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Abstract: The cultivation of Chinese cabbage is a crucial source of daily vegetable supply for both
human consumption and livestock feed, particularly in East Asian countries. However, changes in
global climate and land usage have resulted in significant shifts in the ecological conditions suitable
for Chinese cabbage production, thereby threatening its productivity. To address this issue, this
study was conducted to map the bio-geophysical suitability of Chinese cabbage in East Asia (Japan,
Northeast China, South Korea, and North Korea) from 2001 to 2020. This study integrated six key
factors—temperature, rainfall, photosynthetically active radiation (PAR), soil nitrogen, soil pH, and
soil texture—into a seasonal and monthly bio-geophysical suitability assessment using a GIS-based
Analytic Hierarchy Process–Multiple-Criteria Decision-Making Analysis (AHP-MCDA). The levels
of bio-geophysical suitability were categorized into four levels: optimal, suitable, marginal, and
unsuitable. The findings of the study firstly indicate that summer is the optimal season for Chinese
cabbage cultivation, as it was found to have the highest level of optimal suitability among the four
seasons in East Asia. South Korea has the largest percentage of optimal and suitable areas compared
to the other three countries. Secondly, this study also conducted a comparison analysis between
bio-geophysical suitability and Normalized Difference Vegetation Index (NDVI) over 20 years, and
the results show good consistency between the two indicators, with the highest R2 value being 0.61.
Thirdly, the comparison between bio-geophysical suitability and production data in two villages in
Japan demonstrates that an increase in suitability from 0.28 to 0.32 indicates a significant increase
in production. Production would stay stable even with further increases in suitability. Finally, two
case studies with monthly comparisons of bio-geophysical suitability across Japan and East Asia in
2020 provide an effective benchmark for determining optimal sowing and harvest times. This study’s
results can provide important insights into the trade of Chinese cabbage and support the development
of agricultural insurance programs both for farmers and insurance companies. Furthermore, this
approach may also be applicable for the assessment of the suitability of other crops.

Keywords: Analytic Hierarchy Process–Multiple-Criteria Decision Analysis (AHP-MCDA); temperature;
rainfall; photosynthetically active radiation (PAR); soil nitrogen; soil pH; soil texture

1. Introduction

The rapid increases in global population and economic development demands have
brought dramatic urbanization and the expansion of industrialization into agricultural
lands in recent years [1–3]. According to The World Bank, the percentage of global agricul-
tural lands has consistently decreased from 37.6% to 36.5% within these two decades and is
predicted to present a downward trend afterward [4–6]. Along with the threats posed by
global warming and extreme meteorological disasters, the niches for various crops have
also been consistently changing [7]. Consequently, to guarantee global food security, the
urgent need for balancing the optimal use of limited agricultural lands with sustainable
agriculture development for future ages is more significant than ever [8–10].

Sustainable agriculture is a vital issue, as it aims to satisfy the demands of society
for food or commodity by means of understanding ecosystem services in order to leave
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enough space for future generations to survive [11–13]. Remote sensing can provide timely,
frequent, and ubiquitous observations over the land’s surface at a wide range of both spatial
and temporal scales [14–17]. Therefore, there is the potential for experiments carrying out
suitability mapping to contribute to sustainable agriculture [18–20]. Specific crops can
be guaranteed to provide high yield with low risk in the proper zones that suitability
mapping results indicate as optimal and suitable [21]. Meanwhile, suitability mapping
results can also give evidence of where specific crops successfully survive in unsuitable
zones [22]. The key farming technology that supports crop survival can, therefore, be
promoted to help improve other areas under similar conditions. Moreover, unsuitable areas
of suitability mapping results should also be avoided for cultivation or guaranteed with
agricultural insurance [23].

Selecting the optimal places for agricultural production through suitability mapping
can be a complex process that requires a comprehensive understanding of meteorology,
agrology, and mechanisms of plant growth [24,25]. Currently, most researchers carry out
land suitability analysis (LSA), which only focuses on land quality, aspects of which include
soil, topography, land use type, etc. [26,27]. However, the evaluation of whether the grow-
ing environment of crops aligns with their growth requirements should involve more factors
such as solar demand and meteorological conditions. Hence, a comprehensive suitability
evaluation referred to as “bio-geophysical suitability” was proposed. Bio-geophysical
suitability considers all the elements that crops need to grow and flourish and provides an
inclusive assessment of whether the environment is suitable for crop growth [28].

While integrating multiple parameters into suitability mapping, parametric methods
such as stories, square root methods, and parsing classification are frequently used for
logical rating and scoring [29–31]. However, these models have a tendency to overlook
variability in the importance of individual elements required for crop growth. Analytical
Hierarchy Process-Multiple-Criteria Decision Analysis (AHP-MCDA) has been used for
decision making since the 1980s [32]. Based on a hierarchic structure that considers experts’
opinions, AHP-MCDA is used to calculate and represent the significance and relationship
between factors with an accuracy validation of the consistency index [33]. While equipped
with a geographical information system (GIS), AHP-MCDA is used to assign proper
weights to each element, then suitable lands for agricultural use are comprehensively
determined via mapping results. For instance, a GIS-based MCDA was used by Romano
et al. [34] to evaluate the potential of a rural coastal area in Southern Italy, improving
its sustainable development through the restoration of manor farms, which were large
agricultural properties during the medieval period. Bozdag et al. [35] applied GIS-based
AHP methodology to assess the land suitability of Cihanbeyli, Turkey, obtaining land
suitability maps to identify the suitable areas for irrigated and dry farm agriculture. Morales
and de Vries [36] also developed an AHP-MCDA for land use suitability analysis of
residential, industrial, commercial, agricultural, and forest land uses.

