droughts and characterize meteorological droughts in terms of
duration, severity, intensity, spatial range, drought centroid and
migration trajectory to delineate the spatiotemporal pattern and
evolution of meteorological droughts.

Here we attempt to analyze the evolution of meteorological
droughts in both space and time and anatomize causes behind
their spatiotemporal evolutions in Northern Hemisphere. This
study can help understand changes of meteorological droughts,
relevant causes and mitigation to meteorological droughts over
Northern Hemisphere.
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2 DATA AND METHODS
2.1 Data

We used SPEI to meteorological drought (Vicenteserrano et al.,
2010) during a period of 1961-2018. The gridded SPEI data
were sourced from Consejo Superior de Investigaciones
Cientificas (CSIC, https://spei.csic.es) with a spatial resolution
of 0.5°x0.5°. Drought grade classification is shown in
Supplementary Table S1 (Yu et al, 2019). Since droughts
make no sense in arid regions, such as desert as well as
extremely cold areas, so we excluded these areas from the
study regions considered in here by mask processing
(Spinoni et al, 2019). Here we analyzed seasonal and
interannual drought variations (Liu et al., 2020) using the
following concepts. We calculated annual SPEI from the 12-
months SPEI (SPEI 12) and seasonal droughts (SPEI 03) during
spring (March to May), summer (June to August), autumn
(September to November), and winter (December to
February of the subsequent year). Droughts at decadal scales
were computed by averaging annual SPEI for every 10 years.

Relative humidity (RH), latitudinal wind velocity (V/U) of
850 h Pa, and the SST were sourced from the ERA5 reanalysis
data with a spatial resolution of 0.25°x0.25" (https://cds.climate.
copernicus.eu/#!/search?text=ERA5&type=dataset). Global mean
temperature anomaly data (TA) from HadCRUT5 with a spatial
resolution of 5°x5° was also analyzed (https://crudata.uea.ac.uk/
cru/data/temperature/). The duration of the abovementioned
data was 1961-2018 (Supplementary Table S2).

Amplifying Droughts Across Northern Hemisphere

Large-scale climate indices (Supplementary Table S3)
considered in this study included the Southern Oscillation
Index (SOI) (Ropelewski & Jones, 1987), the Atlantic
Multidecadal Oscillation (AMO) (Kerr, 2000), and the East
Pacific-North Pacific (EP-NP) (Linkin & Nigam, 2007). SOI
and EP-NP data were sourced from the Climate Prediction
Center (CPC) of the National Oceanic and Atmospheric
Administration (NOAA). AMO was calculated by the Physical
Sciences Laboratory (PSL) of NOAA using the HardiSST v1.1 SST
dataset  (https://www.cpc.ncep.noaa.gov/and https://psl.noaa.
gov/gcos_wgsp/Timeseries/).

2.2 Methods

2.2.1 Modified Mann-Kendall Trend Test and Sen’s
Slope

The MMK trend test (Hamed & Rao, 1998) was used to quantify
the significance of SPEI trends (at 5% significance level). The
magnitude of the SPEI trend was estimated by Sen’s slope (Sen,
1968) as:

(Z] a;

B = Median Vi<j (1)

a
where a;, a; denote two series. Positive (negative) values of 8
indicate an upward (downward) trend.

2.2.2 Identification of Long-Term Drought Events
Drought events were defined as SPEI < -0.5, while a long-term
drought event was defined by the drought with a duration of at least

1 Data &Preprocessing

2 Spatio-temporal variation analysis of SPEI

Drought Index ,_
CSIC SPEI ‘ | |
database (01/03/12) . o
i Spatio-temporal K. T Clustering
A Modified Mann- trend ch A Sty regions
Meteorological data | L Kendall (MMK)
trend test

Preprocess-
ing

Drought event
identification

= —

—

3 Spatio-temporal evolution analysis of drought events

Drought characteristics

Regionprops

function

Drought centroid

rought migration
trajectory

' (HadCR- Temperature [ !
{ UTs Anomaly J
! (TA) ]

