
INTRODUCTION

Alluvial fans are formed in arid and semi-arid regions 
when temporary water flows out of mountain passes. Due 
to the steep drop in terrain, the slope decreases, and the 
water flow escapes its lateral constraint, dispersing the 
materials it carries from the mountain pass to the sur-
rounding areas, forming a fan-shaped accumulation with 
the mountain pass as the apex. The larger the flow of the 
river between the mountains, the larger the resulting al-
luvial fan, the gentler the slope, and the more complete 
the fan’s shape. The upper layer is usually composed of 
loess, with clear and distinct stratigraphy, while the lower 
layer contains better-rounded, larger gravel. Conversely, 
the smaller the flow of the river between the mountains, 

the smaller the alluvial fan, the steeper the slope, and the 
more disordered the stratigraphy. Based on the relation-
ship between Melton’s ruggedness number and the fan 
slope, as well as the morphometric threshold method, al-
luvial fans can be classified into three types: debris-flow 
fans, fluvial fans, and mixed fans (Marchi et al., 1993; Ber-
trand et al., 2013). Alluvial fans provide historical data on 
technology, environment, and climate change for regions 
or basins (White et al., 1996; Lanckriet et al., 2016) and 
serve as records of climate, physical geography, and tec-
tonic environments. In some mountainous areas, alluvial 
fans have become important land resources for local com-
munities (Mazzorana et al., 2020), with some larger fans 
even developing into towns or cities (Santangelo et al., 
2012; Maghsoudi et al., 2014; Chen et al., 2017). Therefore, 
research on alluvial fans has significant practical value, 
focusing on their geomorphological characteristics (Sorri-
so-Valvo et al., 1998), sedimentary processes (Sweeney and 
Loope, 2001), and the key influencing factors (Calvache et 
al., 1997; Harvey et al., 1999). The development of alluvi-
al fans is influenced by a variety of factors (Goswami et 

Geografia Fisica e Dinamica Quaternaria	 DOI 10.4454/jfd3j68b
GFDQ 47 (2024), 175-198

Zhenpeng ZHANG1, Junhong ZHANG2, Zhengang ZHANG3, Xia WEI1*

Analysis of temporal and spatial distribution characteristics and 
influencing factors of alluvial fan geomorphology in the middle  
of the northern foothills of Qilian Mountains, northwest China

1 College of Resources and Environment, Lanzhou University, Lanzhou 
730000, China.

2 Park Road Middle School, Anding District, Dingxi 743000, China.
3 College of Management, Lanzhou University, Lanzhou 730000, China.

* Corresponding author: Xia Wei (weix@lzu.edu.cn)

Abstract: Zhang Z., Zhang J., Zhang Z., Wei X., Analysis of temporal and spatial distribution characteristics and influencing factors of alluvial fan geomor-
phology in the middle of the northern foothills of Qilian Mountains, northwest China. (IT ISSN 0391-9838, 2024). Geomorphological analysis is central to 
alluvial fan studies, but research on the long-term evolution trends of alluvial fans and the interaction of spatial and temporal factors remains limited. 
This study aims to fill this gap by exploring the long-term evolution of alluvial fan morphology and the long-term impact of climatic factors on mor-
phological changes. The research uses satellite images from 1983 to 2023, GDEMV3 30-metre resolution digital elevation model, and regional annual 
precipitation data, combined with Geographic Information Systems (GIS), remote sensing technology, and statistical methods (such as Sen’s Trend Test 
and Mann-Kendall Test), focusing on three regions in the middle section of the northern Qilian Mountains foothills. The results show: (1) Spatially, 
there is a significant inverse relationship between the number and average area of alluvial fans. The northwest region has the most alluvial fans but 
the smallest average area, while the southwest has the fewest but the largest. As the rank of alluvial fans increases, their area grows, but their number 
decreases. The area and slope of alluvial fans follow a power function relationship with watershed area – larger watersheds tend to have larger and 
gentler alluvial fans. (2) Temporally, from 1983 to 2023, the overall area of alluvial fans has significantly decreased, especially in the northwest, while 
the overall slope has slightly increased. Both the area and slope of alluvial fans are strongly correlated with annual precipitation; increased precipita-
tion promotes area expansion and reduces slope. This study enriches geomorphological literature and provides new perspectives for related research.

Key words: Alluvial fan, Geomorphology, Influencing factors, GIS, Qilian Mountains.

mailto:weix@lzu.edu.cn


176

al., 2009), including basin characteristics, tectonic activ-
ity, and climate conditions (Harvey et al., 1999; Harvey, 
2002a,b; Salcher et al., 2010; Chen et al., 2022). The main 
characteristics of the watershed, such as area, slope, bed-
rock type, and vegetation cover, can significantly impact 
the size and shape of the alluvial fan (Blair, 1999; Har-
vey et al., 1999; Stock et al., 2008; Goswami et al., 2009; 
Birch et al., 2016; Stokes and Gomes, 2020). Alluvial fans 
formed in smaller watersheds are typically smaller in size 
and steeper in slope, while those in larger watersheds are 
larger and have gentler slopes. Bedrock type also affects 
the development of alluvial fans. Easily weathered rocks, 
such as mudstone, gypsum, and limestone, generate large 
volumes of weathered material, which is transported by 
water flow to the fan, forming a larger fan area (Nichols 
and Thompson, 2005; Chen et al., 2022). Tectonic activ-
ity, such as uplift and subsidence, can also influence the 
migration and morphological characteristics of alluvial 
fans by controlling the accommodation space in front of 
the mountain. Climate is a crucial factor in the formation 
of alluvial fans (White et al., 1996), affecting the deposi-
tion and erosion on the fan surface through runoff and 
flood events (Harvey et al., 1999). Precipitation impacts 
the relative size of sediment fluxes, and its intensity and 
frequency are particularly important for fan development 
(Lu et al., 2010; Lu et al., 2018; Chen et al., 2022). Addi-
tionally, alluvial fans are influenced by historical wet-dry 
cycles (Chen et al., 2022), with wet periods being larger 
than dry periods during the Central European period 
(Meinsen et al., 2014). Runoff transports debris from the 
watershed to the alluvial fan, so the quantity, distribu-
tion, and sedimentary characteristics of fan components 
reflect environmental changes within the watershed (Sor-
riso-Valvo et al., 1998; Crosta and Frattini, 2004; Harvey, 
2012). The relationship between alluvial fan morphology 
and watershed characteristics has received significant at-
tention, particularly the relationship between their mor-
phologies, as the parameters are readily available (Crosta 
and Frattini, 2004; Stokes and Gomes, 2020) and provide 
valuable insights into fan development. In the volcanic 
islands of the Atlantic Ocean, empirical models have 
quantified the relationships between fan area/slope and 
watershed parameters, highlighting the importance of 
watershed morphology (Crosta and Frattini, 2004; Chen 
et al., 2022). Research has found a strong positive power 
function relationship between fan area and basin area, 
and a negative power function relationship between fan 
slope and basin area (Mokarram et al., 2014). Karymbalis 
et al., studied the alluvial fans and watersheds in the Tri-
chonis Lake Graben in western Greece and found a very 
strong positive correlation between the geomorphological 
parameters of the fans and their watersheds (Karymbalis 
et al., 2022). Chen et al., identified key factors influencing 
the development of alluvial fans in the Lhasa River basin 

of the Qinghai-Tibet Plateau, with basin characteristics 
accounting for 17.88% of the relative importance, while 
material factors (average rock hardness and NDVI) and 
hydrological factors (average annual rainfall, glaciers, 
and snow) contributed 14.42% and 10.98%, respectively 
(Chen et al., 2022). 

