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Abstract: Global climate change has posed serious threats to agricultural production. Reducing
greenhouse gas (GHG) emissions and ensuring food security are considered the greatest challenges
in this century. Climate-smart agriculture (CSA) is a concept that can provide a solution to the
challenges that agricultural development faces. It can do so in a sustainable way by increasing
adaptability, decreasing GHG emissions, and ensuring national food security. So far, little research
has systematically reviewed the progresses in CSA in developing and in developed countries. A
review on the recent advancements, challenges, and future directions of CSA will be quite timely
and valuable. In this paper, the definition and development goals of CSA are identified. Then, the
recent advancements of CSA in developing and in developed countries are reviewed. The existing
problems and challenges in CSA are analyzed and pointed out. Finally, the proposals on prospects
and directions for CSA in the future are proposed. Using advanced internet technology to ensure
agricultural information security, improvement of cropping patterns, and management techniques,
carrying out “internet + weather” service and improving the quality of agricultural service, and
conducting agricultural weather index-based insurance are considered as the main direction of future
development of CSA. This review provides new ideas and strategies for strengthening ecological
environmental protection, promoting agricultural green development, and mitigating climate change.

Keywords: climate change; climate-smart agriculture; internet technology; management technology;
cropping patterns; agricultural weather index-based insurance

1. Introduction

Global warming is an indisputable scientific fact indicated by decades of meteorologi-
cal observations [1]. GHG emitted by human activities traps heat in the atmosphere, leading
to increases in global average temperature, and consequently global climate change [2,3]. In
particular, the rise in temperature has increased by about 40% in the past 150 years, half of
which has occurred in the past 30 years [1]. The increase of GHG concentration has wider
impacts, such as more extreme weather events, deadly heat waves, severe drought, posing
serious threats to agricultural production [4], and finally impacting net crop income [5] and
farmland value [6]. Agriculture has a large carbon footprint, accounting for more than 25%
of global anthropogenic GHG emissions [2]. Specifically, soil organic matter decomposi-
tion and crop residue burning are the main sources of carbon dioxide (CO2) emissions in
agriculture. Agricultural methane (CH4) emission comes from the flooded soil under rice
planting, intestinal fermentation in livestock digestive system, and decomposition of feces
and crop residues in moist conditions. Agricultural nitrous oxide (N2O) emission mainly
comes from the nitrogenous soil, manure, and compost. Globally, economic and population
growth are the most important driving factors for the increase of GHG emissions, which
are projected to continue to increase in the future [7]. Therefore, reducing GHG emissions
and ensuring food security are considered the greatest challenges of this century [8].
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CSA commit to transform and reposition agricultural development to meet the cli-
mate change challenges [3]. The CSA framework provides a platform for assessing how
livelihood assets operate and how they are affected by policy processes and structures, as
well as the technologies needed for restorative agricultural transformation [9]. CSA seeks
to intensify linkages among global, national, and local agricultural stakeholders by acceler-
ating cross-scale adaptation and mitigation synergies [10]. Therefore, CSA presents a triple
win effect, which can continuously improve agricultural production capacity, income, and
adaptability to climate change, reduce and even eliminate GHG emissions, and thus pro-
mote the realization of national food security and sustainable development goals, providing
a solution concept for the problems faced by global agricultural development [3,11].

Improved water management technologies, crop breeding, conservation agriculture,
crop diversification planting, weather index-based insurance, integrated management
practices of soil fertility, and other high and new technologies are all included in the
scope of CSA [12]. Scientists have demonstrated, through a number of important studies
on the CSA over the past few decades, that these CSA technologies and practices can
increase productivity, income, and food security in various regions. For example, the
adoption of improved crop varieties that adapt to environment stress can improve yield,
farmers’ income and food security [12], such as drought resistant bean [13] and drought
tolerant maize [14]. Diversification of agricultural systems increases crop yields, stability,
profitability, and other livelihood benefits [15,16]. For example, Assefa et al. [16] conducted
experiments for three years with five cropping systems (improved varieties of rice-maize,
rice-mung bean and rice-sunflower; traditional varieties of rice-mung bean and rice-fallow)
in Bangladesh. They revealed that the crop yields in rice-maize and rice-sunflower double
cropping systems were the highest, and that the average yield gap between improved
varieties could reach 30%. In addition, application of integrated soil fertility management
practices with cropping systems is highly associated with improved soil nutrient uptake and
crop yields [17,18]. Mhlanga et al. [17] carried out an experimental study on the response
of maize yield to the comprehensive effects of the cropping system and soil parameters in
Zimbabwe. They found that the conventional tillage plus mulch and rotation (CT + M +
R) system and no-tillage plus mulch and rotation (NT + M + R) system had the highest
yields and Zn uptake. Application of some high and new technologies can also increase
crop productivity, such as satellite remote sensing [19–21], internet of things [22,23], and
artificial intelligence [24,25]. Agricultural remote sensing not only helps to manage the
planning and strategies of agricultural production from regional to global scales, but also
provides tactical control information for CSA operations on a farm scale. By combining the
internet of things and artificial intelligence technologies, better insights can be effectively
generated from field data collection, and farming methods can be systematically planned
for obtaining the highest yield with the least manual labor. For instance, Astor et al. [19]
used hyperspectral and RGB 3D UAV data to estimate the biomass of cabbage, tomatoes,
and eggs in India. Wicaksono et al. [23] designed an internet of things system and applied it
in rice planting and management for increasing agricultural land productivity in East Java.

