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ARTICLE INFO ABSTRACT

Keywords: Hazard identification is crucial for disaster risk reduction in areas featuring multiple co-occurring
Natural hazards hazards and active internal and external dynamic geographical processes. Coupling the elements
Geomorphology of external hazard-forming environments and the internal mechanisms inducing hazards, a novel
Climate multi-hazard integration zonation (MIZ) method has been developed in which a segmented
Hazard-causing mechanism . . e e . . . .

silk road multi-hazard identification function was constructed to identify the dominant hazard types and

11K roat

their boundaries in a region. Taking the ancient Silk Road as a case study, the major types and
spatial zonation of multiple hazards have been identified, which are in accordance with the ac-
tual disaster situation. These sympatric multiple hazards present a widely spatial scattered distri-
bution of individual hazards and a more concentrated distribution of multiple hazards in the an-
cient Silk Road area. These results, combined with the geomorphological features and the cli-
matic zones of the analyzed area, reveal the spatial boundaries among these major hazards at the
macro- and microscales. These findings suggest that the proposed MIZ methodology can provide
scientific support for rational engineering layouts and regional planning and may serve as perti-
nent guidance for multi-hazard identification in ancient Silk Road area and beyond.

1. Introduction

The ancient Silk Road originated in 207 B.C. and has lasted for more than two thousand years serving as a complex network that
connects China with the trade centers of the eastern Mediterranean and other regions [1,2]. The Silk Road region covers more than
100 countries that encompass nearly 66% of the world's population [3,4]. The Silk Road has long played a significant role in the
global exchange of economic resources, trade, science, technology, and civilization. However, due to the complex geological and geo-
morphological environments, the increase in natural hazards in recent decades has challenged to the social and economic develop-
ment of the countries in this region [5-7]. Furthermore, such hazards can significantly hinder the sustainable development of Silk
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Road countries if the hazards are not well studied and understood for the best interests of all mankind. In coherence with the Sendai
Framework for Disaster Risk Reduction 2015-2030 (SFDRR) and the UN 2030 Sustainable Development Goals (SDGs), it is of primary
importance to comprehensively investigate and identify the main natural hazards and their spatial distributions in this region, espe-
cially when multiple hazards coincide in the same area.

Hazard identification is a critical fundament for disaster risk reduction and hazard mitigation decision-making [8]. In recent
decades, the spatial distribution of natural hazards has been identified by focusing on hazard-forming factors, hazard distribution and
hazard severity. Based on historical data or the interpretation from remote sensing and aerial photography, the spatial distribution of
hazard-forming factors can be identified. Additionally, the hazard severity can be further calculated using qualitative or quantitative
methods and GIS technology. Most qualitative methods have focused on identifying the spatial distribution directly on the basis of vi-
sual interpretation and experience-based judgment [9,10]. In contrast, quantitative methods are based on statistical principles, such
as the weighted synthesis method [11-13] combined with remote sensing and GIS technology [14,15], artificial neural network meth-
ods [16,17] or a hazard threshold [18]. According to the characteristics of natural hazards, this research attempts objectively deter-
mine the effects of individual factors on hazard formation and then identify the hazard severity distribution by overlaying each haz-
ard-forming element. Through the analysis of the geological and geomorphological environment and climatic conditions, the spatial
distribution of hazards can be determined with the multifactor analysis method. For instance, the spatial distribution of hazard sever-
ity can be estimated by analyzing the hazard or susceptibility of the geomorphological map [19,20] or building models consistent
with the hazard-forming mechanism [21]. Moreover, a more comprehensive hazard severity evaluation of multiple hazards can be
obtained by integrating the severity distribution of each natural hazard, and the results can be further analyzed to reveal the distribu-
tion pattern of the integrated hazard severity in different zones. To date, some scientists have conducted research on multi-hazard as-
sessment and mapping. Numerous theoretical approaches and empirical methods have been developed for determining the spatial
distribution and severity of individual and multiple hazards [22,23,59]; Tuhin Ghosh, 2014). Moreover, considering the compound
and chain-reaction effects of multiple hazards, different methods have recently been proposed for producing multi-hazard maps, in-
cluding a synthetic-hazard map, aggregate-hazard map, stability map, suitability map and accumulated risk map [10,24,25,60]. How-
ever, the lacks of an effective method for comprehensively combining the spatial distribution of multiple hazards and a well-defined
method for determining the boundaries of multiple hazards limit the ability to identify major hazards.