At present, no systematic and widely accepted theory 
on alluvial fans has been established. Previous studies on 
the morphological characteristics and influencing factors 
of alluvial fan deposition are often case-specific, and the 
resulting theories differ considerably, mostly applying only 
to the specific regions studied. A thorough review of litera-
ture reveals two major shortcomings in the research on the 
geomorphology of alluvial fans in the central part of the 
northern foothills of the Qilian Mountains: first, while pre-
vious studies have made valuable contributions to under-
standing the provenance system, sedimentary mechanisms, 
structural characteristics, and sedimentary environments 
of alluvial fans in northwest China, there has been limit-
ed research on the alluvial fans in the central part of the 
northern foothills of the Qilian Mountains, particularly 
regarding their geomorphological characteristics; second, 
research on the variation of geomorphological parameters 
and influencing factors often focuses on specific time pe-
riods and spatial locations, discussing the relationships 
between various parameters and external influences on 
the fan body based on geographical differences, with little 
research on the long-term trends in alluvial fan geomor-
phology, the relationships between parameters over many 
years, and their relationship with the regional annual rain-
fall over extended periods.

Therefore, analyzing the morphological characteristics 
and influencing factors of alluvial fans in the central part 
of the northern foothills of the Qilian Mountains at both 
temporal and spatial scales will address the gaps in the ex-
isting research. This comprehensive analysis will not only 
enhance our understanding of alluvial fan geomorphology 
in this region but also provide valuable insights for future 
water resource management, land use, and local economic 
development, with significant policy support and guid-
ance.

STUDY AREA

The study area is located in the northeastern mar-
gin of the Qinghai-Tibet Plateau and the central part of 
the northern foothills of Qilian Mountain (fig. 1). Qilian 
Mountain stretches 1300 kilometers in length and 350 kilo-
meters in width, with elevations ranging from 1800 to 5800 
meters above sea level. The elevation gradually decreases 
from west to east, averaging about 4500 meters, which is 
approximately 3000 meters higher than Hexi Corridor in 
the north. Qilian Mountain has undergone several stages 
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of tectonic activity from the early Paleozoic to the Cenozoic 
(Xiao et al., 2009; Song et al., 2013; Zuza et al., 2018; Zuza 
et al., 2019; Tong et al., 2020). After a period of rapid uplift 
and erosion between 20 and 8 million years ago, it contin-
ued to rise and expand outward (Jolivet et al., 2001; Duvall 
et al., 2013; Wang et al., 2016; Wang et al., 2017a; Zheng et 
al., 2017; Li et al., 2019; Pang et al., 2019), making it one of 
the youngest structural components of the Qinghai-Tibet 
Plateau (Huang et al., 2021). Affected by the Mongolian 
anticyclone, Qilian Mountain experiences cold and dry 
winters, with relatively high summer temperatures and sig-
nificant daily temperature fluctuations, ranging from -5 °C 
to 15.5 °C (He et al., 2012). The annual average temperature 
is 0.6 °C (Rong et al., 2019). The region receives between 
108 and 255 mm of annual rainfall, increasing from west 
to east, typical of a continental climate (Li et al., 2022). The 
intense uplift of the Qinghai-Tibet Plateau has led to the 
formation of vast undulating mountains and valleys in the 
arid and semi-arid transition zone (Molnar and Tapponni-
er, 1975; Tapponnier et al., 1982; Harrison et al., 1992; Mol-
nar, 2005; Zheng et al., 2013; Wang et al., 2021), creating 
conditions for the formation of the Shiyang River, Heihe 
River, and Shule River in the Hexi Corridor. In this paper, 
the alluvial fan located in the central part of the northern 
foothills of the Qilian Mountains, the southern foothills of 
the Longshou Mountains, and the northern foothills of the 
Yumu Mountains, i.e., Ganzhou and Minle counties in the 
southwestern part of Zhangye city, Ganzhou and Shandan 
counties in the eastern part, and Gaotai and Linze counties 
in the northwestern part of Zhangye city, is taken as a study 
object.

The North Qilian Mountains, one of the three oldest 
orogenic belts on Earth recognized to date(Song et al., 
2009), is a northwest-southeast trending Caledonian oro-
genic belt. This orogenic belt has been in the process of 
uplift and is considered to be the material record of a typ-
ical marine-type subduction zone in the early Paleozoic 

era(Wu et al., 1993; Du et al., 2001; Zheng et al., 2010; Het-
zel, 2013), part of the Qinling-Qilian-Kunlun orogenic belt 
in west-central China (Hou et al., 2006). The southern part 
of the region is characterized by Cambrian strata, while 
the northern part features Ordovician-Silurian strata. The 
dominant rock types in the region include slate, phyllite, 
metamorphic sandstone, limestone, and volcanic rock (Li 
et al., 2013). The northern edge of the Qilian Mountains 
has developed a large number of small and medium-sized 
rivers, the larger rivers are the Changma River, the Black 
River, the Shiyang River, the Fengle River, the Maying Riv-
er, the Beidai River, and the Liyuan River. flow along the 
northern edge of the Qilian Mountains. During the Late 
Pleistocene, these rivers deposited extensive alluvial fans 
at the foot of the mountains(Zhang et al., 2024). These fans 
are characterized by their wide expanse and significant 
thickness.

Yumu Mountain is situated north of the Qilian Moun-
tains, south of the Hexi Corridor, and northwest of 
Zhangye City. It is an independent fault block formed by 
the northeastern extension of the North Qilian Mountains 
during uplift (Tapponnier et al., 1990). Yumu Mountain 
began its uplift approximately 3 million years ago. It ex-
hibits a northwest-southeast trend and spans about 65 
km. The overall elevation of the mountain is low, and the 
highest peak in the middle reaches an elevation of 3200 m 
above sea level (Tapponnier et al., 1990; Hu et al., 2019a; 
Hu et al., 2019b; Hu et al., 2022). The central part of Yumu 
Mountain is primarily composed of Silurian metamorphic 
sandstone and phyllite, Devonian sandstone, and con-
glomerate. The eastern part consists mainly of Cretaceous 
sedimentary rocks. The western part is dominated by Neo-
gene and Pleistocene sediments (Hu et al., 2022). The area 
is home to two relatively large rivers: Liyuan River and 
Bailang River, both originating from the Qilian Moun-
tains (Hu et al., 2022) and flowing into the Heihe River in 
the northeast and north directions, respectively. the Yu-

Figure 1 - Geographic location map of the study area.
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mushan region has a dry climate, with the following key 
characteristics: the average annual rainfall is 200mm, the 
extreme low temperature is minus 28-30 °C, the extreme 
high temperature is 34-36 °C, the average temperature is 
0-3 °C. This climate is classified as an arid and semi-arid 
grassland climate. Among the three regions of the study 
area, the area has developed fewer water systems, and the 
alluvial fans formed in front of the mountains are small 
in size, mostly in the form of narrow strips with greater 
thickness.

Longshou Mountain is located on the north side of 
the Hexi Corridor, north of the Qilian Mountains, on the 
southwest edge of the Alashan Block, east of Zhangye City. 
It borders the Hexi Corridor foreland basin to the north-
east. Longshou Mountain’s central region has a relatively 
low elevation, ranging from 2,500 to 3,000 meters. This 
places it approximately 1,400 meters above the Hexi Cor-
ridor Plain and 1,600 meters above the Alashan Plateau. 
The highest peak of Longshou Mountain reaches an eleva-
tion of 3,430 meters above sea level (Palumbo et al., 2010). 
The climate is continental desert and continental steppe, 
with low rainfall and high evapotranspiration. Vegetation 
is scarce due to the arid conditions, with an average an-
nual rainfall of less than 200 mm (Ta et al., 2004; Palum-
bo et al., 2010). The primary rock composition consists of 
ophiolitic mixed rock layers alternating with diamictic 
hornblende and various gneiss types. Minor occurrences 
of marble, quartzite, and schist are also present. Paleozo-
ic formations are predominantly composed of quartz-rich 
metamorphic sandstones, with some Carboniferous gran-
ites. Metamorphic sandstone is occasionally interspersed 
with layers of limestone and dolomite. Hillsides are mainly 
exposed bedrock, with some areas covered by a thin (≤ 0.5 
m) weathered layer. Rills on the slopes are partially filled 
with weathered material or bedrock debris. Alluvial fans 
formed by the rivers flowing from Longshou Mountain are 
larger in length, width, and volume compared to those in 
the Yumushan area. These fans also exhibit a more com-
plete fan shape.

