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A multilevel dataset of landform 
mapping and geomorphologic 
descriptors for the Loess Plateau 
of China
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The Loess Plateau is a region of importance in geomorphologic research because of its typical 
loess layers and intense surface erosion. Analysing the landforms on the Loess Plateau is helpful 
for understanding changes in the surface environment. However, geomorphologic data with high 
resolution are lacking for the Loess Plateau, which limits the progress of geomorphologic studies at 
finer scales. This study provides the first 30 m resolution landform classification and characteristics 
dataset for the Loess Plateau (LPL30). Considering morphological characteristics, dominant 
dynamics, and material conditions, the landforms on the Loess Plateau were categorized into three 
levels with 28 landform types. Moreover, we calculated 6 metrics to quantify the spatial distribution 
and category composition of the landforms in 16 analytical units with different scales and shapes, 
resulting in 96 geomorphologic descriptors. This dataset provides fundamental data for the study of 
landform formation processes and evolution mechanisms at various scales and can be employed as a 
geomorphological gradient to support ecology and environmental research.

Background & Summary
The Loess Plateau is one of the most significant areas of geomorphologic research because of its unique material 
conditions and geographic environments1,2. As shown in Fig. 1, this plateau is in the middle reaches of the Yellow 
River in Central China and is close to several deserts (e.g., Tengger Desert, Ulan Bur Desert and Kubuqi Desert) 
and the Tibetan Plateau. The thick loess from neighbouring deserts and and other potential sources covers the 
tertiary and other old rock strata3, hence the name “Loess Plateau”1. The monsoonal rainfall is responsible for 
the emergence of several rivers in the region, including several large tributary rivers (such as the Weihe River, 
and Fenhe River) of the Yellow River, which have high water and sand contents. The Earth’s internal and external 
forces significantly influence the surface evolution and shape of various landforms in this area4–6. Widespread 
erosional gullies and other erosional landforms have formed on the Loess Plateau, especially under the influence 
of water erosion7–9. The study of landform morphology and distribution patterns can improve the understand-
ing of the external force distribution and facilitate the discovery of the interaction mechanisms between surface 
morphology and driving factors10,11. Moreover, intense soil erosion on the Loess Plateau poses great challenges 
to the ecological environment and sustainable development in this area12,13. The discussion of landform mor-
phological characteristics and distribution patterns can assist in analysing the risks of soil erosion in different 
regions and contribute to the effective allocation of social resources to reduce occurrences and mitigate the 
impact of disasters13,14. Moreover, these endeavours play crucial roles in protecting the ecological integrity of 
the Loess Plateau15–17. Understanding the distribution patterns of different landform types facilitates the identi-
fication of critical areas that require ecological restoration and conservation. Furthermore, the landform-related 
knowledge derived from these works can aid in optimizing land use planning and agricultural practices, contrib-
uting to establishing a more harmonious relationship between human activity and the environment18.
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Geomorphologic data are among the most important data types for studying the landform distribution 
and geomorphologic process of the Loess Plateau. In this region, the most typical geomorphologic data are 
loess-related data, such as loess distribution3, loess thickness19, and loess sources2. After diverse geomorpho-
logic information is integrated, we can obtain landform type data, which are fundamental to environmental and 
geomorphological studies on the Loess Plateau. At the macroscale, Zhou, et al.20 and Li, et al.21 classified surfaces 
into binary structures to depict the basic surface patterns of the Loess Plateau. In particular, there is valuable 
research on classifying loess landforms and producing corresponding datasets on the Loess Plateau. Liu, et al.7 
discussed loess erosion gullies in key soil and water loss areas. Liu, et al.22 and Yuan, et al.23 studied loess table-
lands and provided public datasets. Li, et al.8 extracted and analysed loess ridges and loess hills. In addition, 
some regional- or global-scale landform classification studies have produced geomorphologic data, which cover 
the Loess Plateau region24–27. Other studies have been conducted in related fields, such as ecology, to produce 
landform classification datasets28.