Larée climate indices

4 Cause analysis

.(NAO[(PNA |

CPC

| [NOAA/ ‘

: . Humidity field element |

[Riy [ Wind /-
velocity E

Overlay
analysis

Humidity field
dynamic change

' (NP{(SOT(

AMO

Maximum Covariance Teleconnection

Large climate indices 1

Analysis (MCA) analysis

AMO

i\ (NOAAT\ ‘e : SPET
(e |

EP-NP

SOI

. (NOAA/
* \ ESRL

FIGURE 1 | Analysis procedure of this current study.
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3 months. Here we considered three aspects of drought features,
i.e., frequency refers to the number of drought occurrences during a
given period (Spinoni et al.,, 2019); duration refers to consecutive
time intervals dominated by drought events (Haile et al., 2020); and
severity is represented by cumulative SPEI values throughout the
drought period. Smaller cumulative SPEI value shows severer
drought and vice versa (Yu et al., 2019); Centroid refers to the
geometric center of the drought-affected region, depicting a 3-
dimensional space-time space defined by longitude, latitude, and
time (Xu et al., 2015). Here we use the MatLab image processing
function regionprops (The MathWorks, 2014) identify the
centroids of drought events.

2.2.3 K-Means Clustering Method

The K-means method was used to classify a given data set into K
clusters (K is a hyperparameter), giving the center point
corresponding to each sample data (Mcrae, 1971). Here we
identified regions with homogeneous dry and/or wet conditions
based on temporal mean SPEI value, coordinate position, and
trends of SPEI (MMK value and Sen’s slope). We also used the
K-means method to delineate the spatiotemporal pattern of
propagation trajectory of drought events.

2.2.4 Maximum Covariance Analysis

MCA is a singular value decomposition (SVD) analysis that has been
widely used for extracting coupled modes of variability between time
series of two fields (Bretherton et al., 1992; Mo, 2003). Here we used
MCA to quantify teleconnection relationship between SPEI and
SST. The SPEI and SST anomalies (SSTA) were smoothed with a 5-
years bandwidth Butterworth low-pass filter implemented by the
bwfilter function in the mFilter library of the R package to filter out
high-frequency signals within 5 years, highlighting the interdecadal
trend. Then we quantify the time coefficients obtained by MCA with
those of other large-scale climate indices, and evaluate the
significance of time coefficients to anatomize the atmospheric
circulation background of the spatiotemporal evolution of
drought in the Northern Hemisphere. The analysis procedure of
this current study is illustrated in Figure 1.

3 RESULTS AND DISCUSSION

3.1 Spatiotemporal Evolution of SPEI-Based

Drought

3.1.1 Spatiotemporal Evolution of SPEI-Based
Dry-Wet Changes

North America (NA) was dominated by wetting conditions while
drought-affected regions were observed in southeastern parts of
NA from 1961 to 1970 (Figure 2A); The drought-affected areas in
NA shifted roughly counterclockwise along an east-central-
northern-west-south trajectory and drought intensity increased
over time from 1971 to 2018 (Figures 2B-G); Severe drought
occurred in southwestern parts of NA (Figure 2F). In Eurasia, the
drought-affected areas had evolved from scattered distribution to
continuous distribution in patches with amplified droughts
(Figure 2): From 1961 to 1970, scattered drought-affected areas
were found in Russia and the Qinghai-Tibet Plateau (Figure 2A);

Amplifying Droughts Across Northern Hemisphere

Besides, the drought-affected regions were mainly concentrated in
the area between 30°N and 60°N in Eurasia, and distributed along
an east-west strip from 1971 to 2018 (Figures 2B-F). During
1981-2000, the entire Eurasian continent was dominated by mild
drought, and drought-affected regions were located mainly in
central Eurasia with expanding drought-affected areas (Figures
2C,D). Drought intensity increased over Eurasia, and moderate
drought-affected regions were concentrated in Mongolia, northern
and western China, and the northern Indian peninsula during a
period from 2001 to 2010. Meanwhile, moderate drought started to
occur in Central Asia (Figure 2E). The period from 2011 to 2018
witnessed intensifying droughts in Eurasia and the drought-
affected regions were concentrated between 50°N and 60°N,
such as southern Europe, southern Kazakhstan, Mongolia, and
Russia (Figure 2F). Moreover, Northern Hemisphere was
dominated mainly by mild droughts and all drought types
continued to increase with time and it was particularly the case
during 2010-2018, that is, 23.1% (mild drought: 18.1%, moderate
drought: 4.5%, severe drought: 0.5%) (Supplementary Figure
S1A). In addition, droughts mainly occurred during spring and
summer (Supplementary Figure S1B) and particularly in June and
July (Supplementary Figure S3M). In Eurasia, the arid areas were
concentrated along the east-west strip between 30°N and 50°N with
similar spatiotemporal patterns of droughts during spring and at
the yearly scale (Supplementary Figures S2A,C).