To scientifically and quantitatively determine the spatial zone for the multiple hazards that occur in the countries and regions
along the ancient Silk Road, this study intends to create a novel multi-hazard integrated zonation (MIZ) method that combines the el-
ements of external hazard-forming environments with the internal mechanisms inducing hazards.

2. Methodology
2.1. Multi-hazard integrated zonation (MIZ) method

Different types of natural hazards frequently occur along the ancient Silk Road, and multiple hazards repeatedly appear in the
same regions. Thus, identifying the main hazards and the boundaries of each hazard is essential to constructing the MIZ method.
Through the analysis of hazard-causing mechanisms and hazard-forming environments, a segmented function for multi-hazard identi-
fication was built. Accordingly, a zonation method was proposed based on the distribution of hazard severity and the spatial distribu-
tion of landforms and climate zones.

To identify the main types of hazards, the segmented function of multi-hazard identification is established based on the spatial dis-
tribution of each hazard severity, and the formula is as follows:

[ Dy Di#DA<i#jsn @
D1&D,---&D;, Di=Dj(1 <i#j<n)

where YRis the main hazard type in region R, i represents the number of hazard types (up to n), and D; represents the severity of the i
type of hazard in region R.
The segmented function can be developed by considering the following three different circumstances.

@ If there is only one type of hazard in region R, it is the main hazard type, and its severity is D;.

@ If multiple hazards occur simultaneously in a region and their severities are quite different, the main hazard type is the one with
the highest severity in the area, and its severity is equal to Max(D; & D, ... &D)).

@ If multiple hazards occur simultaneously in a region and two or more of the hazards feature severities that are both similar and
the highest in the area, the results are multiple types of natural hazards with the highest severity of D;&D,---&D; in the study area,
and the severity is D;.

To identify the spatial boundaries of multiple hazards, different types of hazards and their external hazard-forming environments
should be comprehensively analyzed. And a schematic diagram is shown in Fig. 1. Specifically, the vertical part [ in Fig. 1 shows that
the zoning of hazard-forming environments is tangential to or separated from the boundaries of hazard severity. There is no spatially
overlapping relationship between them; therefore, the determined hazard zone still follows the original boundary of the hazard sever-
ity. The vertical part Il in Fig. 1 shows the spatially overlapping relationship between the hazard severity and the hazard-forming en-
vironment. The overlapping relationship can be further considered in the following two situations. (a) If the hazard-forming environ-
ment condition in the overlapping area highly contributes to the formation processes of the hazard type in the hazard severity area,
the hazard zone will be jointly based on the boundary of the hazard severity and the hazard-forming environment. (b) If the overlap-
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Fig. 1. The schematic diagram of boundary identification of multiple hazards (Layer A is the zoning of hazard-forming environments; Layer B is the spatial distribution
of hazard severity; Layer C represents the spatial boundary result for multiple hazards).

ping part is not conducive to hazard formation, the hazard zone needs to exclude the overlapping area. The vertical part IIl in Fig. 1
shows the spatially inclusive relationship between the hazard severity and the hazard-forming environment. If the hazard-forming en-
vironment is conducive to forming the corresponding hazard, the final hazard zone will expand to the boundary of the environmental
zone. Otherwise, the final hazard zone will still be determined by the original boundaries of the hazard severity.

According to this MIZ approach, the major natural hazards and their integrated zonation can be determined by using GIS tech-
niques. The flowchart of the method is shown in Fig. 2. Two crucial issues have been analyzed in the MIZ method: (a) The external en-
vironments mainly refer to the geomorphological characteristics and climatic zones that are conducive to the formation of natural
hazards, (b) The internal hazard mechanisms and characteristics which determines different spatial distributions of natural hazards.

2.2. Method of geomorphology classification

The frequency of different natural hazards is closely related to the differentiation patterns of the geomorphological conditions
along the ancient Silk Road. Spatial geomorphological landforms are shaped by the internal geological tectonic activity and the exter-
nal influences of flowing water, wind, atmosphere and biology. These landscapes present three-dimensional continuity, a high degree
of diversity and exhibit spatial proximity. To quantitatively demarcate the ancient Silk Road geomorphological characteristics, the ge-
omorphological classification principle and criteria have been adopted as references [26-29], and the elevation and the elevation dif-
ference have been selected as the two fundamental factors in the geomorphology classification.