The advancement of global observation systems has facilitated the production of high-quality and fine-scale 
fundamental data. Moreover, researchers are emphasizing the production of finer geomorphologic data29, par-
ticularly for landform type data. digital elevation models (DEMs), which provide abundant morphological 
information, have become crucial data sources in these studies29,30. Methods based on derivative combinations 
calculated from DEMs constitute the most common and fundamental framework in landform classification31. 
Although public DEMs with resolutions of approximately 30 m are now available, there is still a lack of landform 
classification data at the corresponding scale. Balancing gradual and abrupt changes in landform characteristics 
remains challenging when processing high-resolution DEMs21,29. Abrupt geomorphologic characteristics are 
the most direct evidence of changes in landform types. However, owing to the complexity of the environmen-
tal factors and dynamic processes involved in the formation of landforms, the junction of different landform 
types typically results in gradual changes in geomorphological characteristics. In the Loess Plateau region, the 
complicated interaction of loess deposits and surface erosional processes has given rise to zones characterized 
by gradual transitions, which increase the complexity of determining class boundaries. For example, typical 
erosional gullies often include obvious boundary lines where the slope undergoes significant changes32, whereas 
many gullies exist in the Loess Plateau without these abrupt slope changes. It is difficult to express the charac-
teristics of gradual transitions via common derivatives used in landform classification, leading to difficulties in 
accurate classification8. It is necessary to evaluate whether the adopted quantitative derivatives and features can 
depict the inherent characteristics of the landform, which is beneficial for addressing the complexities due to 
abrupt changes and gradual variations. For example, studies that are primarily grounded in local topographic 
derivative analyses usually fail to adequately consider the gradually changing attributes and contiguous nature 
of landforms, consequently damaging the coherence and completeness of landform classification outcomes. It is 
necessary to integrate geomorphological knowledge to either redesign or select appropriate quantitative factors.

Fig. 1  Loess Plateau and its surrounding geographic elements. I. The Ordos stable block; II. the Longxi block; 
III. the Fenwei neotectonic rift. Sample areas a–d: Yulin, Suide, Ganquan and Chunhua.
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In this study, we completed a multilevel landform classification of the Loess Plateau on the basis of DEMs and 
quantified the characteristics of the spatial distribution of the landforms. The classification objects in this study 
included both landform types that reflect fundamental morphological characteristics and categories designed 
for the unique formation mechanisms of the Loess Plateau. We considered the morphological characteristics, 
dominant forces, and material basis of the landforms and produced 28 categories of landforms. Furthermore, on 
the basis of the classification results, the spatial distributions and category compositions of the landform types 
were quantified from an object-based perspective, and 96 descriptors were generated. These descriptors were 
calculated on the basis of 16 analysis units and can support geomorphologic and environmental science research 
at multiple scales. Through this work, we developed the most refined and comprehensive landform classification 
and derivative dataset for the Loess Plateau (LPL30). This dataset provides fine-scale landform blocks with abun-
dant textures. The resolution of the LPL30 data is similar to that of the current mainstream remote sensing data, 
which makes the joint use of the data relatively simple. The detailed information on landform types, boundaries 
and textures provided by LPL30 can help geomorphologists carry out more in-depth surface analysis, including 
exploring landform patterns and simulating landform evolution.

Materials and Methods
Study area and source data.  The Loess Plateau is an important geographical region located in the middle 
and upper reaches of the Yellow River (Fig. 1). It spans from approximately 104°40′E to 111°15′E in longitude 
and 32°05′N to 39°35′N in latitude, covering an area of approximately 600,000 square kilometres. From a geolog-
ical perspective, the Loess Plateau region is composed of three blocks: the Ordos stable block, the Longxi block, 
and the Fenwei neotectonic rift. The Loess Plateau has a semiarid and arid climate, and the precipitation in this 
area is primarily concentrated in the summer. The Loess Plateau is the largest loess region in the world, and the 
primary sources of loess include the Qilian Mountains on the northeastern edge of the Tibetan Plateau and the 
Gobi-Altai33,34 and Hangayn Mountains in southern Mongolia34. Under intense surface erosion, this area is char-
acterized by unique loess landforms, such as loess gullies, loess hills and loess tablelands.

In this study, the Forest And Buildings removed Copernicus DEM (FABDEM) (https://data.bris.ac.uk/data/
dataset/25wfy0f9ukoge2gs7a5mqpq2j7)35 was selected as the primary source data to support landform classifi-
cation. This dataset employs a machine learning algorithm to remove buildings and forests from the Copernicus 
digital elevation model. This dataset is now one of the most popular DEMs used in geomorphologic and other 
related studies and can represent bare land well. This approach can help us quantify ‘real’ landform characteris-
tics while eliminating the influence of land cover.

Landform classification.  Landform classification is the basis for geomorphological research. The identifi-
cation of classification systems and objects is the initial and crucial step in landform classification endeavours. 
During the process of defining classification objects, they should align with the foundational principles and rules 
of geomorphology and ensure the reasonability of the chosen objects. Furthermore, it is essential to consider the 
differences in the definitions of landform types across various disciplines. This consideration ensures that the 
produced classified data possess a relatively high degree of utility and are capable of supporting research not only 
within geomorphology but also in related disciplines, such as ecology and geology.