Existing reviews on CSA tend to focus on either advanced technologies or practice
aspects of CSA [12–23]. Although other than these reviews and overview efforts, to our
knowledge, few studies have systematically reviewed the progresses, challenges, and future
directions in CSA. Moreover, CSA has witnessed more rapid developments and advances
in the last decade. A comprehensive review on the recent advancements, challenges, and
future directions of CSA will be quite timely and valuable.

Here, this review is arranged as follows: Section 2 explains the definition and devel-
opment goals of CSA; Section 3 introduces the recent advancements of CSA in different
countries; Section 4 analyses the existing problems and challenges in CSA; and Section 5
proposes the future directions for CSA. This review provides new ideas and strategies for
strengthening ecological environmental protection, promoting agricultural green develop-
ment, and mitigating climate change.
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2. Definition and Development Goals of CSA

The Food and Agriculture Organization of the United Nations (FAO) formally pro-
posed CSA, food security, and climate change at the Hague Conference on agriculture
in 2010. CSA is an agricultural production and development model that can sustainably
improve agricultural efficiency, enhance adaptability, reduce GHG emissions, and ensure
national food security [26]. It combines the three components of economy, society, and
environment by working together to address climate change-related threats to food security
and sustainable agricultural development [9].

The specific objectives of CSA are mainly reflected in three aspects: sustainably im-
proving the production efficiencies of agricultural systems which can support farmers’
income, ensure food security, and enhance the ability of agricultural systems to adapt to
climate change; reducing or eliminating the GHG emissions of agricultural systems as far as
possible; enhancing the carbon sequestration capacities. Finally, the tripartite win-win goals
of production increase, stress resistance, and GHG emission reduction in the agricultural
systems are achieved [3,9]. Even though CSA aims to achieve all three objectives, not every
practice used in every location can result in three victories. In order to arrive at locally
acceptable solutions, CSA needs to consider all three goals at local to global scales from
short-term and long-term perspectives. The relative importance of each goal will vary
according to the location and situation. The priority of realizing the three objectives of CSA
should be focused on, and the balance between the three needs to be found [3].

3. Recent Advancements of CSA in Different Countries
3.1. CSA in Developing Countries

For developing countries, agriculture is the main economic source of many countries.
Climate change threatens the agricultural production and food security in developing
countries in complex ways. Consequently, increasing agricultural production efficiency,
guaranteeing food security, and fostering economic growth should be given top priority
while setting CSA development goals in these developing nations. At the same time, the
GHG emission reduction in agricultural systems should be gradually realized through the
investment of additional funds [3]. Under the CSA idea, the developing countries have
given corresponding solutions according to the situation of different regions (Table 1).

Maharashtra in India is a significant climate risk region. The biggest issue with
agricultural production in Maharashtra is the lack of irrigation water during dry seasons.
Therefore, the drought can be solved through irrigation water management technologies,
such as well digging, pipe well, rainwater collection, drip irrigation, and other groundwater
extraction methods. Combining with nutrient management methods, such as farmyard
manure, earthworm compost, straw residue incorporation, the sprinkler irrigation and
other micro irrigation technologies can improve the utilization efficiency of water and
fertilizer and agricultural productivity, and reduce the total amount of agricultural water
and fertilizers and GHG emissions [27–29].

Using excellent rice varieties, optimizing sowing and harvest dates, reducing chemical
fertilizers, and modifying irrigation plans in the Mekong Delta of Vietnam have all helped
farmers to increase crop yields, cut down production costs, and ensure food security [30–32].
In Nepal, farmers adopt management measures, such as no tillage, crop rotation and straw
returning to the field, which can improve soil biological activity, water use efficiency, and
soil physical properties [33]. The improved soil can increase the tiller number, plant height,
and grain yield of wheat, and also reduce erosion. In Pakistan, local cotton farmers adopt
the CSA idea, and use bed seeders and lasers to level the land. Through using the measures
of indirect water use and drainage management, such as less tillage and fallow, improved
varieties resistant to drought and waterlogging, the local cotton qualities are improved,
and the GHG emissions are indirectly slowed down [34].
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Table 1. Adaptation measures for CSA in different countries.

