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Influencing factors and research prospects

ZHI Xiefei'”, TIAN Yuntao?, CHEN Changchun3, ZHANG Yuqing4
( 1. Collaborative Innovation Center on Forecast and Evaluation of Meteorological Disasters (CIC-FEMD)/Key Laboratory of Meteorological
Disaster, Ministry of Education (KLME), Nanjing University of Information Science and Technology, Nanjing 210044, China; 2. Weather Online
Institute of Meteorological Applications, Wuxi 214000, China; 3. School of Geographical Sciences, Nanjing University of Information Science and
Technology, Nanjing 210044, China; 4. School of Urban and Environmental Sciences, Huaiyin Normal University, Huai'an 223000, China )

Abstract: Regarding the three factors that affect drought propagation, climate factors are divided into precipitation,
temperature, wind direction, and atmospheric circulation. Underlying surface factors are divided into geology and
landforms, vegetation, and soil. Human activity factors are divided into land use and change and water resource
development and utilization. A systematic review is conducted on the relevant factors that control and affect drought
propagation and their change in different countries and regions. It is particularly pointed out that climate and
underlying surface factors may exhibit significant differences in the impact of drought propagation processes at
different locations and time. The in-depth investigation of the drought propagation process and its influencing
factors and mechanism can help to promote the level of drought monitoring and early warning and reduce the
negative impacts of drought disasters on the economy, society, and ecological environment. Furthermore, prospects
are made for the integration of multi-source data and multiple models, three-dimensional drought propagation
processes, drought propagation driving mechanisms, and extension of the drought disaster chain.
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Drought is one of the most widespread natural
disasters that profoundly affect human society. Due to
their high frequency, long duration, and wide impact
range, droughts are highly hazardous and significantly
constrain sustainable socioeconomic development .
Droughts consist of four types (meteorological, agricul-
tural, hydrological, and socioeconomic droughts) that
are interconnected by water and energy. The process of
water deficit signal transfer between different types of
droughts, referred to as drought propagation, has garne-
red extensive attention both domestically and interna-
tionally in recent years and has been subject to in-depth
research. Among the different types of droughts, a
complex evolution pattern of droughts can be formed,
driven by abnormal atmospheric elements, linked by
hydrological anomalies, conditioned by lithosphere

differences, and influenced by the biosphere .
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This paper is the second part of a two-part series.
The first part, Progress and prospects in drought
propagation research partl, introduces the research
progress of drought propagation from its definition,
characteristics, types, and research methods . Building
upon the first part, this paper summarizes the
influencing factors of drought propagation and the
hotspots and challenges in drought propagation
research. It also identifies the main problems in existing

research and outlines future research trends.

1 Influencing factors of drought propaga-
tion

Drought propagation is mainly controlled and
influenced by three factors: climate, underlying surface
(land surface), and human activities. These three factors

interact to affect the timing, frequency, and severity of
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drought propagation. The climate is a key and primary
controlling factor in drought propagation. For example,
precipitation deficits lead to meteorological drought,
which, through the nonlinear cumulative characteristics
of water cycle processes and drought response time,
further develops into agricultural and hydrological

“* The underlying surface and catchment

droughts '
surface characteristics, such as altitude, slope, land
cover, and aquifer conditions, play important roles in
the response of agricultural and hydrological droughts
to meteorological droughts. Furthermore, human activi-
ties influence the water cycle through land use changes
and water resource development, thus affecting the
process of drought propagation.
1.1 Climate factors

The climate is closely related to hydrology. The
renowned Russian climatologist Voeikov proposed in
his book Global Climate and Russian Climate in 1884
that “rivers are the product of climate” , emphasizing
the crucial role of climate in hydrology and river
formation . Drought propagation is closely related to
anomalous changes in meteorological and hydrological
variables "*'. Various meteorological and climatic factors
usually interact to influence the process of drought
propagation, such as rising temperatures, increased
radiation, decreased relative humidity, and increased
potential evapotranspiration ", The following sections
focus on precipitation, temperature, wind direction, and
atmospheric circulation.
1.1.1 Precipitation