A landform is a mixture of forces, processes and material bases in a specific period and can be summarized 
as a process‒force association36. In landform classification, it is necessary to consider both the external pres-
entation and the factors influencing landform formation. Therefore, in this study, we constructed a multilevel 
classification system to support landform research on the Loess Plateau. We considered morphological charac-
teristics (MCs), dominant forces (DFs) and surface materials (SMs) to perform landform classification on the 
Loess Plateau. We define a comprehensive system of landform objects shown in Supplementary Tables 1–3. The 
following content is specific to each level. We develop a feasible classification framework (Fig. 2) for a diverse 
range of objects.

	(1)	 MC level: The comprehensive effects arising from various factors, such as earth dynamics and material 
composition, are ultimately reflected in surface morphology37. Currently, landform classification on the 
basis of morphological characteristics is the most commonly used analytical approach in related stud-
ies24,26,37. Landform morphology directly influences physical processes on the Earth’s surface. For example, 
surface morphology affects surface hydrological processes and influences the direction and intensity of 
water erosion38,39. Moreover, landform morphology is closely related to human activity and life. Altitude 
and associated differences in the physical environment directly impact human activity areas40. Therefore, 
in this study, we selected morphological characteristics for the first analysis to categorize surfaces into basic 
landform types (Supplementary Table S1).

	(2)	 DF Level: Earth forces are the driving factors behind landform formation. Under the influence of different 
forces, surface materials undergo various morphological or compositional changes, resulting in diverse 
landform types41. On the Loess Plateau, water and wind erosion forces led to the formation of numerous 
gullies and intergully areas, forming a binary landform structure20,21. Analysing gullies and intergully areas 
will further improve our understanding of the intensity and spatial patterns of the dominant driving forces 
acting on the Loess Plateau. Therefore, in this study, we incorporated these forces and classified the surface 
into gully and intergully landforms (Supplementary Table S2), which served as the basis for further subdi-
vision of landform types on the basis of their morphological characteristics.

	(3)	 SM Level: In the region covered with different materials on the Loess Plateau, very different landform types 
have developed. Loess deposits are abundant in the central region of the Loess Plateau and provide the fun-
damental conditions for the formation of loess landforms1. A loess landform is a type of landform formed 
under the joint action of a particular material foundation and constructive forces1,42. In terms of material 
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foundation, loess landforms formed on loess deposits that accumulated during the Quaternary period. 
Wind leads to the transport of loess material from deserts, as shown in Fig. 1, to the Loess Plateau, which 
results in the development of extensive loess layers in the region, with the thickness gradually decreasing 
from west to east. Moreover, the combined effects of various forces, including water erosion, wind erosion, 
underground erosion, and gravity erosion, have contributed to the formation of a diverse range of loess 
landform types (such as loess tablelands, loess ridges, loess hills and loess gullies) in this area. Additionally, 
this region contains mountainous and hilly areas dominated by bedrock formations, which increase the 
landform diversity on the Loess Plateau. Therefore, we used material data to perform SM-level classifica-
tion to provide new insights for landform research.

MC level: landform classification on the basis of morphological characteristics.  Properly meas-
uring terrain relief is an important foundation for conducting landform classification on the basis of morpholog-
ical characteristics. The terrain relief index (TRI) is a commonly used derivative for quantifying terrain relief in 
geomorphological studies43. However, traditional methods for calculating the TRI often use a fixed window size, 
such as a 3 × 3 pixel window, to compute the difference between the maximum and minimum elevations within 
the window. Determining the optimal window size for this process can be highly complex, and the optimal win-
dow size may vary significantly in different landform regions. Therefore, to increase the accuracy of the proposed 
method in representing terrain relief, we designed a new method for calculating the TRI. With this new method, 
we did not set a fixed window in the calculation of terrain relief. Rather, we employed a method similar to the 
height above nearest drainage (HAND) principle44, which emphasizes the elevation difference between a surface 
location and its nearest drainage node. Instead of directly measuring from the nodes, we constructed a simulated 
terrain base using these drainage networks before calculating elevation differences. The new method consists of 
the following steps: (1) Extraction of the drainage network via digital hydrological analysis, which serves as a 
control for the base terrain of the study region. A flow accumulation threshold of 40,000 is adopted to extract the 
major drainage network effectively and avoid potential fake networks. (2) An irregular triangulated network is 