Country Representative
Countries Major Difficulties Adaptation Measures for CSA

Developing
countries

Maharashtra of
India in Asia

• Significant climate risks;
• Lack of irrigation water;
• GHG emissions.

• Irrigation water management technologies, such as
well digging, pipe well, rainwater collection, drip
irrigation, and other groundwater extraction
methods;

• Combined with nutrient management methods,
such as farmyard manure, earthworm compost,
and straw residue incorporation.

Mekong Delta of
Vietnam in Asia

• Significant climate risks;
• Low yield;
• GHG emissions.

• Using excellent rice varieties;
• Optimizing sowing and harvest dates;
• Reducing chemical fertilizers;
• Modifying irrigation plans.

Nepal in Asia
• Significant climate risks;
• Low yield;
• GHG emissions.

• Adopting management measures, such as no
tillage, crop rotation, and straw returning to the
field;

• Improving soil biological activity, water use
efficiency, and soil physical properties.

Pakistan in Asia
• Significant climate risks;
• Low yield;
• GHG emissions.

• Use bed seeders and lasers to level the land;
• Through using the measures of indirect water use

and drainage management, less tillage and fallow,
and improved varieties resistant to drought and
waterlogging.

Zambia in Africa
• Significant climate risks;
• Low yield;
• GHG emissions.

• Protective agricultural measures, such as organic
mulching of surface crops in farmlands, rotation of
legumes and cereals, and improved crop varieties.

Malawi in Africa
• Significant climate risks;
• Low yield;
• GHG emissions.

• Adopting the continuous agroforestry
intercropping of two main fertilizer species;

• Agroforestry complex system.

Namibia in Africa
• Significant climate risks;
• Low yield;
• GHG emissions.

• Collecting nutrient rich earthworm compost
leachate;

• Carrying out hydroponic cultivation;
• Planting mushrooms along the coast of the Namib

Desert;
• Gathering fog water.

Developed
countries

California in the
United States

• Flexibility of agricultural
system;

• GHG emissions;
• Production efficiency.

• Upgrading underground water pumps;
• Installing drip irrigation or micro sprinkler

irrigation systems;
• Formulation and implementation of policies.

France in Europe
• Impacts of climate change on

agricultural development;
• GHG emissions.

• Paying attention to the service functions of
agricultural ecosystems;

• Developing precision agriculture.

Switzerland in
Europe

• Impacts of climate change on
agricultural development;

• GHG emissions.

• Recycling the waste generated by the farm itself to
the biogas plant for free;

• Production of renewable energy.

Netherlands in
Europe

• Impacts of climate change on
agricultural development;

• GHG emissions.

• Adopting the LED horticultural technology;
• Increase the viability of horticulture.

Cyprus in Asia
• Impacts of climate change on

agricultural development;
• GHG emissions.

• Using agricultural robots to spray pesticides on
crops;

• Strengthening crop protection and production;
• Reducing the use of pesticides;
• Improving the sustainability of the agricultural

environment.



Sustainability 2023, 15, 3404 5 of 15

In Africa, in order to solve the two expanding and connected concerns of food security
and climate change, some significant agricultural reforms are required [26]. For example,
in Zambia of Southcentral Africa, protective agricultural measures, such as the organic
mulching of surface crops in farmland, rotation of legumes and cereals, and improved crop
varieties are used [35]. These actions in Zambia have the potential to boost soil fertility
and carbon fixation capabilities, greatly raising grain yields on average, and efficiently
guarantee local food securities. Moreover, Malawi in Africa has adopted the continuous
agroforestry intercropping of two main fertilizer species, and the orderly agroforestry
fallow of planting fast-growing leguminous trees or shrubs, as well as the agroforestry
complex system [36,37]. These measures in Malawi increase the amount of soil nitrogen
fixation, improve the level of soil nutrients, and significantly slow down the emission
of GHG, such as CO2 and N2O [35]. The farmers in Namibia have increased additional
income by collecting nutrient rich earthworm compost leachate, carrying out hydroponic
cultivation, and planting mushrooms along the coast of the Namib Desert. In order to save
irrigation water, they also gathered fog water to use as irrigation water for the agricultural
production in coastal desert areas, or they mixed seawater with fog water to precisely
drip-irrigate crop roots [38]. Through these additional measures, Namibia has alleviated
the crisis of food shortage and enhanced its adaptability to climate change.