Napa cabbage (Brassica rapa subsp. pekinensis), known as Chinese cabbage, is a staple
vegetable in the daily diets of people and livestock in East Asian countries [37,38]. In 2016,
it was reported to have the highest vegetable yield across China [39]. Chinese cabbage
has a general growing period of 60–90 days. In East Asia, Chinese cabbage is a seasonal
vegetable, and cultivation and harvest time vary depending on different regions’ climates
and soil conditions. Currently, there have not been any studies focusing on the suitability
analysis of Chinese cabbage across East Asia.

Widely used in the field of agriculture to assess the health and productivity of crops,
the Normalized Difference Vegetation Index (NDVI) reflects the amount of green vegetation
in certain areas [40]. NDVI has been chosen for describing crop calendars over long time
periods. De Castro et al. [41] proposed a general and robust procedure to map crop
phenology using MODIS-NDVI in a complex and diverse cropland area located in central
California. Nguyen et al. [42] described and mapped the variability in irrigated rice
cropping patterns of the Mekong delta by evaluating NDVI classes generated from SPOT
image series. Pan et al. [43] also presented a comprehensive method to construct an NDVI
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time-series dataset derived from HJ-1 A/B CCD and demonstrated its crop calendar in
cropland areas. Easily obtained from satellite imagery, NDVI makes it possible to monitor
crop growth and changes over large areas and long time periods and therefore describe
the growth conditions and maturation patterns of crops [44]. By comparing the NDVI-
derived crop calendar with the suitability results, researchers can assess the accuracy of
the suitability map and determine how well the model represents the true biophysical
conditions on the ground [19].

This study presents a comprehensive assessment of the bio-geophysical suitability of
Chinese cabbage based on the AHP-MCDA methodology in four seasons (spring, sum-
mer, autumn, and winter) across East Asia (Japan, Northeast China, South Korea, and
North Korea) from 2001 to 2020. The main objectives can be mainly described as fol-
lows: (1) assess the bio-geophysical suitability results of Chinese cabbage in four seasons
in East Asia from 2001 to 2020 and evaluate their accuracies by comparison via NDVI;
(2) discover the relationship between bio-geophysical suitability and production through
two case studies; and (3) conduct monthly analysis of bio-geophysical suitability at both
national and international scales and provide recommendations for optimal sowing and
harvesting times.

2. Materials and Methods
2.1. Study Area

This study covered a part area of East Asia (29◦45′40′ ′–45◦59′12′ ′N,
124◦0′29′ ′–149◦15′17′ ′W), including Japan, Northeast China, South Korea, North Korea,
as Figure 1 illustrates. The background was from Google Satellite. In addition, eigh-
teen sites across East Asia where Chinese cabbage was cultivated were also monitored,
as Figure 1 shows. Broadly classified as either temperate or subtropical climates within
East Asia, coastal areas such as Orang, Muan, and Haenam often encounter monsoons,
while others have a more seasonal rainfall pattern [45]. The soil types in these sites range
from fertile loams and clay soils in low-lying areas to rocky, acidic soils in mountainous
regions [46]. All eighteen selected Chinese cabbage fields were cultivated bare lands.
Moreover, Kawakami (35◦52′11.86′ ′–35◦59′42.92′ ′N, 138◦29′5.31′ ′–138◦44′20.14′ ′W) and Mi-
namimaki (35◦53′47.94′ ′–36◦3′11.10′ ′N, 138◦21′39.21′ ′–138◦33′30.30′ ′W) in Nagano County,
Japan, whose productions were the highest ones among villages in Japan, were selected for
comparison analysis between suitability mapping results and ground truth production data.

2.2. Input Factors and Data Process

Bio-geophysical suitability, which comprises solar, meteorological, and agrological
suitability, plays a crucial role in the growth and production of Chinese cabbage. This
study incorporated six essential factors for cabbage growth into the AHP-MCDA model,
including temperature, rainfall, PAR, soil nitrogen, soil texture, and soil pH. In this study,
the datasets of six parameters for bio-geophysical suitability mapping are all illustrated in
Table 1. Particularly, MODIS MOD11A2 v006 of land surface temperature, JAXA NRT of
rainfall, and MODIS MCD18A2 of PAR, which has a different temporal resolution, were
all calculated to the seasonal averages, which were divided among spring (March, April,
May), summer (June, July, August), autumn (September, October, November), and winter
(December, January, February) from 2001 to 2020. The monthly averages of 2020 of three
elements were also calculated for further discussion.