Fig. 2  Workflow of the multilevel landform classification process. MC level: workflow of landform classification 
on the basis of morphological characteristics. DF level: workflow of landform classification considering dominant 
forces. SM level: workflow of landform classification incorporating surface material.
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constructed on the basis of the control lines and converted into a DEM (terrain base) that covers the entire region. 
In this step, initially, positions along the drainage network were converted into points, and their corresponding 
elevations were recorded in the attribute table of these points. These points were subsequently transformed into 
a terrain base via the creation of a triangulated irregular network (TIN). (3) Subtraction of the DEM data from 
the simulated terrain constructed in the previous step, with the difference serving as the new TRI. Figure 2 shows 
the steps used in landform classification on the basis of morphological characteristics. First, based on the DEM 
data, we extracted topographic information, including elevation, slope, and terrain relief. Elevation values can be 
directly obtained from the DEM, and slopes can be calculated by differencing the DEM. The TRI can be obtained 
through the abovementioned steps. Second, we used the slope and the TRI to extract plains. Tablelands were 
grouped into the plains category through this step. Tablelands are generally taller than the surrounding areas are, 
resulting in topographical undulations at their boundaries. To separate tablelands from plains, we converted the 
plain raster data into vector objects and assigned unique identifiers to each individual block. We subsequently 
calculated the average TRI for each individual block. Referring to prior rules for tableland classification27, we 
established a criterion where blocks with an average TRI of less than 30 metres were categorized as plains, whereas 
those with an average TRI greater than 30 metres were classified as tablelands. This criterion effectively segregates 
plateaus from plains, enhancing the precision of our geomorphic classification. Third, we classified hills and 
mountains according to the landform classification criteria provided in27, which employs terrain relief descriptors 
as a reference for separating hills and mountains. In this study, we calculated the new TRI to replace the tradi-
tional index of terrain relief. Afterwards, we could obtain plains, tablelands, hills and mountains. These four land-
forms are regarded as MC_L1 landforms on the basis of their morphological characteristics. Finally, the MC_L1 
types are separated into additional MC_L2 landforms according to the elevation difference.

DF level: landform classification considering dominant forces.  Typically, there is a relatively distinct 
boundary line (referred to as the “shoulder line”) between gullies and intergully areas45,46. However, owing to the 
complexity of landform formation processes, the boundary lines between gullies and intergully areas are usu-
ally ambiguous. In other words, regions with clearly defined boundary lines are relatively rare. Traditional gully 
extraction methods face great challenges in terms of their applicability and generalizability over large areas47. In 
this study, we introduced a classification method for gullies and intergully landforms. Gullies include more drastic 
terrain variations, making it challenging to find suitable classification criteria, whereas intergully areas are rela-
tively homogeneous and thus suitable as initial classification objects. Therefore, this method starts by extracting 
intergully landforms while considering the remaining areas to be gullies. To extract the intergully landforms, we 
followed these steps. (1) Extract local high points: Local high points are a subset of intergully areas, representing 
the uppermost regions of the intergullies. (2) These local high points are treated as seed points, and an accumu-
lation algorithm is utilized to calculate the accumulated slope (AS)21,48. The AS is a derivative that represents the 
long-distance relationship of the slope gradient between two different locations. This process is similar to cost 
distance analysis in the GIS (Geographic Information System), which calculates the shortest path from each loca-
tion to a target point and outputs the minimum cost for each location. This approach effectively balances local and 
global characteristics, ensuring the integrity of landform objects while making efficient use of terrain relief. (3) 
An automated adaptive threshold approach is implemented to classify erosion gullies and intergully areas on the 
basis of the calculated slope accumulations. Thus, we completed the first-level classification of landforms while 
considering dominant forces.

We subsequently performed derivative calculations for gullies and intergully landforms to classify the 
second-level landforms. For the intergully areas, we used slope as the classification criterion, dividing the inter-
gully areas into flat, gentle, and steep intergully landforms. For gullies, two metrics were used: the gully incision 
depth (GID) and the gully dissection degree (GDD). These two metrics are calculated at the small watershed 
scale and provide an analysis of gullies from vertical and horizontal perspectives. These two derivatives can 
effectively reflect the development of gullies. The GDD was obtained by calculating the proportion of gully area 
to total watershed area. We designed two steps to obtain the GID. (1) The watershed boundary was extracted, 
and the elevation on the watershed boundary was used to construct an irregular triangular network, which was 
subsequently converted into topographic data (reconstructed DEM). (2) The gully incision depth was calcu-
lated by subtracting the real DEM from the reconstructed DEM. The difference represents the gully incision 
depth. On the basis of the abovementioned three derivatives, we were able to further classify gully and intergully 
landforms.