The differences among complex geomorphologic units, their geomophogensis and the scale of the diverse landforms should be
considered. In this article, plains, plateaus and mountains are initially classified based on regional elevation and terrain characteris-
tics. Then, the mountains are further subdivided with land surface relief. Table 1 shows the classification of the geomorphic types.
This method objectively illustrates the activity and intensity of plate tectonic evolution, which is physically and mechanically related
to the spatial distribution of earthquakes, geological hazards and tsunamis.

2.3. Climate zoning

The multiple natural hazards along the ancient Silk Road are closely related not only to geomorphological conditions but also to
atmospheric circulation conditions. The spatial differences in the precipitation and temperature levels provide the conditions neces-
sary to form floods, freezing events and ocean hazards. Due to global climate change, the aggravation of extreme weather and climate
events has become a key factor in the formation of natural hazards [30,31]. Therefore, on the basis of topographic and geomorphic
zonation, climate zoning can further reasonably define the boundaries of hazard-forming environments. In this study, through using
the GIS spatial analysis technology, the latest map of climate classifications is drawn based on a recent data set from the Climatic Re-
search Center (CRU) of the University of East Anglia and the Global Precipitation and Climatology Center (GPCC) of the German Me-
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Fig. 2. Flowchart of the multi-hazard integrated zonation (MIZ) method.

teorological Office. This map from GPCC is an international research result and can consistent with the current global climate charac-
teristics, as well as has been relatively widely used in disaster risk research [32].

2.4. Method for determining different hazard distributions

By analyzing the different distributions and spatial forms of natural hazards, the spatial distribution characteristics of various
types of natural hazards in the study area can be described. As specific examples, earthquakes, droughts, floods, freezing events and
ocean hazards are selected as typical hazards to introduce the hazard distribution method.

2.4.1. Earthquakes

To evaluate the intensity of ground motion or earthquake hazards, scholars have developed different scientific parameters, includ-
ing the Arias intensity (I,), cumulative absolute velocity (CAV) and frequency content indicators [33-36,61]. In this study, the value
of peak ground acceleration (PGA), which is often determined by the maximum value of the seismic pulse, is used to characterize
earthquake intensity. The magnitude of PGA in the horizontal direction on the earth surface can be calculated based on analyzing the
seismic tectonic environment, historical seismicity, attenuation in the spread of seismic ground motion generated in earthquakes
above magnitude 4.0, and near-surface site conditions [37].
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Table 1
Landform types and parameters of the geomorphological classification.

Landform  Elevation Low elevation Medium elevation Medium-high elevation (2000~ High elevation Extremely high
types (<1000 m a.s.l.) (1000-2000 m 4000 m a.s.l.) (4000-6000 m a.s.l.) elevation (>6000 m
a.s.l.) a.s.l)
Plain Plain (<30 m) Low-elevation plain Medium-elevation Medium-high-elevation plain ~ High-elevation plain -
plain
Plateau Plateau (30-100 m) Low-elevation Medium-elevation Medium-high-elevation High-elevation -
plateau plateau plateau plateau
Mountain  Hill (100-200 m) Low-elevation hill ~ Medium-elevation Medium-high-elevation hill High-elevation hill -

Mountain with small
relief (200-500 m)

Mountain with
medium relief (500—
1000 m)

Mountain with large
relief (1000~

2500 m)

Mountain with
extremely large
relief (>2500 m)

Low-elevation
mountain with
small relief

Low-elevation
mountain with
medium relief

hill
Medium-elevation
mountain with
small relief
Medium-elevation
mountain with
medium relief
Medium-elevation
mountain with large
relief

Medium-elevation mountain
and high-elevation mountain
with small relief
Medium-elevation mountain
and high-elevation mountain
with medium relief
Medium-elevation mountain
and high-elevation mountain
with large relief
Medium-elevation mountain
and high-elevation mountain
with extremely large relief