2.2.1. Solar Suitability

Solar suitability is determined by the intensity of illuminance. Chinese cabbage prefers
long-time illumination. Extended light hours can promote good growth, as photosynthesis
is closely related to illumination. Generally, the photosynthetic compensation point of
cabbage is within 750–1000 lux per day while the photosynthetic satiation point is within
15,000–25,000 lux [47]. PAR is a measure of the intensity of sun illumination that is available
for photosynthesis in plants. It is defined as the portion of the total solar radiation spectrum
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that falls within the 400–700 nm range, which is the part of the spectrum that is most
efficiently used by plants for photosynthesis [48]. Calculation of the threshold classes of
PAR under natural light can be performed using the following approach [47]:

PAR = 0.0079× Illuminance (1)

where PAR is the photosynthetically active radiation (W/m2) and the unit of illuminance
is lux.
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Figure 1. Map of the study area.

2.2.2. Meteorological Suitability

Meteorological suitability consists of the suitability of land surface temperature and
precipitation. As a semi-hardy vegetable, the growth of Chinese cabbage requires a mild
climate. Most varieties of Chinese cabbage do not tolerate extremely high or low land
surface temperatures and are generally adapted to a daily land surface average temperature
of 15–25 ◦C [39,49].

Precipitation is also an essential element for the growth of Chinese cabbage. The Chi-
nese cabbage root system is shallow in the top layer of soil an cannot make full use of deep
soil water; hence, the water supply for Chinese cabbage relies on rainfall and irrigation [50].
Prior research has recommended a range of 60–100 mm of rainfall, supplemented with
appropriate irrigation, for a 60-day growth period of Chinese cabbage [47,51]. In this study,
we adopt the term “rainfall” to refer specifically to the accumulated rainfall during the
growth phase of Chinese cabbage, under the assumption that the soil possesses sufficient
capacity to withstand irrigation, notwithstanding potential water losses such as runoff and
evaporation. The rainfall can be calculated as follows:

Rainfall = ∑1
i Hourly Rainfall (2)

where Rainfall refers to accumulated rainfall (mm); Hourly Rainfall denotes single raster
image of JAXA NRT (mm/h); i is the account of accumulated raster images of NRT for
purposes of seasonal and monthly analysis accordingly.
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Table 1. Details of input datasets.

Data Source Product Temporal Range Temporal
Resolution

Spatial
Resolution

Temperature NASA MODIS MOD11A2 v006 18 February 2000
to present 8 days 1 km

Rainfall JAXA Near Real Time 1 January 2000
to present 1 h 0.1 degree

PAR NASA MODIS MCD18A2 v006 18 February 2000
to present 1 h 1 km

Soil nitrogen WoSIS Soil Grids 250 m 2.0 2017 to present 250 m
Soil texture WoSIS Soil Grids 250 m 2.0 2017 to present 250 m

Soil pH WoSIS Soil Grids 250 m 2.0 2017 to present 250 m

Agricultural land
extraction and

water body
removal

NASA MODIS
MCD12Q1.006 MODIS

Land Cover Type Yearly
Global 500 m

1 January 2001 to
1 January 2020 8 days 500 m

GFSAD1000

Cropland Extent 1 km
Multi-Study Crop Mask,

Global Food-Support
Analysis Data

1 January 2010 1 km

Glob Cover Global Land Cover Map 1 January 2009 to
1 January 2010 3 days 300 m

USGS Landsat Hansen Global Forest
Change v1.9

1 January 2000 to
1 January 2021 8 days 30.92 m

NDVI composite
USGS Landsat 7 Collection 1 Tier

1 8-Day NDVI Composite
1 January 1999 to
27 December 2021 8 days 30 m

USGS Landsat 8 Collection 1 Tier
1 8-Day NDVI Composite

7 April 2013 to
1 January 2022

ESA
Sentinel-2 MSI:

Multispectral Instrument,
Level-2A

28 March 2017
to present 10 days 10 m

2.2.3. Agrological Suitability

Agrological suitability can be evaluated by soil properties like soil nitrogen, soil
phosphorus and soil potassium, soil texture, and soil pH. Limited to data available on
the scale of East Asia, soil nitrogen, soil texture, and soil pH were included to determine
agrological suitability. In this study, the soil properties (soil nitrogen, soil texture, and
soil pH) all refer to properties of the top layer of soil (0–5 cm). As one of the most vital
nutrient elements in soil, the content of soil nitrogen has a profound impact on the growth
of Chinese cabbage and mainly increases the amount of thickness of leaves [52,53]. It has
been reported that for every 1000 kg of Chinese cabbage harvested, 1.8–2.6 kg of pure soil
nitrogen is needed [39].

Fertile, loose soil with good aeration, water, and fertilizer retention capacities are
required as the prerequisites for high-yield Chinese cabbage. Therefore, soil texture is
crucial for its growth [54,55]. Loam has a strong ability to retain fertilizer and moisture. It
is the most suitable for cabbage cultivation, while sandy clay, silty clay, and silt are also
good enough to retain fertilizer and water. Cultivated in loamy sand, sandy loam, silty
loam, sil loam, or sand, Chinese cabbage may grow well enough in the rosette period but
may die in the dormant stage because of its poor ability to contain fertilizer [56].