SM level: landform classification incorporating surface material.  By comprehensively review-
ing previous research in this area, we identified the classification objects, as shown in Supplementary Table 3. 
According to previous research, loess gullies and loess tablelands, which have distinctive morphologies, are rel-
atively easy to be distinguished from their surrounding areas22,49. However, there is still a lack of specific classi-
fication methods for loess ridges and hills. Differentiating between loess ridges and loess hills has always been a 
challenge in related research. In terms of morphological characteristics, loess ridges are typically elongated with 
relatively flat tops, whereas loess hillocks are generally circular or nearly circular with smoother shapes. However, 
owing to the developmental process from loess ridges to loess hills, many landform objects exhibit morphological 
characteristics that resemble both loess ridges and loess hills. In other words, the gradual transition of landform 
characteristics during development complicates traditional classification methods based on visual interpretation 
or basic topographic derivatives, increasing the difficulty of classifying loess ridges and hills. The primary zone 
of soil and water loss is considered the core region of this plateau. This area has abundant loess deposits as well 
as exposed bedrock formations, making it a focal point for landform studies. This section describes the primary 
zone of soil and water loss on the Loess Plateau.
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In this study, we introduce a loess landform classification method that is guided by geomorphological knowl-
edge. This method is specifically applied in areas covered by loess. Regions covered with bedrock are classified 
into bedrock mountains and bedrock hills via a methodology similar to that described in Sect. 3.1. Among the 
loess landforms, loess tablelands present distinct features characterized by elevated and flat terrain. We applied 
a method similar to that used for tableland classification to extract loess plateaus. We propose a classification 
method for loess ridges and loess hills on the basis of a combination of landform features.

Step 1: Loess ridges and loess hills have uneven terrains, and in our definitions, they fall under the category of 
intergully landforms. Therefore, we utilized the integrated results in Sect. 3.2 as potential regions.

Step 2: Loess hills typically have more pronounced peaks than loess ridges do. In general, in the Loess Plateau 
region, loess hills usually contain local high points. In real topography, due to the influence of local abrupt 
changes, it is often challenging to extract local high points accurately. Therefore, we designed an extraction 
method based on inverse topography. This process includes the following steps:

	(1)	 Obtain the inverse terrain. The inverse terrain data are obtained by reversing the real topography. The 
DEM can be subtracted from the maximum values of the DEM. In inverse terrains, elevated areas (e.g., 
loess ridges and loess hills) become depressions.

	(2)	 Extract depressions in inverse terrains (e.g., elevated areas in real terrain) via hydrological analysis meth-
ods commonly used in digital terrain analysis. However, the results obtained via depression extraction 
cannot separate loess hills on large loess ridges because during the depression filling process, the long ridge 
area is considered an entire depression, resulting in this area being classified as a loess hill. This process led 
to the appearance of numerous pseudoless hills in the results.

Step 3: To separate loess ridges from loess hills in the results obtained in Step 2, we design a classification 
method based on terrain feature combinations. Studies of loess ridges and loess hills reveal that their most sig-
nificant difference lies in their morphological characteristics. Within the extent of loess ridges, there is usually 
only one peak with no significant valley or the absence of a clear peak or valley. Loess hills have either a single 
peak or multiple continuous peaks, with valleys between them. Therefore, by analysing the peaks and valleys 
within each landform unit and their relationships, as shown in Fig. 3, we can optimize the results for loess ridges 
and hills.

Quantification of landform patterns.  Determination of analysis units.  In the process of quantifying the 
landform distribution, the size and shape of the analysis units can introduce uncertainties into the calculation 
results and the presentation of distribution patterns. To comprehensively reflect the spatial patterns of landforms, 
we selected three types of unit shapes (e.g., regular grids, watershed units, and mountain units). Regular grid 
units are the most fundamental units in spatial pattern studies and have been widely used in research related 
to climate, precipitation, and other fields50,51. Watersheds are natural units with strong internal homogeneity in 
terms of material and energy, making them a theoretically sound choice for studying regional variations in land-
forms. These methods have been effectively used in studies involving geomorphic inheritance52 and erosion gully 
analysis7. Mountain units have attracted increased attention in geomorphological research in recent years29; they 
can be considered “watershed units” on reversed topography (e.g., obtained by reversing normal topography) and 
correspond to isolated mountains or parts of mountains on real topography. Mountain units also exhibit strong 
homogeneity in terms of energy, materials, and other geographical elements. Watershed units and mountain units 
can be viewed as complementary analysis units, and joint analysis of these two units can better reveal the spatial 
differences in landform characteristics. Furthermore, landform patterns may vary at different analysis scales. 
Therefore, we applied four different size constraints to each type of unit to study the spatial patterns at different 
scales. For regular grid analysis, we used grid unit boundary lengths of 5, 10, 50, and 100 kilometres. For water-
shed analysis, we employed area thresholds of 5, 10, 100, and 500 square kilometres, resulting in 65702, 34385, 
4308, and 619 watershed units, respectively. In the mountain unit analysis, we used the same four area thresholds 
as the watershed units, resulting in 45454, 23015, 2426, and 219 mountain units.