3.1.2 Spatiotemporal Evolution of Trends in
SPEI-Based Dry-Wet Conditions

Here we used MMK and Sen’s slope methods to quantify SPEI
trends with significance level of 0.05. Sen’s slope of SPEI in
Northern Hemisphere ranged between -0499 and 0.677.
Scattered regions with significant drying conditions (significant
decrease in SPEI) and/or with significant wetting conditions
(significant increase in SPEI) were found across Northern
Hemisphere (Figure 3). The period of 1961-2018 witnessed the
propagation of drying conditions across NA along the northwest-
southeast diagonal direction (Figure 3): the period from 1961 to
1970 was dominated by significant drying trends in northwestern
NA (Figure 3A); regions with significant drying conditions began
to spread to central NA from 1971 to 1990 and concentrated in
southwestern parts of NA from 1981 to 1991 (Figures 3B,C);
regions with significant drying tendency shrunk and propagated
from southeastern to northwestern parts of NA during 1991-2018
(Figures 3D-F). However, no depictable spatial pattern could be
identified for drying and/or wetting tendency over the Eurasian
continent (Figure 3). We could still identify specific time intervals
dominated by significant drying tendency over NA such as periods
of 1971-1990 across NA and 1961-1970 and 1991-2010 across
Eurasia (Figure 3). Furthermore, areas dominated by decreasing
and increasing droughts reached the trough values during
2010-2018 (significant drying: 1.3%; significant wetting: 1.4%)
(Supplementary Figures S1B).

At annual and seasonal scales, regions dominated by SPEI-
based significant drying tendency during 1961-2018 were
concentrated mostly in mid-latitudes of Eurasia and western
parts of NA (Supplementary Figures S4A,C-F). Nevertheless,
spring and summer were characterized by a significant drying
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FIGURE 2 | Spatiotemporal evolution of SPEI during the period from 1961 to 2018. (A) 1961-1970; (B) 1971-1980; (C) 1981-1990; (D) 1991-2000; (E)
2001-2010; (F) 2011-2018; (G) Drought trajectories in North America (NA). The slashed area was excluded from analysis by mask processing.

tendency and autumn a significant wetting tendency
(Supplementary Figures S4C-E) and areas dominated by the
significant drying tendency accounted for as high as 18.8% in
spring and 17.6% in autumn (Supplementary Figures S$4B).

3.1.3 Regionalization of Wetting/Drying Tendency
The Northern Hemisphere can be subdivided into seven subregions
with different wetting/drying tendencies, ie. R1-R7 (Figure 4G;
Table 1). At seasonal scales, all subregions are subject to a wetting
tendency (Figure 4A). However, we found no evident changes in
drying/wetting conditions (Figure 4C). At decadal scales, R2, R6, and
R7 were in a drying tendency over time and R4 and R5 in a wetting
tendency (Figures 4B,D). In probability sense, wetting/drying
changes within all subregions followed a normal distribution
(Figures 4EF). Therefore, we could find that R7 was the driest
region out of seven subregions and would be in a persistently drying
tendency, while R5 was the wettest region out of seven subregions and
would be in a persistently wetting tendency (Table 1).

3.2 Drought Identification

3.2.1 Identification and Features of Droughts

We analyzed drought features, such as drought frequency, drought
duration, and drought severity. A spatial pattern of drought events is

illustrated in Figure 5. The 30 drought events with the largest drought
intensity considered in this study are displayed in Supplementary
Table S4. Drought events with higher frequency, longer duration and
stronger severity occurred mainly along the middle and low latitudes,
especially in Mongolia, China, Central Asia in central Eurasia, the
Circum-Mediterranean regions and the southwestern NA (Figures
5A-C), and this phenomenon can be attributed to warming climate
and amplifying Arctic warming (e.g., Cohen et al,, 2014).