Ma et al. Y found that in the Weihe River basin,
spring precipitation has the greatest impact on the
propagation time of drought, showing a significant
negative correlation and exceeding a 99% confidence
level. Zhu et al. " analyzed the causes of droughts in
Henan Province, revealing that the frequent droughts in
the province were mainly due to extremely uneven
rainfall distribution throughout the year. Lin et al. '
studied the characteristics of meteorological and
hydrological drought propagation in the Xijiang River
basin in south China from 1961 to 2013 using the SPI
index and the SRI index. The results indicated that the

spatial and temporal patterns of meteorological drought

were the key factors triggering drought propagation,
with the impact of meteorological drought area, seve-
rity, duration, spatial concentration, and duration
increasing in order.

1.1.2 Temperature

Liu et al. "

, using the Loess Plateau as an
example, found that the propagation rate of drought
was related to temperature, evaporation, and soil mois-
ture. Dai et al. " discovered that in the Weihe River
basin, the impact of rising temperatures, reduced
precipitation, and decreased soil moisture on drought
propagation was significant, while the influence of
irrigation water was relatively small. Xie et al. """ found
that a 1°C increase in the global average temperature
led to a 5%-20 % increase in drought severity in
northeast China. Yang et al. '” conducted a diagnostic
analysis of the severe drought event in Ningxia form
2004 to 2005, indicating that reduced rainfall and
higher temperatures were the main causes of the
drought.
1.1.3 Wind direction

Regarding the relationship between wind direction
and drought propagation characteristics, Herrera-Estrada

et al. '

used North American reanalysis data from
1980 to 2016 to establish a moisture tracking model to
explore the reasons for reduced water vapor transport
during drought propagation. They found that agricul-
tural drought was related to reduced water vapor
transport from upwind land. Schumacher et al. "*'"”,
using the Lagrangian method, studied the impact of soil
moisture drought on downwind precipitation for the 40
most severe global drought cases. They discovered that
the impact of drought in eastern Russia on downwind
water vapor was negligible, while the impact of drought
in North America and western Russia was relatively
small, and the impact of drought in South Africa and
Australia was significant.
1.1.4 Atmospheric circulation

Drought events are closely related to anomalous
atmospheric circulation ", and the impact of
atmospheric circulation on drought propagation mainly
occursthroughitsinfluenceonprecipitationandevapotran-

. . 5,21 . 22 -
spiration *". Gibson et al. **, using long-term observa-
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tion records of rainfall (1908-2015) and streamflow
(1901-2014) in two agricultural watersheds in eastern
Australia, studied the propagation of drought in the
region. They found that the onset and propagation of
drought were closely related to the combined state of
large-scale ocean-atmosphere climate drivers (such as
El Nifno-Southern Oscillation, Indian Ocean Dipole,
and Southern Hemisphere Annular Mode), while the
termination of drought was caused by persistent
weather systems (such as low-pressure troughs). Han et
al. " using the Pearl River basin as an example, found
that the Pacific Decadal Oscillation was the main factor
accelerating drought propagation. Zhou et al. ** found
that besides the Pacific Decadal Oscillation, the El
Niflo-Southern Oscillation was also an important factor
influencing the propagation time of drought in the Pearl
River basin due to its close relationship with
evapotranspiration. Ma et al. ' found that teleconnec-
tion factors had a significant impact on the autumn
drought propagation in the Weihe River basin. Among
them, the Arctic Oscillation, El Nifio-Southern Oscilla-
tion, and Pacific Decadal Oscillation indirectly changed
the drought propagation process in the Weihe River
basin by affecting variables such as precipitation and
soil moisture.
1.2 Underlying surface factors