DATA SOURCE

The data used in this study include alluvial fan satel-
lite images, GDEMV3 30-metre resolution digital elevation 
model, and regional annual rainfall records. Satellite im-
agery was obtained from Landsat 4-5 and 7-9 digital prod-
ucts and Global Mapper, covering the period from 1983 
to 2023. GDEMV3 30-metre resolution digital elevation 
model were downloaded from the Geospatial Data Cloud, 
with the same time range as the satellite imagery. Annual 
rainfall data was sourced from Zhangye Hydrographic Sta-
tion through NOAA (National Oceanic and Atmospheric 
Administration, USA) for the years 1983 to 2023.

METHODS

This study primarily uses geographic remote sensing, 
data interpretation, and statistical analysis methods. Based 
on topographic maps, alluvial fan satellite images, and 
DEM (Digital Elevation Model) data of the study area, re-
mote sensing and interpretation techniques were applied. 
ArcMap, ArcScene and related auxiliary software were 
used to extract the three-dimensional model of the alluvial 
fans, to divide the alluvial fans and their watersheds in each 
region, and to obtain the area, slope and watershed area 
parameters of each alluvial fan in the study area on March 
15, 2023, as well as the overall area and the overall slope 
values of the alluvial fans in each region for the 1983-2023 
time interval of five years. The choice of a five-year interval 
is based on the following reasons: (A) Data Availability and 
Accuracy: The main reason for selecting a five-year interval 
is to consider the availability and accuracy of data. Satel-
lite imagery and DEM data are typically updated every few 
years, making five years a suitable time scale. This interval 
allows us to avoid delays in data updates while providing a 
long enough period to observe changes in the geomorpho-
logical characteristics of alluvial fans; (B) Capturing Long-
term Trends: A five-year interval helps capture long-term 
geomorphological trends of alluvial fans while minimizing 
the impact of short-term climate fluctuations and other 
sporadic events. For geomorphological evolution, five years 
is sufficient to reflect trends without being influenced by 
short-term variations; (C) Balancing Detail and Practicali-
ty: In selecting the time interval, I considered the balance 
between the operational feasibility of the analysis and the 
level of detail captured by the data. A five-year interval 
prevents the analysis from becoming too cumbersome due 
to excessive data volume while being sensitive enough to 
capture the long-term trends in the changes of alluvial fan 
morphology). Additionally, overall area and slope values for 
alluvial fans from 1983 to 2023 were calculated at five-year 
intervals. Using Excel and Origin software, we statistically 
analyzed the parameters of alluvial fans, watershed param-
eters, and regional rainfall data over many years. The main 
research objectives are as follows: (1) Analyze the number, 
area, and spatial distribution characteristics of alluvial fans. 
(2) Examine the relationship between the area and slope of 
alluvial fans and their respective basin areas. (3) Investi-
gate the temporal variation trends of the overall area and 
overall slope of alluvial fans in each region, as well as the 
relationship between these two parameters. (4) Analyze the 
relationship between the overall area and slope of alluvial 
fans in each region and the annual rainfall over time.

The following are the methods for determining the sec-
tors and modelling the three locations of the alluvial fans:

Method of determining sectors: Determination of the 
study area: alluvial fan in the central part of the northern 
foothills of the Qilian Mountains, the southern foothills 
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of the Longshou Mountains and the northern foothills of 
the Yumu Mountains. Collecting data: collect geograph-
ic, climatic and hydrological data of the region. Including 
topographic maps, satellite images, meteorological data, 
river network data, etc. Drawing base maps: Use GIS (Geo-
graphic Information System) software to create shp surface 
files, identify the alluvial fan fan boundaries and draw allu-
vial fan contour range maps based on satellite image maps 
and extracted alluvial fan regional 3D model maps, as well 
as river network data. 

The 3D model extraction methods for the nine periods 
of alluvial fans in each region are as follows:

Preparation of data

Firstly, prepare the following data: satellite image map 
(used to provide surface information of the study area), 
DEM (Digital Elevation Model) (providing topographic el-
evation data of the study area, usually a raster data)

Generating 3D Models in ArcMap

ArcMap is mainly used for two-dimensional map pro-
cessing, but you can use raster data and 3D Analyst tools 
for three-dimensional view display. Steps: Load data: Open 
ArcMap and use the ‘Add Data’ button to load satellite im-
ages and DEM data; Prepare 3D view (3D Analyst exten-
sion): In ArcMap, click Customize→Extensions, make sure 
3D Analyst has been selected; create 3D base layer: click 
DEM data layer, choose Properties→Symbology, and ren-
der the DEM data into different colour scales to better dis-
play the elevation differences; in Displays, click ‘Add Data’ 
button to load satellite images and DEM data; in Displays, 
click ‘Add Data’ button to load satellite images and DEM 
data; in Displays, click ‘Add Data’ button to load satellite 
images and DEM data. To display the elevation difference; 
In the Display tab, check the Use Surface Display option; 
To create 3D terrain: In the 3D Analyst toolbar, click Sur-
face→Layer 3D To Display, and select the DEM data as 
the surface; To set the raster elevation of the data: Under 
the Elevation tab of Layer Propertie, choose the Elevation 
tab in Layer Propertie, select Surface, and set DEM as the 
surface elevation layer; Insert 3D Scene: Click Insert→New 
3D Scene, and then select Add Data in the scene to add 
both the satellite image and the DEM layer to the scene 
view; Use the Scene toolbar to adjust the view angle and 
view the generated 3D terrain map.

Generating 3D models in ArcScene

ArcScene is a software specially designed for 3D data 
analysis and presentation. Compared with ArcMap, it pro-
vides richer 3D views and interactive functions. Steps: Load 
data: start ArcScene, click Add Data to add satellite images 

and DEM data to the project; set the surface of DEM layer: 
click on the DEM layer, choose Properties→Base Heights, 
and in this window, choose Floating on a custom surface, 
and then choose the DEM layer as the base ground; Super-
impose the satellite image layer on the DEM: Satellite im-
ages are usually 2D images, which can be added as a layer 
to the 3D view; click on the image layer and select Proper-
ties→Symbology to adjust the image display effect; Adjust 
the 3D display settings: In the 3D Effects toolbar, select 
Scene Properties to set the lighting, shadows, viewing dis-
tance and other effects of the 3D scene; Rotate and adjust 
the viewing angle: use the 3D navigation tools in ArcScene 
to adjust the viewing angle, rotate and tilt the scene to view 
the 3D model of the study area from different perspectives; 
Export the 3D model: if necessary, you can export the 3D 
view to a 3D model file via File→Export Scene. 3D model 
file for further analysis or presentation.

PARAMETER EXTRACTION

Alluvial fan area, slope, overall area, and overall slope

The collected data, including the regional topographic 
map, historical satellite images of alluvial fans, and DEM 
digital elevation model, were divided into three parts and 
processed separately to extract alluvial fan parameters. 
Topographic Map: The topographic map of the study area 
was processed using Adobe Photoshop, Adobe Illustrator, 
and ArcMap software. This involved cutting, describing, 
vectorizing, and geographically registering the map to as-
sign it a coordinate system. Satellite Image Map: The geo-
graphic coordinate system of the satellite image map was 
converted to a projected coordinate system using ArcMap 
software. 