High-elevation
mountain with small
relief
High-elevation
mountain with
moderate relief
High-elevation
mountain with high
relief
High-elevation
mountain with
extremely large relief

Extremely high-
elevation mountain with
medium relief
Extremely high-
elevation mountain with
large relief

Extremely high-
elevation mountain with
extremely large relief

2.4.2. Geological hazards

The intensity distribution map shows the spatial pattern and the severity of landslide hazards. Based on the Global Landslide Cata-
log [38], a data set of landslide hazard events in the ancient Silk Road area was compiled, and the dot density of geological hazards
was calculated by using the following formula [39]:
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where vis the hazard density of the estimated point, v; is the hazard density at the ith sample point, d; represents the distance between
the sample point and the estimated point, and k represents the power of the distance that would significantly affect the estimation re-
sults.

2.4.3. Droughts

As one of the most common natural hazards in the world, a drought is characterized by a high frequency, a long duration and a
wide range of influence. The standardized precipitation evapotranspiration index (SPEI) was selected as the indicator of drought
severity. The SPEI, which considers both precipitation and evapotranspiration, has been used worldwide in various drought-related
studies [40,41]. Based on the data from CRU precipitation and potential evapotranspiration, a basic calculation formula of the SPEI
for the study area was constructed [42]:

8 -1
F(x)=[1+< a )] 3
x—y

p=1-Fx) 4)
e V/=2Inp if p<05 5)
"\ v=2In-p) ifp>05

2
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where F(x) is the distribution of the probability density based on the different temporal scales of meteorological stations and «, 5, and
y refer to the scale, shape and origin parameters of the D values (D values represent the difference between precipitation and potential
evapotranspiration) in a range (y > D < o), respectively. Parameter p has been defined as describing the probability of exceeding a
determined D value, which equals 1 — F(x). In addition, the value of the parameter w (probability weighted moments (PWMs)) de-
pends on the p value, while C and d are characteristic parameters, and their values are obtained from the literature [42].
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2.4.4. Floods

The frequency of flood occurrences is essential to determining the severity of floods. With buffer zones and GIS overlay analysis,
the hazard influence center, influence range, duration and mortality of flood events in each state or province were calculated with the
following formula:

S =

no

Count (F;) (2]

™=

Il
o

1
where S, refers to the grade of the flood hazard, F; refers to the frequency of flooding, and n refers to the total number of samples.

2.4.5. Freezing hazards and ocean hazards

The spatial distribution of freezing hazards is from the Global Land Ice Measurements from Space (GLIMS) data set, which directly
describes the location, boundary, area, width, thickness, and elevation of the highest point and the central line of glaciers. The data
for the types and distribution of ocean hazards are from NASA's Goddard Space Flight Center, Ocean Biology Processing Group [43],
and the data set describes the characteristics of storm surges, tsunamis, coastal erosion, ocean acidification and red tides.

3. Materials and results

3.1. Study site

The ancient Silk Road covers a vast area of the Earth's surface, including Asia, Europe, Africa and Oceania. Moreover, it passes
through several different climate types that differ significantly in terms of their precipitation frequency and intensity. In addition,
other factors, such as frequent tectonic plate movements, the effects of different elevations and active erosion, are highly conducive to
causing various hazards (Fig. 3). Based on the statistical information from the international Emergency Events Database (EM-DAT),
from 1990 to 2016, the countries along the ancient Silk Road experienced 78% of the total natural hazards around the world, includ-
ing 82% of the world's earthquakes, 79% of the world's debris flows and other geological hazards, 78% of the world's floods and 45%
of the world's droughts [44]. Due to the frequent occurrence of natural hazards, many limitations and challenges for hazard preven-
tion and reduction are present, including limited budgets, an insufficient awareness of hazard risk prevention, and incomplete early-
stage hazard risk assessments [45,46], which consequently threaten the social development, cultural communication and livelihoods
along the Silk Road. To effectively manage multiple hazards and undertake targeted risk prevention, it is necessary to identify the
types and severities of multiple hazards in a region to promote hazard prevention and mitigation planning.

3.2. Data materials

3.2.1. Natural environments

The terrain elevation and topographic relief distributions along the ancient Silk Road have been compiled (Fig. 4) by using the GIS
spatial analysis functions. The landforms along the route have been classified as plains, plateaus, hills, small-relief mountains,
medium-relief mountains, large-relief mountains and extremely large-relief mountains, and listed in Table 1.