Due to the differences in underlying surface
factors, meteorological drought may transform into
varying degrees of agricultural and hydrological drought.
Geomorphological conditions such as altitude, slope,
watershed area, vegetation, soil, rock types, and ground-
water in the catchment area all have an impact on
drought propagation. Meteorological and underlying
surface factors also exhibit variability in their influence
at different locations, time, and seasons. For instance,
Ma [

propagation in the Weihe River basin and found that in

studied the factors influencing drought
spring and summer, meteorological factors played a
dominant role in the dependence between meteoro-
logical drought and hydrological drought. In autumn,
both meteorological and underlying surface characte-
ristics were significant, while in winter, teleconnec-

tion factors and watershed underlying surface charac-

* 6062 -

teristics were the main drivers. Thus, we can
summarize the impact of underlying surface factors on
drought propagation into two aspects: geological and
geomorphological factors and vegetation and soil
factors.
1.2.1 Geological and geomorphological fact-
ors

Veettil et al. “ found that watershed area and
altitude significantly influenced the average duration of
hydrological drought in the Savannah River basin in the
United States. Yang et al. *” used the Longchuan River
basin in southwest China as an example and identified
altitude as an important factor affecting drought
propagation. Agricultural drought propagated towards
hydrological drought in high-altitude regions, but the
opposite occurred in low-altitude areas. Apurv et al. ™"
distinguished three drought propagation mecha-
nisms, which led to different hydrological drought
characteristics: the first mechanism involved seasonal
groundwaterreplenishmentcycles, whichexisted continu-
ously during periods of low precipitation, resulting in
shorter hydrological drought compared to meteorolo-
gical drought; the second mechanism was the inhibition
of seasonal groundwater replenishment during low
precipitation periods, leading to longer hydrological
drought compared to meteorological drought, and the
third mechanism was the lack of seasonal groundwater
replenishment, resulting in hydrological drought
durations similar to those of meteorological drought. In
the study of drought lag, the influence of regional
underlying surface conditions on drought lag has
become a hot topic in current drought propagation

29
research 7.

For example, in the karst regions of
southern China, hydrological drought can occur even in
the presence of abundant precipitation due to their
unique geomorphological characteristics. Zhang et
al. ® studied the Guizhou Province’s middle reaches
of water conservancy projects and found that the
degree of impact of various underlying surface
conditions on the drought propagation process was in
the following order: surface cutting depth > karst
development intensity > altitude > topography and

geomorphology. Among them, drought propagation
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characteristics showed a significant negative correla-
tion with surface cutting depth and positive correlations
with karst development intensity, altitude, and topogra-
phy and geomorphology.

1.2.2 Vegetation and soil
influences

Vegetation evapotranspiration by

intercepting rainfall and plant leaf transpiration, thereby
affecting drought propagation. Vicente-Serrano et al. ",
while studying the response of vegetation to drought,
found that due to the adaptive characteristics of
vegetation, different biomes responded to drought at
different temporal scales. Pefia-Angulo et al. "* found
that the increase in the duration, severity, and frequency
of hydrological drought in the upstream of the Spanish
basin from 1961 to 2013 might be related to the
increase in forest area and forest density. Wu et al. ©*”
discovered that forests and grasslands significantly
altered the drought propagation time in the Loess
Plateau, with areas of extensive forest cover experien-
cing longer drought propagation time, while grasslands
showed shorter drought propagation time. Ding et al. **
investigated the influence and propagation time of
drought on vegetation using solar-induced chlorophyll
fluorescence (SIF) and normalized difference vegeta-
tion index (NDVI). They found that SIF and NDVI
generally exhibited high consistency in China, with the
normalized values of NDVI at different vegetation
types higher than those of SIF. Drought generally had a
negative impact on vegetation in northern China but a
positive impact on southern China. The drought
propagation time based on NDVI was longer than that
based on SIF. Warter et al. '

*1 observed that from

coastal regions with clay loam to inland regions with
loam, the drought condition of southern California
grassland exhibited a pronounced seasonal time pattern
during autumn, which was below the vegetation stress
threshold. This phenomenon was attributed to differ-
ences in soil water retention capacity and aridity.
Moreover, it was noted that the soil saturation rate in
inland areas was below the specified threshold in over
half (64%) of the simulated time, while this proportion
was approximately 47% in coastal regions.