The cultivation of Chinese cabbage necessitates a soil environment with a slightly
acidic to neutral pH level, ranging between 6.5 and 7 [39,48]. An over-acidic soil condition
can lead to the development of diseases such as rhizomatosis, while an over-alkaline soil
can increase the susceptibility to diseases such as saline damage and dry heartburn [57].

In addition, only agricultural lands were considered for bio-geophysical suitability
mapping, and the water system was removed as well in this study [10]. Four datasets
assembled on the Google Earth Engine used for agricultural land extraction and water body
removal are also shown in Table 1. Bio-geophysical suitability maps were also generated
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from the Google Earth Engine, and the displayed maps were output as categorization maps
from ArcGIS 10.3. Because of the disparities in spatial resolution between multiple satellite
imageries, it was proposed that all input datasets undergo resampling utilizing a common
methodology called the bilinear interpolation method [58] to a final resolution of 250 m,
which corresponds to the finest resolution over all criteria.

2.3. Crop Calendar and Ground Truth Production

NDVI, widely preferred in crop calendar studies, is a simple and robust representation
of the actual distribution and productivity of vegetation in the field. NDVI can be used to
assess the consistency and accuracy of suitability results, thereby validating the suitability
results with actual crop health and growing conditions observed on the ground. There
have been numerous studies conducted to validate the proposed model results with NDVI,
such as the independent accuracy assessment performed by Radočaj et al. [59] using peak
NDVI values derived from Sentinel-2 multispectral satellite images, and the seasonal NDVI
adapted by Ujoh et al. [60] to assess the accuracy of suitability mapping for rice cultivation
in Benue State, Nigeria. Similarly, Jargalsaikhan et al. [61] have also conducted validation
with NDVI.

In order extend the overall temporal coverage and guarantee data availability for the
duration of the 20-year study period, an aggregation of NDVI intended for comparison
analysis was conducted by integrating Landsat 7 Collection 1 Tier 1 8-Day NDVI Composite,
Landsat 8 Collection 1 Tier 1 8-Day NDVI Composite, and Sentinel-2 MSI: Multispectral
Instrument, Level-2A. Particularly, for Sentinel-2 MSI, after cloud masking, the NDVI is
calculated as [62]:

NDVI =
NIR− RED
NIR + RED

(3)

where RED represents the red band, which is the B4 band of Sentinel-2A, while NIR is the
near-infrared band, which is B8 of Sentinel-2A. Since there is a discrepancy of spatial resolu-
tion between the Landsat NDVI composite and Sentinel-2 imageries, bilinear interpolation
method was also utilized to upscale the resolution of the Sentinel-2 imageries from 10 m
to 30 m. By incorporating these diverse satellite systems, the available information was
optimized and the results were based on a comprehensive and reliable dataset. The daily
NDVI aggregation was subsequently calculated into average seasonal NDVI aggregation.

It was also recognized that there also exists a mismatch between the spatial resolution
of NDVI aggregation and suitability maps. This disparity is particularly relevant in the
context of Chinese cabbage fields in East Asia, as some of these fields may not cover an
area as large as hundreds of meters and may therefore incorporate more land features. To
address this issue, the bio-geophysical suitability maps were downscaled from a resolution
of 250 m to 30 m via the bilinear interpolation method in order to enable a more precise
comparison with the corresponding pixels in NDVI aggregation.

The acquisition of accurate and prompt data on Chinese cabbage production in indi-
vidual countries is a challenging task. Hence, this study utilizes production data of Chinese
cabbage from the years 2005 to 2016 from the villages of Kawakami and Minamimaki in
order to examine the relationship between suitability and production. The primary source
of production data for this study was the Japan Crops website [63], a platform dedicated to
promoting and sharing agricultural information across Japan. The villages of Kawakami
and Minamimaki were selected as the case study for this comparison analysis, as they
are well known for cultivation and production of Chinese cabbage over Japan. The data
collected for this study comprise the harvest data, which reflect the production of Chinese
cabbage harvested by farmers, and the output data, which represent the production that
reaches the market, for the spring, summer, and autumn seasons from 2005 to 2016.

2.4. Overflow

The proposed processing flow of this study, as depicted in Figure 2, was divided
into five steps: (1) Criteria datasets, which included temperature, rainfall, soil nitrogen,
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soil texture, and soil pH data, were prepared for AHP-MCDA. Additionally, eighteen
Chinese cabbage fields from the study area were selected, and Landsat NDVI compos-
ite and Sentinel-2 multispectral satellite imageries, as well as ground truth data, were
collected. (2) Temperature, rainfall, and PAR datasets were calculated into seasonal and
monthly aggregations, and standardized three soil properties to international standards.
The daily Sentinel-2 images were first upscaled using the bilinear interpolation method
to the same spatial resolution as the Landsat NDVI composites. Subsequently, the daily
NDVI composites were aggregated to obtain the seasonal NDVI aggregations. (3) AHP-
MCDA was applied on the sub-criteria of all six elements to produce the suitability maps
accordingly. (4) AHP-MCDA was applied on the six input factors, with the extraction of
agricultural lands and removal of waterbodies, thus generating the seasonal and monthly
bio-geophysical suitability maps. (5) Downscaled pixels of the bio-geophysical suitability
maps where eighteen points were located were matched with the resolution of NDVI, then
followed by a time-series comparison analysis between suitability and NDVI. Additionally,
two comparative analyses between the suitability and production data were conducted, as
well as monthly evaluations of suitability both nationally and internationally.
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2.5. Analytic Hierarchy Process–Multi-Criteria Decision Analysis (AHP-MCDA)