The top 100 long-term droughts occurred mainly in southern
NA, Caribbean Rim, North Africa, East Africa, East and South
India, Mediterranean region, Mongolia and Russia (Figure 5D).
Meanwhile, the top 10 long-term droughts occurred mainly
during 1992-2018 with drought duration ranging between 33
and 42 months, and most of these droughts occurred in R1 (4
drought events) and R7 (4 drought events) regions
(Supplementary Table S4, Figure 5D), pointing to amplifying
droughts along middle and low latitudes of the Northern
Hemisphere. For example, the drought event that began in
1998 in the eastern Mediterranean Levant region, which
comprises Cyprus, Israel, Jordan, Lebanon, Palestine, Syria,
and Turkey, was recognized as the worst drought of the past
nine centuries (NASA, 2016). In eastern Africa, we found a severe
drought event that was ranked as the second most severe drought
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(Supplementary Table S4), lasting 39 months from June 2008 to
September 2011 (Figure 5D). In addition, one drought occurred
during 2010-2011 in Eastern Africa was one of the most recent
extreme drought events that affected over 20 million people and
caused widespread crop failure (AghaKouchak, 2015). Another
severe drought occurred in South India that can be ranked as the
fourth most severe drought (Supplementary Table S4), lasting
31 months from September 2015 to May 2018, and the drought
reached its peak value in November 2017 (Figure 5D) (Mishra
et al.,, 2021).

For further understanding of the statistical relations amongst
drought features considered in this study, we performed linear
fitting analysis between drought severity and duration
(Supplementary Figure S5). The color shaded range of the
linear fitting started to expand from the drought duration of
20 months and the data points also tended to be more scattered,
implying increasing violation of linear relations between drought
duration and severity with drought duration of longer than 20
months, and that droughts with duration of >20 months were
scarce (Supplementary Figure S5). Thus, we took drought
duration of 20 months as the threshold value for the
identification of a large-scale long-term drought.

3.2.2 Identification of Centroid and Migration
Trajectory of Drought

Identification of drought centroid and migration trajectory are
important for mitigation to drought hazards. Figure 6A shows
drought trajectories across NA, Europe (EU), Central Asia and
Tibet (CT), North Asia, East and Southeast Asia (NES), and
South Asia (SAS). We depicted and analyzed drought trajectories
for each region considered in this study (Figure 6). We attempted

to delineate the evolution of droughts over five subregions. We
observed the clear spatial pattern of drought evolution over NA
(Supplementary Table S4), and analyzed the spatial pattern of
drought evolution during a period from March 2013 to March
2016 across NA. We did similar analyses for other four regions
considered in the study, ie. EU, CT, NES, SAS. Drought
migration trajectories in NA at 6 months followed a
counterclockwise direction (Figures 6B-G). Meanwhile,
extremely low cumulative SPEI values mainly appeared in the
northeastern NA (Figures 6B-E). For drought evolution over
other four regions (Supplementary Figures S6, S8, S10, S12), the
propagation of droughts also followed a counterclockwise
direction (Supplementary Figures S6A-C, S8A,B, S10A-C,
§12C). We also found some drought evolution trajectories in
clockwise direction (Supplementary Figures S8D, S12B).
Therefore, we concluded that migration of drought trajectories
in the Northern Hemisphere mainly followed a counterclockwise
direction.

3.3 Mechanistic Analyses for Drought

Evolution

3.3.1 Changes of RH and V/U Behind Drought
Evolution

We analyzed RH and V/U to investigate potential causes behind
drought evolution in the Northern Hemisphere. RH in the Pacific
Ocean near western NA decreased from March to April in 2013
(Figure 7A), which could be attributed to a clockwise wind with
an increasing velocity within the Pacific Ocean and the cold and
dry air mass from high to low latitudes along the western coast of
NA. The aforementioned driving factors together with the joint
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TABLE 1 | Characteristics of dry and wet changes in the cluster regions from 1961 to 2018.