The frequent occurrence of multiple hazards is closely influenced by geomorphological conditions. Generally, the topography of
the ancient Silk Road is dominated by plateaus, mountains and basins, which present a distribution pattern of high in the middle and
low in the north and south, with an elevation difference of more than 8000 m. The middle area includes the Himalayas, extends to the
northwest, and transitions into the Pamirs, the Iranian Plateau, and the Alps. This region includes countries in southern Asia and west-
ern Asia, such as China, India, Pakistan, Iran, and Turkey; countries in southern Europe, such as Italy and Greece; and countries in
Africa, such as Egypt, Libya, and Algeria. Notably, these areas coincide with the spatial distributions of earthquakes and geological
hazards, which support the determination of the associated hazard boundaries. In contrast, the low-elevation geomorphological areas
to the north and south are mainly located on the Eurasian continent, central Africa, and inland Australia. These areas exhibit high spa-
tial consistency with the distributions of floods, droughts and ocean hazards.

Climate zonation plays a significant role in determining the external environmental factors to form natural hazards. The ancient
Silk Road spans many climate zones, including tropical, subtropical, temperate, cool climates (Fig. 5), and freezing zones, which cre-
ates a large spatial and temporal variation in precipitation and temperatures. In the tropical regions of southeastern and southern
Asia, such as Indonesia, Thailand, Bangladesh and India, high-intensity precipitation directly causes floods and ocean hazards and
triggers mountain torrents, debris flows, and landslide hazards in geomorphological sensitive areas. Contrary to the tropical areas, in
the countries of eastern Asia, such as western China; central and western Asia, such as Kazakhstan, Iran and Yemen; northern Asia,
such as Mongolia and Russia; and in other eastern European countries, such as Turkey and Ukraine, precipitation is rare with low in-
tensity; thus, these regions are vulnerable to drought.

3.2.2. Hazard characteristics
According to the data from the Center for Research on the Epidemiology of Disasters [44], the main types of hazards in the ancient
Silk Road area include earthquakes, geological hazards, droughts, floods, freezing events and ocean hazards.

@ Earthquakes: The ancient Silk Road is located at the junction of the Arabian Plate, the Indian Plate, and the Eurasian Plate. The
collision and compression among the plates result in frequent seismic activity and intense tectonic movements (Fig. 6a).
According to data from the China Earthquake Networks Center, the Qinghai-Tibet Plateau and its surrounding areas have
experienced 18 earthquakes of magnitude 8 or above and more than 100 earthquakes of magnitude 7.0-7.9 since 1900 [62].
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Fig. 3. The spatial distribution of major natural hazards along the ancient Silk Road (Earthquake since 1990, Geological hazard since 2003; Drought since 1961; Flood
since 1985; Freezing hazard since 1990; Tsunami since 2000).

@ Geological hazards: The catalog of landslide hazards from the Global Landslide Catalog [38] shows a total of 7732 geological
hazards occurred in the region from 1922 to 2015. The density distribution map of geological hazards shows that the geological
hazards are characterized by an uneven regional distribution and intense local simultaneous occurrences (Fig. 6b).

@ Droughts: The average severity distribution of the droughts along the ancient Silk Road (Fig. 6¢). Especially in the Sahara
Desert of Africa, central Asia, western Asia, Oceania and Russian Siberia, the drought severity is very high. Droughts directly or
indirectly affect social and economic development and can disrupt the natural environments necessary for human survival.

@ Floods: According to the record of flood events since 1985 [47], the flood occurrence frequency map shows that southwestern
China, India, eastern Australia, and other regions have high levels of flood occurrences (Fig. 6d).

@ Freezing hazards: According to the data from International Permafrost Association [48], freezing hazards are mainly distributed
in high-elevation areas, the cold temperate zone, or the frigid zone along the ancient Silk Road (Fig. 6e).
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Fig. 4. The elevation map (a) and topographic relief map (b) of the ancient Silk Road.

d
N

i

s voN

BERING SEA

woon
WoTN

wove
WoTs

ot EwzEaLIND Jiad
,,,,,, 3 TASMAN SEA I

ou W00E 6000 0rE 2000E 1800TE T8000"

Fig. 5. Climate zonation map of the ancient Silk Road.