Descriptor selection and calculation.  A set of descriptors related to landform spatial patterns are derived in 
this subsection. We quantified the spatial distribution of landforms from two perspectives: aggregation and 
diversity. These two categories of descriptors play crucial roles in landscape assessment and support the quanti-
tative representation of surface patch distribution characteristics. Analysing the spatial distribution patterns of 
landforms from a landscape perspective can enhance the collaborative use of our provided landform data with 

Fig. 3  Steps for identifying loess ridges and hills.
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related disciplines, such as ecology and landscape studies. Table 1 displays the selected descriptors, the calcula-
tion methods, and their meanings.

Data Records
The LPL3053 is stored in a data repository on Zenodo (https://doi.org/10.5281/zenodo.13999603). The final data-
set contains 32.9 GB of data. The details of the files and folders can be found in Supplementary Table S4.

Basic derivatives.  The basic derivatives are the derivatives calculated on the basis of the DEM. In this study, 
the main factors used included slope, AS, TRI, GID, and GDD. Slope is a fundamental factor in geomorphological 
research. It reflects the degree of inclination of the Earth’s surface and influences the process of material move-
ment on the surface. The method used in this study to calculate the slope is described by Wilson and Gallant54. 
This method was implemented in ArcGIS software, and the slope was calculated on the basis of a finite difference 

Fig. 4  Landform classification results. (a) MC_L1. (b) MC_L2. (c) DF_L1. (d) MC_L2_GU. (e) DF_L2_IG. 
(f) SM_L2. The subfigures numbered 1-4 correspond to the results of Yulin, Suide, Ganquan, and Chunhua.
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formula and the elevations of 8 neighbouring cells. The calculation methods for AS, TRI, GID, and GDD are 
detailed in Sect. 3. All these derivatives have the format of a TIFF 32 bit float and can be found in the folder 
“BasicDerivatives”. In addition, we provide the boundary of the Loess Plateau (Shpfile polygon) and the corre-
sponding DEM (TIFF 32 bit float) in this folder.

Analysis units.  The analysis units refer to the basic computing units used when calculating landform pattern 
descriptors, including grid units, mountain units, and watershed units. Each type of unit contains four levels of 
units of different sizes. Among them, L1 represents the largest unit in terms of scale or area. From L1 to L4, the 
analysis scale gradually becomes finer, and the average area of an individual unit also decreases gradually. Owing 

Fig. 5  Descriptions of the quantified landform characteristics of the Loess Plateau. The explanations of 
COHESION, DIVISION, LSI, SPLIT, SHDI and SHEI can be found in Table 1. Grid_L2, Mountain_L2 and 
Watershed_L2 represent the different analysis units of the grid, mountain units and watersheds with a size of 2.
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to the complexity of the Earth’s surface, at the same level, there may be differences in the areas of individual units 
among the three different types of units. In the end, 12 analysis unit files are formed as Shpfile polygons and are 
stored in the folder “AnalysisUnits”.

Landform classification results.  As described in Sect. 3, we conducted landform classification from three 
perspectives. We construct MC, DF and SM results (Fig. 4) and further separate them into more levels (L1 and 
L2). The landform classification results can be found in the “LC” folder. The formats of these files can be found in 
Supplementary Table S4.

Landform pattern descriptors.  The calculation of landform pattern descriptors for each level of geomor-
phic classification is a crucial step in understanding the spatial differences among different landform types. These 
descriptors provide valuable insights into the patterns and characteristics of the landscape. We calculated these 
indicators for each analysis unit file. This comprehensive approach resulted in a total of 48 shapefiles (Fig. 5), with 
each file dedicated to all the descriptors calculated on the basis of a specific analysis unit. Within these shapefiles, 
the attribute table stores the descriptor values for each individual unit feature. The field names in the attribute 
table correspond to the descriptor abbreviations listed in Table 1, ensuring consistency and clarity in the data 
organization. All these shapefiles have been stored in the folder “Descriptor”54.