Region

R1
R2
R3
R4
R5
R6
R7

Distribution location The status of dry Changing trend
and wet

0°N-30°N middle and low latitudes Normal Not significantly
0°N-60°N middle latitudes and northern Russia Normal to mild drought Wetting to drying
Eurasia between 30°N and 70°N Normal Not significantly
NA, a small part in northern South America Normal to mild wet Drying to wetting
Eurasia between 50°N and 70°N, a small part in the Qinghai-Tibet Plateau and northern Pakistan around 30°N  Normal to mild wet Wetting
NA (concentrated in the western region) Normal Drying to wetting
Scattered distribution, concentrated in Mongolia, Central Asia and around the Mediterranean Normal to moderate drought ~ Wetting
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60° E

influence of subtropical high pressure, cold current and south
wind, the drought centroid in NA began to appear in the
southwestern region and moved southward (Figure 6B).
Southeasterly winds prevailed in central NA from April to
May (Figure 7B), and warm and humid air masses from
March to April affected drought occurrences over eastern NA
(Figure 7A). The wind direction and warm and humid air masses
pushed the dry air masses in the central and southern regions
northwards, so the drought centroid began to move
northwestward (Figure 6B). From May to June, the warm air
masses from low latitudes were likely to be forced to be lifted up in
the subpolar low-pressure belt in the northern NA, which was
prone to rainfall changes (Figure 7C). During summer in the
Northern Hemisphere, the drought centroid moved northward
and then returned to the warmer and drier western NA

(Figure 6B). Cold current appeared again along the western
coast of NA from June to July causing warm and dry
conditions (Figure 7D) and then the westward propagation of
drought centroid (Figure 6B). Then cold current began to appear
along the eastern coast of NA causing trying tendency within NA
(Figure 7E), triggering southeastward propagation of the drought
centroid (Figure 6B); From August to September, the
northeasterly wind began in the southern parts of NA
(Figure 7F), causing northeastward propagation of the
drought centroid (Figure 6B). From September to October,
the wind velocity on the western coast of NA increased, the
wind direction brought cold current along the coastline again,
causing cold but humid conditions due to the influence of the
subpolar low-pressure belt (Figure 7G), which in turn caused the
westward propagation of the drought centroid (Figure 6C). From

Frontiers in Earth Science | www.frontiersin.org 8

June 2022 | Volume 10 | Article 914232


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Wang et al.

Amplifying Droughts Across Northern Hemisphere

60°N

30°N

—3> AW —3> SS
Density
0

0°

i
otk

120°W 60°W

0° 60°E

120°E

Mar.2013 - Sep.2013, e
B 7 P TR,

70°N

30°N 50°N

10°N

Cumulative SPEI L3
-10 -1.5 -5 -2.5

Mar.2014 - Sep.2014 e
D Mar. ep. SRR

70°N

50°N

30°N

$S_2 .

O

E Sep.2014 - Mar.2015

-5 ;} e ] <

AW_2 .

70°N

50°N

30°N

ss_3

and summer. Density: the point density of drought centroids.

5 ‘-.fh-
2| O )
170°W 140°W 10w 80°W s0wW  170°W 140°W 10w 80°W 50°W
Cumulative SPEI [ | [ |
10 -5 -10 -5
. ~=- Circle1 Circle4
., @ Start centroid 5
Centroid , o .  iroid Pattern’ -~ Circle2 Circle5
Circle3 Circle6

FIGURE 6 | Spatial pattern of droughts in terms of centroids, migration trajectories. (A) Drought centroids and migration trajectories in Northern Hemisphere. (B-G)
Drought centroids and migration trajectories in NA from March 2013 to March 2016. (B) March 2013-September 2013. (C) September 2013-March 2014. (D) March
2014-September 2014. (E) September 2014-March 2015. (F) March 2015-September 2015. (G) September 2015-March 2016. AW: autumn and winter; SS: spring

November to January of the next year 2014, southwesterly and
northwesterly winds began to prevail in NA (Figures 7LJ),
causing southeastward propagation of the drought centroid
(Figure 6C). From January to February in 2014, the strong
land breeze in southern NA caused a decrease of water vapor
(Figure 7K), triggering southward movement of the drought
centroid (Figure 6C). From February to March, the strong sea
breeze from southern North America blew toward the central
region (Figure 7L) causing the northward shift of droughts
(Figure 6C). Therefore, drought migration trajectory is heavily
reliant on season, the atmospheric pressure belt, wind belt, the

circulation, and the sea and land breeze. However, these driving
factors have varying impacts on drought propagation.