DEM Digital Elevation Model: Using ArcMap software, 
the DEM digital elevation model plates for the study area 
were mosaicked, and the coordinates of the mosaic model 
were projected and transformed. Then the processed study 
area map, alluvial fan satellite image map and DEM digital 
elevation model were processed through mask extraction 
and 3D processing using ArcMap and ArcScene software 
to extract the 3D model of alluvial fans in the study area 
(Table 1), and then to delineate the location of the alluvial 
fans in each region and the fan margin boundary. Finally, 
using ArcMap, we generated vector files representing the 
area and slope of each alluvial fan, as well as the overall 
area and overal slope of alluvial fans in each region. These 
files were analyzed to obtain the area and slope of individ-
ual alluvial fans on March 15, 2023, along with the overall 
area and overal slope parameters for each region’s alluvial 
fans from 1983 to 2023, in five-year intervals (1983, 1988, 
1993, 1998, 2003, 2008, 2013, 2018, and 2023). (The 1983 
satellite image, obtained from a USGS satellite, lacked a ref-
erence coordinate system. Despite undergoing geographic 
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alignment, the image remained distorted and deformed. 
Visual interpretation and comparison with the 1984 image 
revealed very similar geomorphological information. To 
minimize potential errors in parameter measurements, the 
1984 satellite image was chosen for this study).

Watershed area

As show in fig. 2, the study area contains 51 water-
sheds associated with alluvial fans located in the east, 
northwest, and southwest regions. Using three-dimen-

Table 1. 3D model maps of alluvial fans in the eastern, northwestern, and southwestern regions.

Region

Year
East Northwest Southwest

1983

1988

1993

1998

2003

2008

2013

2018

2023
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sional models of the alluvial fans, the latitude and longi-
tude of the basin dumping points were identified with the 
coordinate positioning tool from 91 satellite map assistant 
software. Vector coordinate files for the basin dumping 
points were generated for each region. These vector files, 
along with the DEM (Digital Elevation Model) of the 
study area, were then imported into ArcMap. Hydrologi-
cal analysis of the river basins was conducted in ArcMap, 
following steps such as sinkhole analysis, flow direction 
analysis, river network classification, grid vectorization, 
dumping point capture, and watershed analysis. Using 
the area identification function in ArcMap software, the 
basin area corresponding to each alluvial fan in the study 
area was calculated.

RESULTS

Based on satellite imagery analysis from March 15, 
2023, the areas of alluvial fans in the three regions (East-
ern, Northwestern, and Southwestern) were identified and 
measured using ArcMap software. The number of alluvial 
fans in the Eastern, Northwestern, and Southwestern re-
gions are 18, 24, and 9, respectively. According to fig. 3, 
although the Southwestern region has the fewest alluvial 
fans, it has the largest total area, measuring 269.84 km². 
In contrast, the Northwestern region has the most alluvial 
fans but the smallest total area, measured at 225.11 km². 
Interestingly, there is an inverse relationship between the 
number of alluvial fans and their average area: regions 
with more alluvial fans tend to have smaller individual 
fans, while regions with fewer alluvial fans exhibit larg-

er fans. In the Northwestern region, the average area of 
an alluvial fan is the smallest, at only 9.38 km², whereas 
in the Southwestern region, the average area is the larg-
est, reaching 29.98 km². This distribution suggests that in 
the Eastern and Northwestern regions, despite the higher 
number of alluvial fans, the fans are generally smaller, lin-
ear, and less developed; whereas in the Southwestern re-
gion, despite having fewer alluvial fans, each fan is larger, 
fully developed, and more uniform in shape, width, and 
length (fig. 4).

According to fig. 5, the number of alluvial fans in Gan-
zhou District, Shandan County, Gaotai County, Linze 
County, and Minle County are 15, 12, 15, 9, and 0, respec-
tively. Ganzhou District contains 94.58% of the South-
western region’s alluvial fans and 43.42% of the Eastern 
regions, accounting for 48.70% of the total alluvial fan area 
across the three regions. Shandan County contains 56.58% 
of the Eastern region’s alluvial fans, accounting for 19.92% 
of the total area. Gaotai County contains 66.41% of the 
Northwestern region’s alluvial fans, accounting for 19.57% 
of the total area. Linze County and Minle County contain 
33.59% of the Northwestern region’s alluvial fans and 
5.42% of the Southwestern region’s, with areas account-
ing for 9.90% and 1.91% of the total area across the three 
regions, respectively. Among these five counties, Ganzhou 
District has the largest number and area of alluvial fans, 
with 15 fans covering an area of 371.99 km², while Min-
le County has the smallest number and area, with 0 fans 
and 14.64 km², respectively. This distribution indicates that 
about half of the alluvial fans are concentrated in Ganzhou 
District, with the southwestern part of this district being 
occupied by three large alluvial fans.

Figure 2 - Alluvial fan and wa-
tershed extraction results in 
the study area.
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Figure 3 - Fan charts of overall area (left) / average area (right) of alluvial fans in the eastern, northwestern, and southwestern regions.

Figure 6 - Histogram of the number of grade 1-4 alluvial fans in the eastern, 
northwestern, and southwestern regions.

Figure 4 - Distribution map of the fan center and boundary of each alluvial fan in the study area.

Figure 5 - Distribution map of alluvial fan area in each county



183

Number, area and spatial distribution of alluvial fans  
of different sizes

According to the alluvial fan area data from March 
15, 2023, the alluvial fans in the study area are classified 
into four levels: Level 1 (1 km² ≤ area < 10 km²), Level 2 
(10 km² ≤ area < 20 km²), Level 3 (20 km² ≤ area < 30 km²), 
and Level 4 (area ≥ 30 km²). See figs 4 and 6 for distribution 
of different levels in each region.

According to Table 2, the total areas of Level 1, Level 
2, Level 3, and Level 4 alluvial fans are 138.74 km², 144.19 
km², 169.47 km², and 311.50 km², respectively, accounting 
for 18.16%, 18.88%, 22.18%, and 40.78% of the total allu-
vial fan area in the study area. In the eastern region, the to-
tal areas of these levels of alluvial fans are 29.38 km², 77.02 
km², 72.81 km², and 89.74 km², accounting for 10.92%, 
28.64%, 27.07%, and 33.37% of the total alluvial fan area 
in the region, respectively. In the northwestern region, the 
total areas of these levels of alluvial fans are 96.68 km², 
53.22 km², 75.21 km², and 0 km², accounting for 42.95%, 
23.64%, 33.41%, and 0% of the total alluvial fan area in the 
region, respectively. In the southwestern region, the total 
areas of these levels of alluvial fans are 12.68 km², 13.95 
km², 21.45 km², and 221.76 km², accounting for 4.70%, 
5.17%, 7.95%, and 82.18% of the total alluvial fan area in 
the region, respectively.

Statistical analysis shows that the number of alluvial 
fans decreases from Level 1 to Level 4. In the eastern and 
northwestern regions, Level 1 alluvial fans are the most 
abundant, while Level 4 alluvial fans are the least. In the 
southwestern region, Level 1 alluvial fans are the most 
common, with fewer Level 2 and Level 3 alluvial fans. In 
terms of area, the total area of Level 1 alluvial fans in the 
eastern region is the smallest, and the total area of Level 
4 alluvial fans is the largest; in the northwestern region, 
the total area of Level 4 alluvial fans is the smallest, and 
the total area of Level 1 alluvial fans is the largest; in the 
southwestern region, the total area of Level 1 alluvial fans 
is the smallest, and the total area of Level 4 alluvial fans is 
the largest.