1.3 Human activity factors

Human activities can significantly influence drou-

ght propagation through various means, such as land
use changes, urbanization, deforestation, and water
resource management practices "*. The intensity of hu-
man activities can cause changes in the composition of
the atmosphere, primarily through greenhouse gas
emissions, leading to alterations in global or regional
water cycle processes. These changes can indirectly
affect the formation and development of meteorological
droughts. Moreover, human activities can directly
impact the transfer process from meteorological to
hydrological droughts by altering the storage status and
hydraulic connections of rivers through water reservoirs,
diversion, extraction, and water management projects "
Below, we will provide a summary and introduction of
the impact of land use and water resource development
on drought propagation.
1.3.1 Land use and changes

Veettil et al. ' pointed out that land use plays a
significant role in controlling hydrological drought in
watersheds. For example, pastures increase evapotranspi-

ration and reduce water yield. Li"

quantified the
driving attribution contributions to meteorological,
agricultural, and hydrological droughts and found that
the relative impact contribution of atmospheric circula-
tion anomalies and land use changes to meteorological
drought was approximately 95% and 5%, respectively.
The relative impact contribution of climate and land use
changes to agricultural drought was about 75% and
25%, respectively, while water resources development
and utilization, climate change, and land use changes
had relative impact contributions to the hydrological
drought of approximately 50%, 30%, and 20%,
respectively. Yang "' evaluated the impacts of climate
and land use on typical watershed drought in the black
soil region and concluded that compared to climate
change, human activities mainly driven by land use
changes had a relatively greater impact on the duration
and intensity of agricultural and hydrological droughts
and were essential influencing factors for these types of
droughts.

1.3.2 Water resources development and utili-

zation

. 140 . . . .
Dai “” found that significant increases in hu-
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man water consumption during spring and autumn were
one of the driving forces for shortening drought
propagation time in some areas of the Weihe River
basin from 1960 to 2010. Xu et al. " studied the
characteristics of meteorological and hydrological
drought propagation in the Luanhe River basin and
found that due to changing environmental conditions
and agricultural activities in the upstream area, the
drought propagation time from December to June
increased from 4-9 months to 5-12 months. In contrast,
in the downstream area, the drought propagation time
from October to April was shortened by 1-2 months.
This change was attributed to increased domestic water
supply and urban expansion. Ma et al. " found that the
time variation of drought propagation in the Heihe
exhibited

characteristics, with

River  basin significant ~ seasonal
shorter propagation time in
summer and early autumn. They attributed this to
human activities such as irrigation and reservoirs.

Wu et al. " * based on data from two
hydrological stations in the Jinjiang River basin and
meteorological data of the basin, investigated the
propagation of meteorological drought to hydrological
drought. They found that the presence of reservoir
flood regulation significantly reduced the hydrological
drought duration and intensity at the Shilong station
downstream, which was influenced by the reservoir,
and consequently altered the response relationship and
critical conditions between hydrological drought and
meteorological drought. This led to a decrease in the
critical condition for meteorological drought evolving
into hydrological drought. Wang et al. ' using the
Luanhe River basin as an example, found that under the
influence of reservoirs, the frequency of drought
propagation decreased, but the average duration and
deficit of hydrological drought evolved from meteoro-
logical drought increased significantly. The average,
median, and minimum values of drought propagation
time became shorter.

Wang et al. " investigated the impact of farmland
irrigation on the propagation of hydrological drought in
16 sub-basins of the Huaihe River basin. They perfor-

med a partial correlation analysis between farmland

- 664 -

irrigation, topographic index (TI), and hydrological
drought and found that irrigation had a smaller impact
on hydrological drought than the basin characteristics.

Li et al

47 . . .
U7 designed three scenarios (Scenario 1:

groundwater depth of 19.4 m, no irrigation; Scenario 2:
groundwater depth of 2 m, no irrigation; Scenario 3:
groundwater depth of 19.4 m, irrigation) and studied
the impact of irrigation and changes in groundwater
level in the Shijun irrigation district of Hebei Province
on the development and spread of drought based on the
standardized precipitation evapotranspiration index
(SPEI) and the soil water deficit index (SWDI). They
found that: under Scenario 1, the critical values for the
response of agricultural drought to the duration and
intensity of meteorological drought were 4.9 and 0.9,
respectively; under Scenario 2, these critical values
increased to 5.1 and 2.0. This indicated that when the
groundwater level rose to an appropriate position, the
propagation of meteorological drought to agricultural

drought would slow down.