We also found close relations between drought migration
trajectories and the water vapor changes in other regions
considered in this study (Supplementary Figures S6-13).
Most of the drought centroids concentrated in mid-latitudes of
the Northern Hemisphere were heavily affected by prevailing
westerly winds, subtropical high-pressure belt, and subpolar low-
pressure belt, so the migration of drought centroids in large areas
followed a counterclockwise pattern. For example, in
Supplementary Figures S8, 9, severe drought conditions over
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much of southern India from October to December were reliant
on seasonal winter rainfall associated with the northeastern
monsoon (NEM) (Mishra et al., 2021).

3.3.2 Spatial Coupling Relationship Between SPEI
and SST

We attempted to quantify the teleconnection relationship
between SPEI and SST through the MCA method. The top
four coupled modes of the MCA method explained 17.9, 6.5,
5.7 and 4.8% of the variance, respectively. The correlation
coefficients of the time coefficients between SSTA and SPEI in
modes one and 4 (M1, 4) were all greater than 0.95 (p<0.001),
indicating significant response relationship between SSTA
and SPEI (Figures 8A,]J). However, the correlation
coefficients of time coefficients between SSTA and SPEI in
modes two and 3 (M2, 3) were 0.074 and 0.15 respectively

(p<0.001), indicating that SSTA was not related to SPEI
(Figures 8D,G).

The SSTA time coefficient in MI generally showed a
significant upward trend, while the SPEI time coefficient
showed a slow upward trend, where the SSTA time coefficient
had risen sharply since 1975 and the SPEI time coefficient had
indeed risen slowly around zero. In M1, the correlation coefficient
between SSTA time coefficient and TA was 0.96 (p < 0.001), while
that between SPEI time coefficient and TA was 0.89 (p < 0.001),
indicating that SPEI was greatly possible to be affected by global
warming (Figure 8A). SSTA in M1 showed a different intensity of
SST warming (Figure 8B) but was in line with global warming
(Figure 8A). Besides, the SPEI values were relatively low between
60°N and 75°N in northern Russia, Mediterranean region and
northern Africa (Figure 8C), and were high in other regions,
especially in most parts of NA, Central Asia, eastern Russia, and
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eastern China. These observations evidenced the impact of SST
changes on meteorological drought changes.

In M2, the SSTA time coefficients were in downward trend,
while the SPEI time coefficients in upward trend. The correlation
coefficient between SSTA time coefficient and SOI was 0.35 (p <
0.001), while that between SPEI time coefficient and SOI was 0.22
(p < 0.001), indicating that the SPEI may be affected by SOI and
ENSO events (Figure 8D). SSTA in M2 mainly manifested as a
cooling phenomenon in the west-central Pacific region, which
may be related to the La Nifila phenomenon (Figure 8E).
Correspondingly, the SPEI value of the SPEI field distribution
was relatively low in southern NA, Central Asia, and central and
western Russia, and the SPEI changes were consistent with the
linear trend of SOI (Figure 8F). Thus, it could be seen that the
meteorological drought during 1961-2018 could be related to
ENSO events, especially the La Nifia phenomenon. Our findings
were consistent with those of other scholars. For example, Stevens
and Ruscher (2014) examined the relationship between surface
climatological variables and climatic oscillations in the
Apalachicola-Vhattahoochee-Flint River basin in southern NA.
They showed that the meteorological drought at 24-months time
scale in the southern part of the basin was largely influenced by
SOL And Sun et al. (2022) demonstrated impacts of ENSO, and

speccifically La Nifa-like condition on the East Asian climate
anomalies during autumn-winter 2020/2021.

In M3, SSTA and SPEI time coefficients were in steady trends
in general with moderate fluctuations. The correlation coefficient
between SSTA time coefficient and AMO was 0.21 (p < 0.001),
while that between SPEI time coefficient and AMO was 0.98 (p <
0.001), indicating potential impacts of AMO on SPEI changes
(Figure 8G). Besides, SSTA in M3 was in decreasing tendency
along the east coast of the Atlantic Ocean near Africa, but was in
increasing in the Arctic Circle and low latitudes near the equator
(Figure 8H). In the corresponding SPEI field, the SPEI values of
most regions were relatively low, especially in western Russia,
while that were relatively high in eastern China and northern
Indian peninsula (Figure 8I). So, changes in the AMO might
affect the spatiotemporal changes in mid- and high-latitude
drought-affected regions.