Resolving complicated decision-making problems consisting of multiple scenarios,
criteria, and factors, the Analytic Hierarchy Process (AHP) is a potential mathematical
method that sets priorities among factors according to experts’ opinions when quantitative
and qualitative aspects should be considered, therefore helping the decision-making process
go fluently [64]. The main steps of AHP can be mainly included as pairwise matrix setting,
weight calculation, and consistency valuation [65]. The calculation principle was explained
in detail by Thomas L. Satty [32].

The pairwise matrix was set according to multiple experts’ opinions on the fundamen-
tal comparison scale [10,39,47]. Table 2 shows the detail for the pairwise comparison matrix
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of the six elements involved. The temperature had a superior priority over rainfall and
PAR, followed by soil properties. The authenticity of this pairwise matrix is considered
reliable since the consistency ratio (CR) is 0.08, which is far less than 0.1. The classes of
sub-criteria were all set based on relevant reference [38,47,50,58]. Six pairwise matrixes
for each element to be weighted were also constructed through AHP-MCDA. The CRs for
temperature, rainfall, PAR, soil nitrogen, soil texture, and soil pH are 0.008, 0.029, 0.070,
0.076, 0.022, and 0.086, which are all less than 0.1, indicating that all the matrixes are
consistent. The weights of all criteria can be seen in Table 3.

Table 2. Results of pairwise comparison matrix over six criteria.

Criteria Temperature Rainfall PAR Soil
Nitrogen

Soil
Texture Soil pH Weight CR

Temperaure 1 2 2 3 3 3 0.32

0.008

Rainfall 1/2 1 1 2 2 2 0.19
PAR 1/2 1 1 2 2 2 0.19

Soil nitrogen 1/3 1/2 1/2 1 1 1 0.1
Soil texture 1/3 1/2 1/2 1 1 1 0.1

Soil pH 1/3 1/2 1/2 1 1 1 0.1

λmax = 6.2539, n = 6. Consistency index (CI) = 0.0508. Random index (RI) = 1.24. Consistency ratio (CR) = 0.041.

Table 3. Weights of all criteria for agricultural lands in the study area.

Criteria Sub-Criteria Weight CR ∑Weight

Temperature (◦C)

15–20 0.41

0.008

0.1312
10–15, 20–25 0.31 0.0992
5–10, 25–30 0.16 0.0512
0–5, 30–35 0.08 0.0256
<0 and >35 0.04 0.0128

Rainfall (mm)

>100 (* >50) 0.41

0.029

0.0779
80–100 (* 40–50) 0.26 0.0494
70–80 (* 35–40) 0.16 0.0304
60–70 (* 30–35) 0.11 0.0209

<60 (* <30) 0.06 0.0114

sPAR (W/m2)

>197.5 0.46

0.070

0.0874
118–197.5 0.27 0.0513

7.9–118 0.14 0.0266
3.95–7.9 0.09 0.0171

<3.95 0.04 0.0076

Soil nitrogen (g)

180–260 0.41

0.076

0.041
140–180, 260–300 0.31 0.031
100–140, 300–340 0.16 0.016
60–100, 340–380 0.08 0.008

<60, >380 0.04 0.004

Soil texture

Loam 0.48

0.022

0.05
Sandy clay, silty clay, silt 0.27 0.027

Sandy clay loam, silty clay loam, clay loam 0.17 0.017
Loamy sand, sandy loam, silty loam, sil loam, sand 0.08 0.008

Soil pH

6.5–7.0 0.49

0.086

0.05
6.0–6.5, 7–7.5 0.26 0.026

5.5–6.0, 7.5–8.0 0.14 0.014
5.0–5.5, 8.0–8.5 0.07 0.007

<5.0, >8.5 0.04 0.004

*: indicates the sub-criteria for monthly analysis.

The corresponding threshold can be obtained by summing up the corresponding
weights of each class for each element, which are shown in Table 3. By this means, four
categorizations of bio-geophysical suitability were eventually calculated, as Table 4 shows.
The suitability weights located in the corresponding intervals were classified as optimal,
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suitable, marginal, and unsuitable. Optimal designates the best places for Chinese cabbage
to grow, while suitable describes where Chinese cabbage can successfully grow. Marginal
designates the regions where Chinese cabbage may be cultivated but its yield and health
cannot be guaranteed, whereas unsuitable stands for areas where it cannot survive.

Table 4. Categorization of bio-geophysical suitability.