@ Ocean hazards: Most countries along the ancient Silk Road are affected by ocean hazards, and the main types of ocean hazards
include storm surges, tsunamis, coastal erosion, ocean acidification and red tides. The sea level rise caused by climate change
will aggravate ocean hazards (Fig. 6f).

3.3. Results

Based on the intensity distribution of each typical type of hazard along the ancient Silk Road and the external hazard-forming en-
vironmental conditions (e.g., geomorphology and climate), the presented MIZ method was applied to identify the major hazards and
their ranges when a variety of hazards occurred simultaneously within the same region. Controlled by environmental factors such as
large geological structures, seismic belts and climatic differentiation, the spatial pattern of natural hazards in the ancient Silk Road
area presents an obvious widely scattered distribution of single hazards and a more concentrated distribution of multiple hazards
(Fig. 7).

In the ancient Silk Road area, droughts are mainly influenced by the differences between marine and continental climates and the
barrier effect imposed by topography. Droughts occur mainly in central Eurasia (northern Asia, central Asia and western Asia), most
of the inland areas of Africa (northern Africa and south to north in central Africa), and the inland areas of western Australia. Affected
by the spatial and temporal differences in precipitation and by differences between marine and continental climates, floods are
mainly distributed in the coastal areas of Eurasia (eastern Asia, southern Asia, southeastern Asia, and western Europe) and along the
eastern coast of Africa and the eastern coast of Australia. Freezing hazards are mainly located in the high-elevation area of the Qing-
hai-Tibet Plateau and the northern part of Eurasia because of the influence of different elevations and solar radiation inputs. Ocean
hazards are mainly distributed in the coastal areas and islands of Asia, Africa, and Australia. Under the influence of geological struc-
tures and plate movements, the distribution of earthquakes and geological hazards extends from the vicinity of the Himalayas north-
west across the Iranian Plateau to the Alps. In addition, because of the differences in climate and topography, there are also clusters of
drought and flooding that overlap the spatial distributions of earthquakes and geological hazards.

The statistical results in Table 2 show all types of natural hazards in the ancient Silk Road regions. Accordingly, when travelling
along the central route of the ancient Silk Road from east to west, it is highly probable that drought in Central and West Asia, earth-
quakes and geological hazards on the Iranian Plateau, freezing hazards on the way to Russia, and floods and geological hazards will
be experienced before reaching West Europe.
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Fig. 6. The intensity distribution of major hazards along the ancient Silk Road. (The figures, in order, show (a) earthquakes, (b) geological hazards, (c) droughts, (d)
floods, (e) freezing hazards and (f) ocean hazards).

3.4. Comparison and validation

By using the hazard zoning method developed by Ref. [49]; the severity distributions of earthquakes, geological hazards,
droughts, floods, ocean hazards, and freezing hazards overlapped, and the integrated severity was classified into the five levels of very
high, high, medium, low, and very low. Then, the severity distribution of the natural hazards (hereafter referred to as “severity zona-
tion” (SZ)) (Fig. 8a) was obtained for the ancient Silk Road. Accordingly, the severity distribution results and the multi-hazard inte-
grated zonation generated by the presented MIZ method (hereafter referred to as “integrated zonation” (IZ) (Fig. 8b) were analyzed
by comprehensively comparing their differences from the macro- and microscale perspectives. As an example, South Asia was se-
lected as a typical case study site with complex conditions of hazard formation. In particular, the area of South Asia is affected by ac-
tivity along geological structures in the Himalayas generated by the relative movement between the Eurasian Plate and the Indian
Ocean Plate and by a tropical climate and subtropical plateau climate.

The following observations were made for the entire area of the ancient Silk Road. (1) The SZ map (Fig. 8a) provides information
on the intensity distribution in countries along the route. Additionally, the IZ map (Fig. 8b) not only provides zones with the highest
hazard severity, but can also identify the types of hazards in the areas where multiple hazards could occur. For example, South Asia is
dominated by earthquakes, geological hazards and flood hazards; Southeast Asia mainly suffers from earthquakes, geological hazards
and ocean hazards; and the Mediterranean is mainly influenced by earthquakes, geological hazards and flood hazards. (2) Although
SZ provides the spatial distribution of hazards on different scales based on the severity characteristics of hazards, IZ can further
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Fig. 7. The integrated zonation of multi-hazards along the ancient Silk Road.