2 Hotspots and challenges in drought pro-
pagation research

Looking into the future and the challenges in
drought propagation research, several articles have

48-49 .
! Here, we will focus on

provided unique insights '
the hotspots and challenges in drought propagation
research, considering both Chinese and international
studies.
2.1 Multi-source data and multi-model integ-
ration research

Developing and integrating a longer-term and
more reliable series of drought data and quantitatively
assessing data uncertainties are essential. In current
drought propagation research, most studies tend to use
a single data source. However, in the future, it is
necessary to comprehensively utilize or fuse station
observation data, reanalysis data, remote sensing satel-
lite data, and hydrological model simulation data for
comparative analysis, to enhance the accuracy of
drought monitoring and prediction. Additionally, explo-
ring and promoting the integration of climate-hydrolo-

gical models based on the existing relatively indepen-
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dent and discrete climate and hydrological models can
improve simulation accuracy and timeliness.
2.2 Three-dimensional modeling of drought
propagation

Drought propagation is not simply a one-
dimensional transfer between different types of drou-
ghts. There is a need for further in-depth research on
the three-dimensional spatiotemporal integration of
drought propagation. This research can be conducted
from various aspects, such as the propagation direction,
distance, and impact range and incorporate the temporal
and spatial dimensions to provide a more complete
depiction and analysis of the process and rules of
drought propagation. For different climatic regions,
exploring the spatial expression and quantification of
drought propagation and constructing the spatial-
temporal patterns of different drought types' forma-
tion and evolution can be helpful. Virtual reality
technology, artificial intelligence, and big data can be
used to achieve the visualization of the drought
propagation process.
2.3 Research on the driving mechanism of

drought propagation

Drought propagation is influenced by climate
change, underlying surface characteristics, and human
activities. These factors have both direct and indirect
effects on drought propagation, and there are feedback
mechanisms between these factors. The interactions
among them introduce more uncertainties into drought
propagation research, and further research is needed to
understand the impact and contribution of driving
factors to drought propagation. For sudden-onset drou-
ghts that have significant socio-economic impacts, their
propagation process deserves special attention " V.
Revealing the characteristics and mechanisms of
drought propagation can promote the development and
improvement of meteorological, agricultural, and
hydrological drought early warning and forecasting
systems, helping to mitigate the adverse effects of
drought on agriculture and socio-economic conditions.
2.4 Extension of the drought disaster chain

As drought propagation has a certain lag, after a

meteorological drought occurs, it takes some time to

propagate into more severe agricultural and hydrolo-
gical droughts, posing threats to ecosystems and human
habitation. Therefore, attention should be paid to the
full-process study of the drought disaster chain, particu-
larly focusing on the impact of drought propagation on
ecosystems and human living environments. Moreover,
research on the drought disaster chain should draw on
methods from other disaster chain domains and further
explore and reveal the essential laws of drought

propagation in the context of interdisciplinary research.
3 Conclusion

This paper systematically reviews the literature on
the controlling and influencing factors of drought
propagation in terms of climate factors, underlying
surface factors, and human activity factors. It catego-
rizes climate factors into precipitation, temperature,
wind direction, and atmospheric circulation, underlying
surface factors into geological and geomorphological,
vegetation, and soil, and human activity factors into
land use and changes and water resources development
and utilization. While analyzing these factors, it is
pointed out that climate and underlying surface factors
may show significant spatial and seasonal differences
in their impact on drought propagation in different
locations and time. Further research on the influencing
factors of drought propagation is helpful for understan-
ding the incubation mechanism and revealing the
evolution laws of drought propagation.

Additionally, several important aspects that require
further exploration in drought propagation research,
such as multi-source data fusion, multi-model integra-
tion, three-dimensional modeling of drought propaga-
tion, and extension of the drought disaster chain, have
been discussed with prospects for their application in

the field of drought propagation.
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