Figs 7 and 8 show the geographical distribution of 
alluvial fans by size. The number and total area of Lev-
el 1 alluvial fans are the largest in Gaotai County and 
Linze County, while Level 4 alluvial fans are absent. In 

Ganzhou District, the number of Level 1 alluvial fans 
is the largest, and the number of Level 3 alluvial fans is 
the smallest; additionally, its total area of Level 4 alluvial 
fans is the largest, while the total area of Level 1 alluvial 
fans is the smallest. In Shandan County, the number of 
Level 1 alluvial fans is the largest, and the number of 
Level 4 alluvial fans is the smallest. The total area of Lev-
el 2 alluvial fans is the largest, while the total area of Lev-
el 1 alluvial fans is the smallest. Minle County contains 
a small portion of the Level 4 alluvial fans in the south-
western region, with a total area of 14.64 km2. Overall, 
Level 1 to Level 3 alluvial fans are distributed across the 
four counties of Gaotai, Linze, Ganzhou, and Shandan, 
with the largest number of Level 1 alluvial fans in each 
county, and Level 4 alluvial fans are mainly distributed 
in Ganzhou District.

Regional distribution characteristics of alluvial fans  
in various regions (1983-2023)

Fig. 9 shows the temporal variation trends of the overall 
area and overall slope of the alluvial fans in the eastern, 
northwestern, and southwestern regions from 1983 to 2023. 
The southwestern region has the largest overall area of the 
alluvial fans, ranging from 269.84 km2 to 281.76 km2. The 
eastern region follows closely behind, with an area range 
of 266.42 km2 to 278.66 km2. The northwestern region 
has the smallest overall area, ranging from 221.90 km2 to 
239.54 km2. In contrast to the overall area, the overall slope 
values of the alluvial fans in the three regions exhibit the 
opposite size relationship. The northwestern region has the 
highest overall slope, ranging from 7.08% to 7.37%, fol-
lowed by the eastern region, with an overall slope range of 
5.24% to 5.28%. The southwestern region has the lowest 
overall slope, ranging from 4.94% to 5.02%. These results 
indicate that the changes in the overall area and overall 
slope values of the alluvial fans in the three regions have 
been relatively small over the span of more than 40 years. 
This is consistent with previous research, which has point-
ed out that in semi-arid and arid regions, the morpholog-
ical changes of alluvial fans are relatively limited (Blainey 
and Pelletier, 2008; Shoshta and Marh, 2023; Lehmkuhl 
and Owen, 2024).

Table 2 - Distribution table of number and area of grade 1-4 alluvial fans in the eastern, northwestern, and southwestern regions.

Area range

Zone

First size Second size Third size Fourth size

Number Area (km²) Number Area (km²) Number Area (km²) Number Area (km²)

East 8 29.38 5 77.02 3 72.81 2 89.74

Northwest 18 96.68 3 53.22 3 75.21 0 0.00

Southwest 4 12.68 1 13.95 1 21.45 3 221.76

Gather 30 138.74 9 144.19 7 169.47 5 311.50
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Figure 7 - Distribution map of grade 1-4 alluvial fans in each county.

Figure 8 - Distribution of the number (left) / area (right) of grade 1-4 alluvial fans in each county.

Figure 9 - Histogram of time-overall area (left) / overall slope (right) of alluvial fans in the eastern, northwestern, and southwestern regions.
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Sen’s trend test, Mann Kendall test for overall area  
and overall slope of multi-year alluvial fans in each region

Fig. 10 shows the temporal variation trends of the over-
all area and overall slope of the alluvial fans in the eastern, 
northwestern, and southwestern regions from 1983 to 2023. 
The overall area of the alluvial fans in the three regions 
shows a trend of first increasing, then decreasing, then 
increasing again, and decreasing again. Specifically, the 
overall area of the alluvial fans gradually increased during 
1983-1993 and 2013-2018, while it gradually decreased 
during 1993-2013 and 2018-2023. Overall, the overall area 
of the alluvial fans in the three regions shows a downward 
trend, with the northwestern region decreasing the fastest, 
followed by the southwestern region, and the eastern re-
gion decreasing the slowest. The slopes of the trend lines 
in the figure are -0.3962, -0.1974, and -0.1801, respectively.

From 1983 to 2023, the overall slope values of the al-
luvial fans in the eastern, northwestern, and southwestern 
regions fluctuated significantly, with the curve showing 

multiple stages of increase and decrease. The overall slope 
of the alluvial fans in the eastern and southwestern regions 
increased during the periods 1993-1998, 2003-2013, and 
2018-2023, while it decreased during the periods 1983-1993, 
1998-2003, and 2013-2018. The overall slope of the alluvial 
fans in the northwestern region increased during the peri-
ods 1983-1988, 1993-2003, 2008-2013, and 2018-2023, while 
it decreased during the periods 1988-1993, 2003-2008, and 
2013-2018. Overall, the overall slope values of the alluvial 
fans in the three regions show an upward trend over time. 
The northwestern region has the fastest increase in overall 
slope, followed by the southwestern region, while the east-
ern region has the slowest increase in overall slope. The 
slopes of the trend lines in the figure are 0.0065, 0.0011, 
and 0.0005, respectively.

The analysis of the alluvial fan data from 1983 to 2023 
indicates an inverse relationship between the overall area 
and the overall slope of the alluvial fans. Satellite image 
analysis shows that the scale of the alluvial fans in the three 
study regions has generally decreased. This ongoing mor-

Figure 10 - Time-overall area (left) / overall slope (right) curves of alluvial fans in the eastern, northwestern, and southwestern regions (from top to 
bottom, respectively).
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phological change of the alluvial fans is expected to have 
no significant impact on human activities in the alluvial fan 
areas in the near future.

Based on the analysis of the overall area and overall 
slope trends of the alluvial fans in each region (figs 10, 11), 
we observed the following.

As shown by the green line, the overall area of the al-
luvial fans in the eastern, northwestern, and southwestern 
regions shows a statistically significant decreasing trend, 
with P-values less than 0.05. This indicates that, during 
the study period (1983-2023), the overall area of the al-
luvial fans has continuously decreased. In contrast, the 

Figure 11 - Combined trend and significance plot of alluvial fan time-overall area (left)/ overall slope (right) for the eastern, north-western and 
south-western regions (from top to bottom, respectively).
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overall slope of the alluvial fans in each region shows a 
non-significant increasing trend (P-value ≥ 0.05). The sig-
nificant reduction in the overall fan area, particularly in 
the northwestern region, may be due to changes in re-
gional precipitation patterns and human activities such 
as urban expansion. Studies have shown that the area of 

alluvial fans is often influenced by a combination of river 
erosion, changes in precipitation, and other environmen-
tal factors (Zygmunt, 2009; Clarke, 2015). The results of 
this study further validate that these factors may have led 
to the significant reduction in alluvial fan areas over the 
last 40 years or so.

Figure 12 - Confidence interval plots for alluvial fan time-total area (left)/total slope (right) trends for the eastern, northwestern, and southwestern 
regions (from top to bottom, respectively).
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Moreover, the non-significant change in overall slope 
also aligns with findings from similar studies in other re-
gions. For instance, while some studies suggest that local 
slope may be influenced by topography, precipitation, and 
human activities, the changes are typically slow, and thus 
may not show a statistically significant trend over a short 
period of time (Zhang et al., 2018; Fan et al., 2019). This is 
also reflected in our study, indicating that changes in over-
all slope require longer monitoring to fully capture their 
trends.

These results provide valuable reference for under-
standing the long-term evolution of alluvial fans and may 
offer insights for the formulation of future alluvial fan con-
servation and management strategies.

Fig. 12 shows the trend line (in blue), confidence inter-
val (the area between the two black lines), and standard 
error, providing the upper and lower bounds of the trend 
estimates. The main observations are as follows.