Technical Validation
Assessment of landform classification on the basis of morphological characteristics.  This study 
chose the 1:1000000 digital land geomorphology for China27 as the reference dataset for accuracy assessment. 
This study is one of the most crucial references for Chinese geomorphologic research and has been widely used 
in related studies55,56.

As shown in Fig. 6, in the evaluation of the tableland and mountainous results, the regions of Liupan 
Mountain and Taihang Mountain were chosen as representative areas for tableland and mountainous landforms. 
A comparison was made between the reference data27 and the classification results of this study. Figure 6 shows 
the comparative results for Liupan Mountain, Taihang Mountain, and their surrounding areas. In this study 
we achieved effective refinement of the expression scale, resulting in finer classification results. Moreover, our 
results reveal more detailed information about the boundaries of landforms, especially in valley areas.

Owing to the differences in scale between the reference data and the classification results of this study, a pair-
wise accuracy comparison was not feasible. Therefore, this study has redesigned the process for quantitatively 
comparing the results. To evaluate the classification results of plains and hills, this paper constructed a category 
dominance index (CDI) to represent classification accuracy. The formula for calculating the CDI is as follows:

CDI
A
A (1)

c

p
=

where Ap represents the total area of a specific patch in the 1:1000000 digital land geomorphology for China for 
plains or hills and where Ac represents the total area of the classification results of this study that are within the 
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− This descriptor measures the physical connectedness of the 
corresponding patch type. The index value monotonically 
increases with an increase in category composition. If the 
landscape is composed of a single nonbackground unit, this 
index is 0. Higher values indicate higher patch cohesion 
within the patch type.

∗pij  is the perimeter of patch ij in terms of number of cell 
surfaces; aij

∗ is the area of patch ij in terms of number of cells; Z 
is the total number of cells in the landscape.

Landscape Division 
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=






− ∑ ∑




= = ( )DIVISION 1 i

m
j
a aij

A1 1

2
This descriptor reveals the probability that two randomly 
selected pixels in are not located within the same patch of 
the corresponding patch type.aij is the area of patch ij (m2); A is the total landscape area (m2).

Landscape Shape 
Index (LSI)

= . ∗LSI E0 25
A

It provides a standardized measure of total edge adjusted 
for the size of the landscape. LSI increases without limit as 
landscape shapes become more irregular or as the length of 
the edge within the landscape increases.

E is the total length (m) of the edge in the landscape; A is the 
total landscape area (m2).

Splitting Index 
(SPLIT)

SPLIT A

i
m

j
n aij

2

1 1
2=

∑ = ∑ =
This index is calculated based on the cumulative patch area 
distribution and can be interpreted as the effective number 
of patches.aij is the area of patch ij (m2); A is the total landscape area (m2).

Diversity

Shannon’s Diversity 
Index (SHDI)

= − ∑ ∗=SHDI P P( ln )i
m

i i1
This index is one of the commonly used indices in 
landscape ecology research. When the landscape contains 
only one type (i.e., no diversity), SHDI = 0. As the number 
of patch types increases, SHDI also increases.

Pi represents the proportion of the landscape occupied by patch 
type (class) i.

Shannon’s Evenness 
Index (SHEI)

= −
− ∑

=
∗

SHEI i

m
Pi Pi

m
1
( ln ))

ln( )

This index represents the evenness of the distribution 
among patch types. SHEI = 0 indicates that the landscape 
consists of only one patch type, with no diversity, 
while SHEI = 1 indicates that all patch types are evenly 
distributed, representing maximum diversity.

Pi represents the proportion of the landscape occupied by patch 
type (class) i; m is the number of patch types (classes) present in 
the landscape, excluding the landscape border if present.

Table 1.  Landform characteristics and their descriptions.
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same category as the patch in the 1:1000000 digital land geomorphology for China. The closer this value is to 
1, the more consistent the two classification results are. As shown in Fig. 7, when comparing the plain and hill 
classifications, the classification results of this study are consistent with the reference data.

Assessment of landform classification considering dominant forces.  The classification accuracy of 
gullies and intergullies was evaluated through comparisons with visually interpreted results. In this study, 5000 
random points were generated within the Loess Plateau region, and the landform types at each point were visually 
determined. We compared the visually interpreted results and the classification results of this study (Table 2) to 
calculate the classification accuracy.