Categorization Intervals

Optimal 0.29–0.44
Suitable 0.16–0.29
Marginal 0.08–0.16

Unsuitable 0.03–0.08

3. Results

The bio-geophysical suitability maps of four seasons of East Asia from 2001 to 2020 are
shown as Figures 3–6. The land area proportions of different suitability levels of different
scale (East Asia, Japan, Northeast China, South Korea, North Korea) from 2001 to 2020 in
four seasons are also illustrated in Figure 7. The area statistics tables of East Asia in each
season for two decades can be found in the supplementary material (Tables S1–S4). It is
undeniable that summer has the most optimal percentage of suitability within the four
seasons, while spring and autumn are also suitable seasons for Chinese cabbage to grow,
where the suitability is almost fully occupied by the optimal and suitable levels. In the
winter season, the marginal areas for Chinese cabbage to grow are approximately 15% of
the entire farmlands in East Asia. Specifically, there was a sharp drop from the optimal level
to the suitable level in the summer of 2017; this was probably because a quasi-stationary
high-pressure system formed over the sea of Okhotsk, which brought cool wet northeast
flows to the East Asian countries [66].
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In Japan, the ranking of the seasons according to suitability level across two decades
is summer > autumn > spring > winter. Since Japan has the largest latitude span, the
north Hokkaido areas can be extremely cold in winter; despite this, Hokkaido has a
large number of farmlands, therefore Japan had the most extensive rate of marginal and
unsuitable levels in winter among the four countries. The northeast regions of China were
found to be conducive for the growth of Chinese cabbage during the summer season. In
spring and autumn seasons, there were sometimes huge differences in suitability from
year to year since the climate of these seasons was unstable. In addition, China has
undergone tremendous development changes in the past 20 years; the ratio between urban
and rural areas is constantly changing, and some industrial pollution of the soil caused by
urbanization may also make Chinese cabbage less likely to grow [67,68]. In South Korea, the
best seasons are spring and autumn, but other two seasons were all good enough to grow
Chinese cabbage; this could be one possible reason that Chinese cabbage has been one of
the main ingredients of Korean dishes. In North Korea, according to the suitability analysis
of 20 years, the ranking of the suitable seasons is summer > spring > autumn > winter.
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Figure 7. Land area proportions of different suitability levels of (a) East Asia in spring, (b) East Asia
in summer, (c) East Asia in autumn, (d) East Asia in winter, (e) Japan in spring, (f) Japan in summer,
(g) Japan in autumn, (h) Japan in winter, (i) Northeast China in spring, (j) Northeast China in summer,
(k) Northeast China in autumn, (l) Northeast China in winter, (m) South Korea in spring, (n) South
Korea in summer, (o) South Korea in autumn, (p) South Korea in winter, (q) North Korea in spring,
(r) North Korea in summer, (s) North Korea in autumn, and (t) North Korea in winter.

4. Discussion
4.1. Comparison Analysis between Bio-Geophysical Suitability and NDVI

The validation of the bio-geophysical suitability of Chinese cabbage in relation to
NDVI was conducted through a time-series comparison to demonstrate the consistency
of their changing trends. Figures 8 and 9 shows parts of sites intended for discussion. the
dashed line called “suitable threshold” is the threshold value where Chinese cabbage can
naturally survive without any anthropogenic farming interference. Other maps can also
be found in the supplementary material (Figures S1 and S2). Furthermore, quantitative
evaluations of the linear relationship between the two parameters were performed for
validation. The results of the validation for each place are presented in Figure 10.
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Figure 10. Validations of suitability with NDVI from (a) Iwamizawa, (b) Shinotsu, (c) Kawakami,
(d) Naganohara, (e) Kirishima, (f) Taketa, (g) Harbin, (h) Changchun, (i) Shenyang, (j) Yanbian,
(k) Gochang, (l) Goesan, (m) Haenam, (n) Muan, (o) kyongwon, (p) Orang, (q) Pyongyangsong, and
(r) Taehongdan.