The proportion of all types of natural hazards and the associated countries and regions along the ancient Silk Road.

Type of hazard Area (10, Proportion of Countries and regions involved
000 km?) area
Geographic hazards 249 2.67% Western Africa such as the Gulf of Guinea
Floods 1075 11.51% Indian Peninsula in South Asia, eastern plains in Africa, eastern Oceania
Droughts 2923 31.29% Western and central Asia, Arabian Peninsula, the Sahara Desert, south-central Africa,
southeastern Africa, western Asia
Freezing hazards 1599 17.11% Qinghai-Tibet Plateau in Asia, central Siberia, northern Europe/Scandinavia
Marine hazards 116 1.24% South China Sea, Sri Lanka, Madagascar, southeastern Africa
Earthquake and geographic 1083 11.60% The Himalayas, the Mediterranean rim, the Gulf of Guinea in Africa, East Africa Plateau
hazards
Earthquake and drought hazards 311 3.32% Iranian Plateau, Asia Minor Peninsula
Earthquake and ocean hazards 50 0.53% Southeastern Asia, Japan
Geological and flooding hazards 274 2.93% East Africa Rift Valley in southeastern Africa
Earthquake, geographic and ocean 324 3.47% Southeast Asia
hazards
Flooding and geographic hazards 177 1.90% Western Europe, Atlas mountains in Africa
Flooding and drought hazards 192 2.06% Indochina Peninsula in Southeast Asia, southwestern Europe
Drought and flooding hazards 113 1.21% East Asia, northeastern plains in Asia
Ocean and geological hazards 73 0.78% The southern coast of Asia
Freezing and drought hazards 784 8.39% Mongolian Plateau in central Asia, western Siberian Plain in eastern Asia and eastern

European plain

achieve the identification of major hazard types and the corresponding spatial distribution by analyzing the patterns of hazard occur-
rence and the associated spatial continuity.

The following observations were made for typical regions (Fig. 8c and d). (1) In the SZ map, the severity distributions for different
hazards are scattered. For instance, Pakistan is mainly located in very high and high severity zones, which are only hazard intensity
zones and hard to provide targeted hazard-oriented support to hazard prevention and reduction in these regions. In the proposed 1Z
method, earthquakes, geological hazards and droughts are identified as the three main types of hazards. Then, based on a comprehen-
sive analysis of the spatial distribution patterns of the geomorphological conditions and different climate zone including mountain
climate, subtropical continental arid and semiarid climate, and tropical monsoon climate, this area can be quantitatively zoned as an
earthquake and geological hazard zone, earthquake and drought zone, and flood zone. (2) Similarly, mountain climate and subtropi-
cal continental arid and semiarid climate conditions, as well as large-relief geomorphological conditions, are taken into considera-
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Fig. 8. The comparison between the severity zonation and multi-hazard integrated zonation in typical areas ((a) is the severity zonation map of the ancient Silk
Road, (b) is the multi-hazard integrated zonation map of the ancient Silk Road, (c) represents the severity zonation in typical area (South Asia), (d) represents the
multi-hazard integrated zonation in typical area (South Asia)).

tion. The areas in Afghanistan classified as having medium and high hazard severity can be further regarded as earthquake and geo-
logical hazard zones and earthquake and drought zones through using the MIZ method. (3) By analyzing the geomorphological condi-
tions in the mountains with significant relief, and the subtropical continental arid and semiarid climate zones, Iran's high hazard
severity zone can be further classified as an earthquake and drought zone. (4) The Qinghai-Tibet Plateau reaches the level of only a
medium hazard severity. However, with the integrated zonation method, the Qinghai-Tibet Plateau can be further identified as an
earthquake zone and a geological hazard and freezing hazard zone in accordance with its mountainous climate and extremely high re-
lief.

Accordingly, the proposed MIZ method has identified the major hazard types and has determined the integrated zones for natural
hazards in the ancient Silk Road area. Moreover, the resulting maps in accord with the current severity distribution can allow the ac-
quisition of great advantages in allocating relief resources and implementing targeted and uniform measures scientifically, effectively
and reasonably.