The confidence intervals for the overall area and overall 
slope of the alluvial fan in the northwestern region and for 
the overall area in the southwestern region are relatively 
narrow, indicating that the trends of these parameters in 
these regions are less affected by variability and are more 
stable over time. In contrast, the confidence intervals for the 
overall area, overall slope in the eastern region, and overall 
slope in the southwestern region are wider, reflecting great-
er volatility in the trend estimates. The wider confidence 
intervals in the eastern region and the narrower ones in the 
northwestern region may be related to the higher popula-
tion density and frequent human activities in the eastern 
region, while the northwestern region has a more sparsely 
distributed population and a smaller total population.

The standard errors of the slope estimates are as fol-
lows: for the overall area, the standard errors for the east-
ern, northwestern, and southwestern regions are 0.1731, 
0.16871, and 0.15485, respectively. The standard errors for 
the overall slope are 0.00054877, 0.0030184, and 0.001294, 
respectively. These values indicate that the trend estimates 
for the overall area are less precise compared to the overall 
slope, particularly in the eastern region. Since the overall 
area of alluvial fans in each region is around 250 km2 over 
several years, the standard errors for both overall area and 
overall slope are very small, so in this case, it can be consid-
ered that the trend estimates are relatively precise.

These results are consistent with previous studies, 
where regions with narrower confidence intervals generally 
correspond to areas with more consistent and reliable en-
vironmental trends, while regions with wider confidence 
intervals indicate greater variability or complexity in the 
driving factors (Hu et al., 2024). Areas with significant hu-
man influence or greater climate variability tend to show 
wider confidence intervals, indicating higher uncertainty 
in trend predictions (Thornton et al., 2014; Seddon et al., 
2016; Borrelli et al., 2020).

Correlation analysis of temporal changes in overall area  
and overall slope of alluvial fans across different regions

Previous studies have shown that there is a widespread 
inverse relationship between the area and slope of alluvial 
fans, particularly in semi-arid and arid regions (Goorabi 
et al., 2021; Ghahraman and Nagy, 2024; Iacobucci et al., 
2024; Lehmkuhl and Owen, 2024). According to fig. 13, 
from 1983 to 2023, the overall area of the alluvial fans in 
the three regions has increased, while the overall slope has 
decreased. There is a strong negative power function re-
lationship between the two parameters, with correlation 
coefficients of -0.9485, -0.9765, and -0.9416 in the eastern, 
northwestern, and southwestern regions, respectively. This 
further demonstrates that the inverse relationship between 
the area and slope of alluvial fans holds true across both 
temporal and spatial scales. Previous research indicates 
that the increase in the area of alluvial fans is generally ac-
companied by a decrease in slope, which is mainly attribut-
ed to the promotion of sediment accumulation under low-

Figure 13 - Relationship between overall area and overall slope of al-
luvial fans in the eastern, northwestern, and southwestern regions over 
multiple years.
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slope conditions (Reitz and Jerolmack, 2012; Patel and Pati, 
2022). Additionally, in arid regions, due to the scarcity of 
precipitation, areas with lower slopes are more conducive 
to sediment accumulation, leading to the gradual expan-
sion of alluvial fan areas (Ziadat and Taimeh, 2013). In this 
study, the strong negative correlation coefficients in the 
three regions (eastern -0.9485, northwestern -0.9765, south-
western -0.9416) further support this trend, indicating that 
factors such as precipitation and erosion play an important 
role in the morphological evolution of alluvial fans. These 
results provide strong evidence for understanding the evo-
lution of alluvial fans under different climatic conditions.

The overall area and overall slope of alluvial fans in relation 
to annual rainfall (1983-2023)

According to fig. 14, from 1983 to 2023, there is a linear 
relationship between the overall area, overall slope, and 
annual rainfall of alluvial fans in the eastern, northwest-

ern, and southwestern regions. The overall area of the al-
luvial fans increases with increasing annual rainfall, with 
strong correlations in the eastern (0.8604) and southwest-
ern (0.8242) regions, and a relatively strong positive cor-
relation in the northwestern region (0.7675). In contrast, 
as annual rainfall increases, the overall slope of the allu-
vial fans decreases. The eastern region shows a very strong 
negative correlation (-0.8758), while the northwestern and 
southwestern regions exhibit relatively strong negative cor-
relations of -0.7404 and -0.7984, respectively. These results 
suggest that the temporal variation of precipitation in the 
same region has a significant impact on the developmen-
tal trend of alluvial fans. An increase in precipitation often 
leads to the expansion of alluvial fan areas because more 
water flow and sediment can promote the expansion of 
the fan (Whipple et al., 1998; Curray et al., 2002; Zhang et 
al., 2016; Zhang et al., 2020). The strong positive correla-
tions in the eastern and southwestern regions (0.8604 and 
0.8242) further support this point. In contrast, increased 

Figure 14 - Relationship between overall area (left), overall slope (right), and multi-year rainfall in the eastern, northwestern, and southwestern regions 
(from top to bottom, respectively).
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precipitation leads to a reduction in the slope of the alluvial 
fans, which is consistent with findings from other studies 
(de Haas et al., 2014; Silhán, 2014), indicating that erosion 
caused by precipitation may result in slope changes (Ziadat 
and Taimeh, 2013; Jiang et al., 2014). Our results show that 
the eastern region exhibits the strongest negative correla-
tion (-0.8758), which may be closely related to the strong 
seasonal variation of precipitation and the higher hydrolog-
ical processes in this region.

Relationship among alluvial fan area, slope  
and watershed size

Fig. 15 shows that the areas of 18 alluvial fans in the 
eastern region, 24 in the northwestern region, and 9 in 
the southwestern region exhibit a positive power function 
relationship with the corresponding watershed area. The 
larger the watershed area, the larger the area of the alluvial 

fan, and the correlation is very strong, with correlation co-
efficients of 0.9774, 0.9682, and 0.9870, respectively. This 
positive correlation aligns with previous research, which 
indicates that larger watershed areas generally result in 
more extensive alluvial fans (Schick et al., 1999; Field, 2001; 
Welsh and Davies, 2011; Fontana et al., 2014; Zhang et al., 
2020). Moreover, the slopes of the alluvial fans in each of 
the three regions and their corresponding watershed areas 
also display a negative power function relationship. The 
larger the watershed area, the smaller the slope of the fan, 
the correlation coefficients are -0.9123, -0.9075, and -0.9345. 
This indicates that, with the increase of the basin area, the 
intensity of river runoff increases, and the sediment trans-
port capacity also increases, the larger particles of sediment 
are first deposited in the root of the alluvial fan, and in 
the transition to the edge of the alluvial fan, the scouring 
effect is gradually weakened, and the grain size of the sed-
iments gradually decreases. In the development of alluvi-

Figure 15 - Relationship between alluvial fan area (left), slope (right), and watershed area in the eastern, northwestern, and southwestern regions (from 
top to bottom, respectively).
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al fan, sediment sorting plays an important role (Moreno 
and Romero Segura, 1997; Gómez-Villar and García-Ruiz, 
2000; Crosta and Frattini, 2004; Miller et al., 2014; Zhang 
et al., 2020). As the overall area of the alluvial fan increas-
es, the overall slope becomes gentler. Thus, watershed area 
is an important factor in the sedimentary development of 
alluvial fans. This finding contributes to a deeper under-
standing of alluvial fan morphology and emphasises that 
the complex relationship between watershed dynamics and 
sedimentary processes is influenced by a combination of 
climatic and geomorphological factors (Samaras and Kou-
titas, 2014; Zhang et al., 2015; Hamidifar et al., 2024).