The comparison results of eleven sites (Iwamizawa, Shinotsu, Kawakami, Naganohara,
Changchun, Shenyang, Yanbian, Goesan, Orang, Pyongyang-song, and Taehongdan)
among the eighteen sites indicate a close alignment between the suitability and NDVI
values. In particular, the cases of Iwamizawa, Shenyang, and Taehongdan, illustrated
in Figure 8a–c, were chosen as examples to show high consistency, with the R2 values
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reaching high values of 0.61, 0.52, and 0.60, as shown in Figure 10a,i,r, respectively. In
Japan, Kirishima and Taketa did not present positive correlations, and their R2 values were
limited to 0.05 or even below 0.01 as shown in Figure 10f,g. Take the situation of Taketa
for instance: as Figure 9a presents, the main reason for this could be multiple situations
in which suitability went down while NDVI rose. Since the suitability of Taketa across
whole seasons was still above the suitable threshold, although abnormal seasonal climates
could affect the suitability values, in general, Chinese cabbage could still thrive naturally;
therefore, NDVI was not affected. The trends between suitability and NDVI of all four sites
in South Korea generally did not have ideal matches either. However, the explanation for
this could be similar to the situation of Taketa. As illustrated in Figure 9b, Haenam serves
as another pertinent example, wherein the suitability exhibited a decrement during the
winter seasons of 2002 and 2003 due to comparatively lower temperatures, but experienced
an increment during the summer seasons of 2016 and 2017. Despite these fluctuations in
suitability, NDVI still exhibited a high value, as the suitability level remained above the
threshold deemed as “suitable.” In China, the suitability of all four places was above the
suitable threshold; therefore, they were all ideal places for Chinese cabbage cultivation.
The suitability and NDVI of Harbin were exactly opposite from 2012 onwards as Figure 9c
shows, while the other three places all had positive correlations between the two indexes.
The discrepancy between the rising suitability and declining NDVI values in Harbin could
be attributed to the fact that while the suitability levels were above the optimal threshold
across all seasons, local farmers may have pursued cultivation strategies that prioritized the
local vegetable market to maximize their profit, rather than only considering the suitability
conditions of Chinese cabbage. For North Korea’s situation, the validations of suitability
with NDVI of all four sites were acceptable, which can be seen in Figure 10o–r. In conclu-
sion, based on the comparison analysis between suitability and NDVI of multiple sites of
different regions in four countries of East Asia, suitability shows substantial homogeneity
with NDVI in the locations of Chinese cabbage fields.

4.2. Comparison Analysis between Bio-Geophysical Suitability and Production Data

A comparison analysis between the suitability and production of Chinese cabbage was
performed, as depicted in Figure 11. For the purpose of this analysis, the averages of the
entire suitability values of the villages were utilized instead of individual pixels. The fitting
curves in Figure 11a,b both demonstrate comparable trends. As the suitability clustered
within a range of 0.26 to 0.30, the production remained at a relatively low level. However,
as the suitability surpassed the optimal threshold of 0.32, production exhibited a substantial
increase. Despite further increments in the suitability value, the fitted curve presents a
saturation trend, suggesting that once suitability reached the optimal level, the production
of Chinese cabbage maintained a stable trajectory. Given the financial cost associated with
further improving the suitability, it could be inferred that additional increases in suitability
are not imperative.

4.3. Monthly Evaluation of Bio-Geophysical Suitability Nationally and Internationally

Based on the validity of the suitability results, monthly comparison analysis can
also contribute to optimal cultivation and harvest time, or even agricultural insurance
suggestions both nationally and internationally. Three typical high-yielding cabbage
production sites were selected within the entirety of Japan, specifically Iwamizawa in
Hokkaido, Kawakami in Nagano, and Kirishima in Kyushu (Figure 12a), and these three
sites refer to the northern, middle, and southern parts of Japan, respectively. In the spring
season, as the snow has not melted yet in the northern parts of Japan, the suitability level
of Iwamizawa was found to be beneath the suitable level, and Chinese cabbage would
not survive during this season. However, the suitability level of Kawakami was found to
be above the suitable threshold only after mid-April, which means the potential harvest
time would be in mid-June if a sixty-day growth period type of Chinese cabbage was
cultivated. Moreover, Kirishima was found to be entirely within an optimal suitability
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condition, therefore suggesting that large quantities of Chinese cabbage can be grown
in Kirishima or nearby areas to satisfy the national Chinese cabbage market demand in
spring season; local farmers can also receive huge benefits at this time. In summer, the
suitabilities of all three sites were found to all be suitable for Chinese cabbage to survive,
especially for Kawakami, where high production was granted for the past ten years if
Chinese cabbage was sowed in April and harvested in June. Meanwhile, in Iwamizawa,
it is possible to cultivate Chinese cabbage from mid-May, but anthropogenic farming
techniques might be in need to guarantee its survival, or agricultural insurance is also
necessary to protect the local farmers’ interests if the farming scale is large. Meanwhile,
the growing condition in Kirishima was found to still be suitable, but production may not
be as optimal as in the spring season since Chinese cabbage is also sensitive to burns if
anti-high-temperature agricultural measures are not taken. The autumn season would be
a suitable time for farmers in Kawakami and Iwamizawa to cultivate Chinese cabbage,
provided that the cultivation is at least completed by mid-July. Conversely, Kirishima may
have an opportunity to dominate the market share if the harvest time starts from October.
In contrast to the other two locations where Chinese cabbage cultivation during colder
weather conditions was found to be challenging, it remains viable for Kirishima to engage
in winter cabbage production if tillage occurs prior to the onset of October.
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Four sites in four countries with diverse latitudes were also selected for suitability
comparison. As Figure 12b illustrates, Muan in South Korea was found to be an optimal
place to cultivate Chinese cabbage across the four seasons; developing the export business
of Chinese cabbage could be promising if the vegetable market of South Korea is saturated.
During the spring season, Kawakami was found to be suitable for cultivation if started
from mid-April, while for Harbin and Pyongyangsong, we found that it was recommended
to sow at the outset of the season. By employing these strategies, the respective national
demands for Chinese cabbage in the market can be satisfactorily met during this season.
Meanwhile, in summer, all sites in four countries were found to be suitable for cultivation.
Sowing in late July and harvesting in mid-September is acceptable for autumn Chinese
cabbage in Kawakami with a short growing period such as 60 days. However, for the
situations of Harbin and Pyongyangsong, the cultivation duration could last from August
to mid-October, which means almost all types of Chinese cabbage are available to cultivate
in autumn as their cultivation intervals are within 60 to 90 days. During the winter season,
Muan is poised to easily command a significant market presence in the winter Chinese
cabbage market since the other three sites would require significant human and financial
resources and the implementation of advanced agricultural engineering techniques to help
obtain normal production.