In M4, the SSTA and SPEI time coefficients were in decreasing
tendency with correlation coefficient of 0.26 (p < 0.001) between
SSTA time coefficient and EP-NP, and that of 0.87 (p < 0.001)
between SPEI time coefficient and EP-NP, indicating that SPEI
might be affected by EP-NP (Figure 8]). Moreover, SSTA near
the equator and high latitudes of the North Hemisphere was in
decreasing tendency and was rising in Arctic Circle and mid-
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latitudes of the North Hemisphere (Figure 8K). The SPEI values
in western Russia were relatively low, while the SPEI values over
other regions except western Russia were relatively high
(Figure 8L). Hence, the EP-NP changes potentially affected
the spatiotemporal changes of droughts in mid-high North
Hemisphere.

In addition to climate indices, many scholars are beginning to
find that Arctic sea ice is increasingly affecting drought. Chen et al.
(2021) found that the influence of the early spring Arctic sea ice on
the subsequent summer drought takes place mainly through the
Eurasian snow from spring to summer. which ultimately affects the
subsequent drought through soil moisture-precipitation feedback
and soil moisture-temperature feedback. Sun et al. (2022)
attributed drought in South China during autumn 2020 to
water vapor divergence anomalies induced by an anomalous
anticyclone over eastern China, which are caused by an
anomalous Eurasian atmospheric wave-train triggered by the
negative sea ice anomalies in the Barents Sea-Kara Sea region.

4 CONCLUSION

The present study analyzed the evolution of the spatiotemporal
pattern of drought in the Northern Hemisphere during the past
about 60 years from 1961 to 2018 and its causes from the basic
idea of “phenomenon-law-essence”. The following conclusions
can be drawn from this study:

1) In the context of global warming, terrestrial meteorological
drought in the Northern Hemisphere from 1961 to 2018 was
amplifying, and often spring and summer were concentrated
seasons for its occurrence. For different regions, the drought-
affected region in NA shifted counterclockwise, and its
significant drying region showed a wandering evolution
characteristic in the northwest-southeast diagonal direction.
In Eurasia, the drought-affected areas had evolved from
scattered distribution to continuous distribution, while, the
specific time intervals were dominated by significant drying
tendency over NA such as periods of 1971-1990 across NA
and 1961-1970 and 1991-2010 across Eurasia. Among the
seven subregions, R7 scattered but concentrated in Mongolia,
Central Asia, and around the Mediterranean region was the
driest region and in persistently drying tendency, while R5 was
mainly distributed in Eurasia between 50°N and 70°N, in a
small part of the Tibetan Plateau and in northern Pakistan at
about 30°N was the wettest region and in persistently drying
tendency.

Amplifying droughts were characterized by higher frequency,
longer duration and stronger severity across middle- and low-
latitudes of the Northern Hemisphere, specifically, Mongolia,
China and Central Asia expanding along the central Eurasia,
Circum-Mediterranean region and southwestern NA. In
terms of the characteristics of drought events, the absolute
value of drought severity in each region of northern
Hemisphere showed a good linear increase relationship
with drought duration, where the duration was less than 20
months. Surprisingly, the drought migration trajectories in

2)

Amplifying Droughts Across Northern Hemisphere

five regions, i.e, NA, EU, CT, NES, and SAS, followed a
counterclockwise direction.

The drought evolution had a strong relationship with season,
atmospheric pressure belt, wind belt, the atmospheric
circulation, and the sea-land breeze. Most of the drought
centroids in the Northern Hemisphere were concentrated in
mid latitudes, so they were easily affected by the prevailing
westerly winds, subtropical high-pressure belt and subpolar
low-pressure belt. About the coupling relationship between
SPEI and SST, SPEI was mainly affected by global warming,
and was related to SOI and AMO; In particular, La Nifna
phenomenon could dry out southern NA and central and
western Russia; AMO might affect the spatiotemporal
variation of SPEI in mid-high latitudes.

3

~

In short, this study used a variety of methods to analyze
the spatiotemporal pattern of meteorological droughts, the
identification of drought events, the evolution of characteristics,
and the cause mechanisms in the Northern Hemisphere based on
the SPEI index. However, the cause of drought can be further
analyzed from the perspective of physical mechanisms in
combination with a more stable mathematical model.
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