DISCUSSION

Previous research on the alluvial fans in the Qilian 
Mountains area primarily focused on their spatial charac-
teristics and influencing factors (Pan et al., 2013; Yang et 
al., 2014; Guo et al., 2017; Su et al., 2019; Lehmkuhl and 
Owen, 2024; Zhang et al., 2024). Can we analyze the tem-
poral trends in the geomorphological parameters of the al-
luvial fans along the central section of the northern slope of 
the Qilian Mountains and the relationships between these 
parameters, as well as the impact of multi-year precipitation 
on the fan’s geomorphological features? The study shows 
that, based on GIS technology, using geographic remote 
sensing and interpretation, data statistics and analysis, as 
well as Sen’s trend analysis + Mann-Kendall significance 
test methods, combined with satellite remote sensing imag-
ery, GDEMV3 30-metre resolution digital elevation mod-
el, and multi-year precipitation data, parameters were ex-
tracted from the alluvial fans and their catchments on the 
northern slope of the Qilian Mountains (central part), the 
southern slope of Longshoushan, and the northern slope 
of Yumusshan. This led to the determination of the area, 
slope, and catchment area parameters of all individual al-
luvial fans in the study area as of March 15, 2023, as well 
as the overall area and slope parameters of the alluvial fans 
for each region from 1983 to 2023, with a five-year interval. 
Statistical analysis of the spatiotemporal distribution char-
acteristics and influencing factors of the alluvial fans in the 
study area is feasible. This comprehensive analysis provides 
important insights into the spatiotemporal distribution 
characteristics of alluvial fans and their influencing factors. 
Understanding the spatiotemporal dynamics of alluvial 
fans is crucial for sustainable water resource management, 
land use planning, and urban development in the northern 
slope of the Qilian Mountains. It can also provide valuable 
information for understanding future land use scenarios, 
as precipitation and the spatiotemporal distribution of 
catchments are important indicators of alluvial fan devel-
opment (Schick et al., 1999; Wang et al., 2017b; Chen et al., 
2022; Chen et al., 2023; Yeh et al., 2024). This study fills 

an important gap in the literature by providing detailed 
time-based analysis. Although most previous studies have 
focused on the spatial attributes of alluvial fans, few have 
explored how these features evolve over time and how cli-
mate and catchment factors influence these changes.

The northern slope of the Qilian Mountains is home 
to numerous alluvial fans, with many studies only focusing 
on typical alluvial fans associated with major large rivers, 
thus neglecting detailed investigations of the alluvial fans 
in the central section of the northern slope. This limits our 
understanding of the quantity, area, and geographical dis-
tribution characteristics of various types of alluvial fans in 
this region. In our study, we found that alluvial fans in the 
northwest region are generally small, with most of them 
having an area less than 10 km², while in the southwest 
region, larger alluvial fans are present, with fans larger than 
30 km² accounting for 82.18% of the total area of alluvial 
fans in this region. In the eastern region, alluvial fans of 
various sizes are relatively evenly distributed in terms of 
number and area.

Research on the morphological parameters of alluvial 
fans has mainly focused on spatial relationships (Crosta 
and Frattini, 2004; Giles, 2010; Clarke, 2015; DeChant 
et al., 2021), with few studies investigating the long-term 
changes in the area and slope of alluvial fans. In contrast, 
our study reveals a significant decreasing trend in the over-
all area of alluvial fans in the study area from 1983 to 2023, 
while the overall slope shows a non-significant increasing 
trend. These two parameters exhibit a clear negative pow-
er function relationship, indicating that the negative pow-
er function relationship between area and slope holds at 
both temporal and spatial scales. During the study period 
(1983-2023), the overall area of alluvial fans in the eastern, 
northwest, and southwest regions experienced continuous 
and significant reductions (fig. 11). Previous studies have 
shown that alluvial fans are highly sensitive to precipitation 
patterns, sediment supply, and external factors (Crosta and 
Frattini, 2004; Blainey and Pelletier, 2008; Clarke, 2015; 
Vincent et al., 2022). Our findings are consistent with these 
results, especially in the northwest region, where the area 
of alluvial fans has significantly decreased. This change 
may be related to significant human activities such as ag-
ricultural expansion and urban sprawl in the region. In 
contrast, the overall slope changes in all study regions did 
not show statistical significance, indicating that the topo-
graphic changes of the alluvial fans were not significant 
over the past 40 years, and their slow change process may 
be associated with long-term geomorphological evolution. 
Factors such as vegetation cover, mild erosion processes, 
and sediment accumulation typically influence the slope of 
alluvial fans. However, these changes usually occur grad-
ually and may not be noticeable within relatively short 
time frames. Slope changes are generally less sensitive to 
short-term climatic fluctuations and less pronounced com-
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pared to more dynamic features like alluvial fan area or 
river channel morphology. Although the slope trend in this 
study did not show significant changes, local changes may 
still have occurred in specific areas. For example, in re-
gions where urbanization is rapidly increasing, such as the 
eastern area, human activities may have affected hydrology 
and sediment dynamics, leading to minor slope changes. 
However, due to the slow pace of geomorphological chang-
es, these variations may not be directly detectable in a sta-
tistical sense. The difference between the trends of overall 
area and overall slope highlights the complex interaction 
between dynamic surface processes and the time scale re-
quired for significant changes. The reduction in the area of 
alluvial fans is a direct response to external factors such as 
precipitation variation, sediment transport, and human ac-
tivities, while slope changes are more subtle and generally 
require long-term monitoring to detect statistically signifi-
cant changes. These findings have important implications 
for future alluvial fan management. The significant reduc-
tion in overall area suggests that proactive measures may be 
needed to mitigate further loss caused by human activities, 
especially in the northwest region. On the other hand, the 
non-significant change in overall slope indicates that topo-
graphic evolution may not require immediate intervention 
but still requires continuous monitoring to identify pro-
gressive changes that could affect runoff discharge, sedi-
ment accumulation, and overall geomorphological stability.

The confidence intervals for the overall area and overall 
slope of the alluvial fans in the northwest region, as well as 
the overall area of alluvial fans in the southwest region, are 
relatively narrow, indicating that the trend of these param-
eters is relatively stable with low variability. This stability 
suggests that the driving factors in these two regions, par-
ticularly in the northwest, such as precipitation patterns, 
sediment supply, and human activities, have remained con-
sistent over time, making trend estimates more predictable 
and reliable. In contrast, the confidence intervals for the 
overall area and overall slope of the alluvial fans in the 
eastern region, as well as the overall slope in the southwest 
region, are wider, reflecting higher uncertainty in trend 
predictions. This increased variability may be due to more 
complex driving factors in these areas, such as the higher 
level of human activities in the eastern region, including 
urbanization, agriculture, and land use changes. Compared 
to the relatively sparse population in the northwest, the 
higher population density and stronger human influence 
in the eastern region may result in greater fluctuations in 
trend estimates. This result is consistent with previous re-
search, which suggests that areas more affected by human 
activities and climate change tend to have wider confidence 
intervals due to higher environmental process uncertain-
ties (Whitmarsh, 2011; Orr et al., 2015; Huang et al., 2016; 
Borrelli et al., 2020). In summary, the wider confidence in-
tervals highlight the complexity of environmental process-

es and the influence of external factors, which may intro-
duce considerable uncertainty into trend estimates. Future 
research should focus on identifying and quantifying the 
key driving factors behind these variations to improve the 
accuracy of trend predictions and provide more targeted 
guidance for alluvial fan ecosystem management strategies.

The standard error estimates of slope values provide 
additional insights into the precision of trend estimates. 
For the overall area of alluvial fans, the standard errors for 
the eastern, northwest, and southwest regions are 0.1731, 
0.16871, and 0.15485, respectively; for the overall slope 
of the alluvial fans, the standard errors are 0.00054877, 
0.0030184, and 0.001294. These values indicate that the es-
timation of trends in alluvial fan area is less precise than 
the slope trend, particularly in the eastern region. However, 
considering that the overall area of alluvial fans in each re-
gion is approximately 250 km2, the standard errors are rel-
atively small, especially for the overall slope trend. There-
fore, although the standard error for the overall area trend 
is relatively high, the trend estimates are still fairly accurate.