4. Discussion

The reasonable and quantitative identification of multiple natural hazards is challenging and beyond the generally applied ap-
proaches that only focus on single elements in hazard zonation [10,50]. Unlike the current method of severity distribution determina-
tion, this study develops a new integrated zoning method to identify the major hazard types and boundaries in muti-hazard areas.
This proposed MIZ method improves the current hazard zonation methodology based on the generally applied dual structure ap-
proach, which combines only the hazard magnitude and its spatial distribution. According to similarities and the spatial continuity of
hazard formation conditions, the zonation patterns of major hazards can be revealed by comprehensively analyzing the spatial distri-
bution of geomorphology and climate. However, due to the limitations of the data and methods in terms of large-scale research, some
limitations need to be improved upon. In this study, natural hazards are only described as spatial points or polygons, which ignore de-
tailed characteristics such as landslide scarfs, flood inundation range, regional distribution of PGA and thus influence the susceptibil-
ity model performance [25,51]. In addition, this study mainly fucuses on internal hazard mechanism and the external hazard-forming
conditions, i.e., the geomorphology and climate zone, but cannot consider the impacts of human activities. The mobility of human be-
ings is an element at risk that produces new challenges for hazard analysis [21]. Therefore, a solution needs to be further developed
for integrating the impact of human activities on hazards to assess the variability of hazard distributions under different climatic sce-
narios.
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In this article, the calculated dimensionless severities of different hazards have been used as the basis on which to identify the
types of hazards with maximum severity by using a segmented multi-hazard identification function. The multi-hazard integrated
zonation based on the hazard formation mechanism intends to quantitatively identify the zonation of natural hazards and provide
support for guiding cross-border hazard reduction planning and improving global disaster risk reduction. However, the differences in
the maximum severity of different hazards are not considered in the process of integrating the spatial severity distribution. Some stud-
ies estimate the average and dispersion of ground motion intensity as well as a set of causal parameters in hazard assessment (e.g.,
magnitude, source-to-site distance, site conditions) in a particular region [34,52,53]. There is still a lack of uniform quantitative stan-
dards to describe the severity dimensions of different hazards [8,45,54,60], and the dimensional analysis of the severity of different
hazards presents challenges when considering factors such as the impact of multiple secondary hazards caused by catastrophes via a
chain reaction [24,52,55-58]; [7]. Therefore, considering this issue, we assume that the maximum severity of each type of hazard is
comparable by the high-technique support. Future research is expected to develop a uniform quantitative standard among different
types of hazards to improve integrated hazard zonation.

5. Conclusion

Hazard identification is a critical fundament for disaster risk reduction and may satisfy the needs of hazard mitigation decision-
making. In this study, assessment indicators were established to analyze the hazard magnitude, spatial severity distribution and haz-
ard-forming conditions. And a segmented function for multi-hazard identification is proposed to identify multiple hazards simultane-
ously within a region. In particular, the hazard distribution patterns associated with the climate-tectonic conditions were revealed in
the complex natural environment. Accordingly, a new integrated zoning method for multiple natural hazards has been developed by
comprehensively analyzing the internal formation mechanisms of hazards and the external hazard-forming environments. A core ele-
ment of this approach is an internal feedback loop within the system that emphasizes that natural hazard zonation is comprehensive
and that multi-hazard integrated zonation should consider the similarities and spatial continuity of hazard formation conditions, i.e.,
the spatial distribution of geomorphology and climate.

The MIZ method introduces a multi-structure-based analysis and has been applied to a case study of the ancient Silk Road. Based
on the hazard-causing mechanism, the elements of external hazard-forming environments referring to the geomorphological charac-
teristics and climatic and the hazard severity and spatial distribution are comprehensively analyzed to determine the possible and rea-
sonable boundaries of multiple hazards. Accordingly, the major types of natural hazards and their extents of hazard-prone zones are
determined in the integrated zonation along the ancient Silk Road. The resulting maps of the analysis can better help understand the
dominant hazards, which is essential for disaster risk reduction and may serve as pertinent guidance for regional hazard mitigation
measures and the rational delineation of infrastructure project layouts in the Silk Road area and beyond.
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