4.4. Limitations, Uncertainties, and Future Work

The AHP-MCDA method is widely used in geography, agriculture, and ecology due
to its versatility in handling complex and conflicting criteria. However, there may be
subjectivity in expert weight assignments. This study validated weight assignments with
multiple references related to the biology and agriculture of Chinese cabbage [69,70] and
compared the AHP-MCDA approach with the NDVI, showing high consistency in most
areas in East Asia. Future work could consider alternative methodologies, such as weighted
linear combination (WLC) [71] and fuzzy set qualitative comparative analysis (fsQCA) [25],
to help evaluate the accuracy of AHP-MCDA.

Rainfall is widely regarded as the predominant water source for Chinese cabbage [39].
Given the specific focus of our study on frozen precipitation exclusively during the winter
season in particular regions, any loss of water such as runoff or evaporation was not
accounted for in our assessment of water supply to Chinese cabbage. As such, potential
improvement may be needed in future work, such as with regard to the accuracy of
rainfall, which could be assessed by evaluating soil moisture levels across East Asia [72].
Moreover, the level of soil science among the four countries differs, leading to limited
data availability of soil conditions over the East Asia region. As a result, the agrological
suitability part was based on the assumption that soil properties (soil nitrogen, soil texture,
and soil pH) remained constant throughout the 20-year analysis period. However, this
assumption may not accurately reflect reality, as soil properties are subject to changes
due to human activities [73]. In future research, a more dynamic investigation of soil
properties, incorporating updated soil properties datasets, would enhance the accuracy of
bio-geophysical suitability assessment.

Furthermore, the analysis of the relationship between suitability and NDVI requires a
bilinear interpolation downscaling in spatial resolution of the suitability maps from 250 m
to 30 m to align with the resolution of NDVI data. However, this method is subject to
limitations and uncertainties, such as its assumption of a linear relationship between data
points and its dependence on the original data’s density and distribution. To address these
limitations, alternative interpolation methods, such as bicubic interpolation or convolution
filtering [64], could be employed and compared with the results obtained from bilinear
interpolation. In addition, high-resolution data from satellite imagery or field observations
could also be utilized to validate and enhance the accuracy of the downscaled data. Further
exploration through a sensitivity analysis would also help determine the impact of different
interpolation methods and data sources on the accuracy of the downscaled data.
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5. Conclusions

In this study, a GIS-based Analytic Hierarchy Process–Multi-Criteria Decision-Making
Analysis (AHP-MCDA) was used to assess the seasonal and monthly bio-geophysical
suitability of Chinese cabbage including the six elements of temperature, rainfall, PAR, soil
nitrogen, soil texture, and soil pH in East Asia from 2001 to 2020.

The results of this study firstly demonstrate that the summer season is the most
favorable season for the cultivation of Chinese cabbage in East Asia. This conclusion was
drawn based on the highest percentage of optimal level observed during the summer
among the four seasons over the 20-year period analyzed. South Korea was found to have
the highest rate of optimal level and the most suitable areas compared to Japan, Northeast
China, and North Korea. Moreover, the time-series bio-geophysical suitability comparisons
with NDVI revealed that 11 out of 18 sites show a high degree of consistency. The major
inconsistency between suitability and NDVI cases could be explained by their suitability
values already being above the suitable threshold; hence, there was no impact on NDVI
even as suitability fluctuated. Additionally, two case studies in Japan were conducted
to compare bio-geophysical suitability with production data over a ten-year period. The
results indicate that there was a large gap in production when the value of suitability
increased from 0.28 to 0.32, which corresponded to the shift from suitable to optimal level.
On the other hand, once the suitability level exceeded 0.32, the production remained stable
and saturated. A monthly suitability comparison analysis was carried out as an example
at a national scale in Japan in 2020. The results suggest that Kirishima has the potential
to dominate the national Chinese cabbage market during the spring and winter seasons,
while Kawakami and Iwamizawa are optimal for cultivation if Chinese cabbage is sowed in
mid-September and harvested in mid-July. In addition, a monthly international suitability
comparison analysis was performed for four selected sites, each in one of our four countries.
The results indicate that Muan of South Korea is optimal for cultivating Chinese cabbage
throughout all seasons, making it a potential location for export to satisfy the demand for
winter cabbage within East Asia. The other three sites were also found to be suitable for
growing various types of Chinese cabbage if sowed and harvested at proper times. These
results provide valuable insights into the optimal time for sowing and harvest, import and
export trade between countries, and the need for agricultural insurance for local farmers or
related insurance companies. Furthermore, this methodology is expected to be applied to
other crops in the future.
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