On the basis of the commonly used metrics in classification studies 8, we calculate precision and recall sepa-
rately on the basis of the results related to gullies and intergullies. Specifically, when analysing gullies, intergullies 
areas were considered to constitute the background (negative class); when analysing intergullies areas, gullies 
were considered to constitute the background (negative class). Referring to the number in Table 2, the metric 
formulas for these two types are shown as follows:

Fig. 6  Comparison of classification results between the 1:1000000 digital land geomorphology for China and 
that in our study. (a,b) are the results for the Taihang Mountain dataset. (c,d) are the results for Liupan Mountain. 
(a,c) are the results of the 1:1000000 digital land geomorphology for China. (b,d) are the results for LPL30.
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where Pg and Rg represent the precision and recall, respectively, for gullies and where Pi and Ri represent the 
precision and recall, respectively, for integrated areas. We obtained values of Pg = 0.84, Rg = 0.79, Pi = 0.86, and 
Ri = 0.90. These results indicate that this study achieved good accuracy for both gullies and intergullies, with 
accuracies greater than 0.8 for both landform types. The recall for gully areas is slightly lower than that for inter-
gully areas, with the recall for intergully areas reaching 0.9.

Assessment of landform classification incorporating surface material.  This section compares the 
classified results with the visually interpreted results. We also compared our results with those of the DL-based 
method used in previous research8. As shown in Table 3, while DL performed well in sample areas, its perfor-
mance might be unsatisfactory when it is applied over larger regions.

Fig. 7  CDI results for the plain and hill comparisons. (a,b) are the CDIs for blocks belonging to plains and hills, 
respectively.

Ref = GU Ref = IG Total

LPL = GU 1605 (a) 300 (c) 1905

LPL=IG 437 (b) 2658 (d) 3095

Total 2042 2958 5000

Table 2.  Confusion matrix of the loess ridge and hill assessments.

DL-based method this study

Loess ridge 73% 80%

Loess hill 74% 79%

Table 3.  Comparison of the DL-based method8 and approach proposed in this study.
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Usage Notes
This newly developed dataset has a wide variety of potential applications in revealing landform patterns and 
exploring landform development. The classification results of the typical loess landforms (SM_L2) provide a 
more direct representation of loess landform development. Among these, the formation process of loess ridges 
and loess hills remains a key topic. Studies52,57 indicate that the distribution of loess particles is closely related to 
the source of loess particles, regional environmental factors (such as precipitation), and palaeogeomorphologi-
cal distribution. Under the influence of modern erosion, loess ridges potentially exhibit a developmental trend 
towards loess hills. Water erosion promotes gully development, damages loess ridges and leads to the formation 
of multiple loess hills. Moreover, palaeogeomorphology also significantly influences the distribution of loess 
ridges and loess hills. In certain areas, modern landforms may inherit ancient landforms where modern ero-
sion merely accentuates their characteristics without altering their geomorphologic modes. Simultaneously, the 
source of loess materials determines their thickness and can influence loess landform types. Research 2 suggests 
that the Loess Plateau mainly comprises material from the northeastern Qinghai-Tibetan Plateau (including 
substantial desert and Gobi material). To further support the study of loess landform development, we calcu-
lated the loess ridge‒hill ratio in various analysis units, i.e., the ratio of the loess ridge area to the loess hill area 
within a defined unit. The results indicate that the concentration of loess hills in the northwestern region is close 
to the primary source of loess material. This area is closer to the inland region with less precipitation, suggesting 
that the loess hill here may have originated from inherited palaeogeomorphology. Additionally, a transition 
of loess landforms from northwest to southeast occurred, during which the number of loess ridges gradually 
increased. This transition can be attributed to increased precipitation. Within this region, especially in areas 
where the interweaving distribution of loess ridge and loess hills occurs, careful inference is necessary regarding 
the formation of loess hills. Enhanced surface erosion due to increased rainfall might be the primary cause, yet 
the possibility of loess hills still largely inheriting palaeogeomorphology cannot be discounted. A comprehen-
sive study involving climatic factors, palaeogeomorphology and loess material is needed to further reveal the 
aridification history, dust emission and accumulation processes in the Asian interior, and the formation of this 
unique landscape in East Asia2.

Code availability
All procedures in this study are completed via ArcGIS Pro and the corresponding arcpy functions. The main tools 
include slope, flow direction, flow accumulation and distance accumulation. No custom code was used during 
this study for the curation and/or validation of the dataset.
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