Most previous studies have emphasized the spatial rela-
tionships of alluvial fan morphology and short-term climat-
ic effects (Harvey, 2012; Clarke, 2015; Li et al., 2018; Leen-
man et al., 2022), with few studies exploring the long-term 
impact of precipitation on alluvial fan morphology in the 
same region. We found that higher precipitation generally 
leads to larger alluvial fan areas and gentler slopes. Howev-
er, climate change has destabilized the annual precipitation 
patterns in the region, weakening the correlation between 
multi-year precipitation variation and alluvial fan charac-
teristics. As shown in our study results (fig. 14), the overall 
area and slope of alluvial fans in the eastern region, and 
the overall area of alluvial fans in the southwest region, ex-
hibit a strong linear relationship with annual precipitation, 
with correlation coefficients of 0.8604, 0.8758, and 0.8242, 
respectively. However, the correlation between the overall 
area, overall slope of the alluvial fans in the northwest re-
gion, and the overall slope of the alluvial fans in the south-
west region with annual precipitation is relatively weaker, 
with correlation coefficients of 0.7675, 0.7404, and 0.7984, 
respectively. This suggests that factors such as flow velocity, 
discharge, and the location, elevation, and cross-sectional 
shape of drainage outlets may also play a role in shaping 
the morphology of alluvial fans (Gibling, 2006; Lucà and 
Robustelli, 2020; Garcia-Estève et al., 2021; Hou and Yu, 
2023). In recent years, the persistent drought and low rain-
fall in northern China have gradually reduced the threat 
to the lives and production activities of people at the fan 
edges. People have increased their utilization of alluvial 
fans, such as agricultural expansion and water resource 
use, which to some extent also indicates that as the climate 
becomes drier and rainfall decreases, the size of region-
al alluvial fans is no longer increasing, which is consistent 
with the study results. Therefore, over long timeframes, 
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changes in precipitation in the same region are positively 
correlated with the evolution trend of alluvial fans, which 
is of significant importance for land use planning.

As pointed out in previous studies (Fontana et al., 2014; 
Clarke, 2015; Zhang et al., 2020; Mokarram et al., 2022), al-
luvial fans of different scales correspond to different catch-
ment areas, and these catchments are usually stable over 
time. Our study results also demonstrate a strong power 
function relationship between the area, slope, and catch-
ment area of alluvial fans (fig. 15), further supporting the 
conclusions of previous studies. With the increasing sever-
ity of climate aridity and the rapid development of regional 
economies, industries, and populations, the demand for 
land will continue to rise, particularly for large alluvial fans 
in large catchments, which may be extensively developed 
in the future (Zhang et al., 2012; Zhao et al., 2013; Taft and 
Evers, 2016; East and Sankey, 2020).

This study not only provides new insights into the dy-
namics of alluvial fans in the Qilian Mountains area, but 
also fills a critical gap in the literature by combining long-
term temporal trends with spatial analysis, offering a new 
perspective on the evolution of alluvial fans. The research 
integrates both temporal and spatial dimensions, providing 
profound insights into the evolution of alluvial fans. It em-
phasizes the necessity of considering both spatial and tem-
poral scales in future alluvial fan studies. Future research 
can further integrate long-term trends in climate change to 
analyze its far-reaching impact on alluvial fan morphology 
and evolution. Meanwhile, studies combining surface hy-
drology and vegetation changes will contribute to a more 
comprehensive understanding of the interaction between 
climate and catchment factors. Additionally, with the ad-
vancement of remote sensing technologies, future studies 
could use higher-resolution remote sensing data to inves-
tigate the spatiotemporal changes of alluvial fans on finer 
scales, providing more accurate scientific data for urban 
planning, disaster early warning, and ecological restoration 
in arid regions.

CONCLUSION

This study is based on satellite remote sensing images 
of alluvial fans and GDEMV3 30-metre resolution digital 
elevation model, from which the required data are extract-
ed. Combining with relevant information, it thoroughly 
analyzes the spatiotemporal distribution characteristics of 
alluvial fan landforms in the study area and their interre-
lationship with watershed and climatic factors. The follow-
ing important findings were obtained:

(1) In terms of regional distribution, there is a signifi-
cant inverse relationship between the number and average 
area of alluvial fans. Specifically, the northwest region has 
the most alluvial fans, but their average area is the smallest; 

while the southwest region has the fewest alluvial fans, but 
their average area is the largest. As the grade of alluvial 
fans increases (from Grade 1 to Grade 4), the area of indi-
vidual alluvial fans gradually increases, while their number 
gradually decreases. Analyzing the distribution of alluvi-
al fans in five counties reveals that Ganzhou District has 
the largest number and area of alluvial fans, while Min-
le County has the smallest number and area. In addition, 
Grade 1 to Grade 3 alluvial fans are distributed in Gaotai 
County, Linze County, Ganzhou District, and Shandan 
County, with the largest number of Grade 1 alluvial fans in 
each county. Notably, Grade 4 alluvial fans are mainly con-
centrated in Ganzhou District. This finding suggests that 
the distribution of alluvial fans at different grades in each 
county exhibits distinct regional characteristics.

(2) Between 1983 and 2023, the overall area of alluvi-
al fans in the eastern, northwest, and southwest regions 
showed a significant declining trend (p value < 0.05), with 
the northwest region experiencing the most pronounced 
decrease. However, the overall slope did not show a signifi-
cant increasing trend (p value ≥ 0.05). By analyzing the time 
series data, it was found that there is a strong power func-
tion relationship between the overall area of alluvial fans 
and the slope in each region, with correlation coefficients 
of 0.9485, 0.9765, and 0.9416, indicating that the change 
trends of the two are highly consistent. In the analysis of 
confidence intervals, the confidence intervals for the over-
all area and slope of alluvial fans in the northwest region, 
as well as the overall area in the southwest region, are rel-
atively narrow, indicating that the trends in these regions 
are more stable, especially in the northwest region, where 
external variation factors have less impact. In contrast, 
the confidence intervals for the overall area and slope of 
alluvial fans in the eastern region, as well as the overall 
slope in the southwest region, are wider, reflecting larger 
fluctuations in the trend estimates in these regions, par-
ticularly in the eastern region. This may be closely related 
to more complex climatic conditions and higher human 
activity disturbances. The standard error of the slope esti-
mates suggests that the trend estimate for the overall area 
of alluvial fans in the eastern region is less precise, but the 
relatively small standard error still indicates that the overall 
trend estimate is highly accurate.

(3) Between 1983 and 2023, a significant positive cor-
relation was observed between the overall area of alluvi-
al fans and annual rainfall in the eastern, northwest, and 
southwest regions, with correlation coefficients of 0.8604, 
0.7675, and 0.8242, respectively. This indicates that the 
increase in rainfall is closely related to the expansion of 
alluvial fan areas. At the same time, the overall slope of 
the alluvial fans in the three regions showed a significant 
negative correlation with multi-year rainfall, with correla-
tion coefficients of 0.8758, 0.7404, and 0.7984, suggesting 
that increased rainfall may lead to a flattening of the slope.



194

(4) In the eastern, northwest, and southwest regions, a 
significant power function relationship exists between the 
area of a single alluvial fan and the corresponding water-
shed area, with the area of the alluvial fan increasing as 
the watershed area increases. Specifically, the correlation 
coefficients are 0.9774, 0.9682, and 0.9870, indicating that 
the size of the watershed largely determines the area of 
the alluvial fan. Meanwhile, the slope of alluvial fans in 
the three regions also shows a significant power function 
relationship with the watershed area, with the increase 
in watershed area being closely related to the decrease in 
the slope of alluvial fans. The correlation coefficients are 
0.9123, 0.9075, and 0.9345, further emphasizing the pro-
found connection between watershed size and alluvial fan 
geomorphological characteristics.
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