3.2. CSA in Developed Countries

For developed countries, they have developed agriculture, high economic efficiency
agricultural products, relatively rich per capita land resources, and perfect mechanized and
intensive production. As a result, the CSA’s development objectives in these developed
nations are primarily focused on lowering GHG emissions and improving agricultural
capacity to adapt to climate change. At the same time, they need to integrate high and new
technologies, pay attention to the formulation and implementation of policies, enhance
the flexibility of the agricultural system, and reduce GHG emissions while improving
production efficiency [39]. California in the United States, one of the most productive and
resource-rich agricultural regions in the world, places a greater emphasis on the sustainable
management of water resources and the reduction of GHG emissions in order to achieve
CSA [40]. Through a series of laws and regulations, as well as pertinent agricultural
technical measures of the public research system, the California government has obtained
the goal of reducing GHG emissions.

For example, the latest methane law requires the dairy industry to reduce methane
emissions by 40% before 2030 [41]. The government of California views increasing agri-
cultural water use efficiency as a strategy for resolving the water resources issue, in terms
of water resources management. The local government helps farmers to overcome the
high investment cost, reduce GHG emissions, and adapt to water restrictions by upgrading
underground water pumps and installing drip irrigation or micro sprinkler irrigation
systems to improve water storage and recovery capacity [42,43]. However, in Europe,
where agriculture is developed, people pay more attention to the impacts of climate change
on agricultural development [44]. Therefore, European countries mainly give play to the
service functions of agricultural ecosystems. The integration of satellite data in agricultural
models, combining remote sensing with agricultural models to develop precision agricul-
ture, was applied in France. We can make better decisions in facing uncertain weather,
managing our time more effectively, saving money on investments, and possibly cutting
GHG emissions if we use technologies to better adapt to climate change [11]. In response
to the GHG emission plan, Switzerland recycles the waste generated by the farm itself to
the biogas plant for free, reduces GHG emissions through the production of renewable
energy, and provides the farm with high-quality fertilizers and feed additives improved by
the biogas plant [45]. The Netherlands has increased the viability of horticulture through
LED horticulture technology, making it less vulnerable to climate change. Compared with
traditional lighting, this LED technology reduces the heat load and energy use, improves
the light distribution, and has a positive impact on the growth of gardening [39]. Cyprus
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uses agricultural robots to spray pesticides on crops, strengthening crop protection and
production, reducing the use of pesticides and improving the sustainability of agricultural
environments [46].

The aforementioned nations have carried out a series of practices centered on the CSA’s
development goals in response to various regional conditions, as well as independently
verified the CSA’s implementation to varying degrees. The above results show that CSA
is well implemented in various countries. Some nations have been successful in achiev-
ing their objectives by diminishing GHG emissions, increasing income and production,
enhancing climate change adaptability, and improving agricultural practices (Table 1).

4. Challenges in CSA
4.1. Shortage of Agricultural Water Resources

Water security is the basis of food security. At present, the shortage of agricultural
water resources has become a rigid constraint on global food security and sustainable
development of CSA. The global water demand is expected to rise by 55% [47]. The
current water shortage is rapidly growing and impacts agricultural water consumers
worldwide [48]. A study showed that water shortage in agriculture reduced the yield and
protein of sweet corn in Turkey. Moreover, the fresh ear yield, marketable ear number, leaf
area index, and the concentration of Fe, Zn, and Cu in kernels reduced with the increase
of water deficiency [49]. A study indicated that arid Northwest China in 2010 had a
medium and low risk of agricultural water resource shortages [50]. The risk of agricultural
water resource shortages was predicted to increase significantly in 2030, to a medium-high
risk level. Zhang et al. [51] revealed the grain yield and water use efficiency decreased
with rainfall shortage in the Loess Plateau, which was a typical dryland agricultural
region in China. In addition, some coal-mined areas are often associated with hostile
environmental conditions where the scarcity of water and key nutrient resources negatively
affect plant growth and development. A study indicated the combination application of
water, nitrogen, and phosphorus promoted the ecological restoration of coal-mined areas
under arid environmental conditions [52].

Assessment of agricultural water resources is critical for planning and management
over a long period of time. For example, in South Korea, the agriculture in irrigated
areas is easily affected by water shortage due to seasonal changes in rainfall and water
quality [53,54]. In recent years, due to the shortage of water resources and its uneven
distribution at spatiotemporal scales caused by climate variability, such as drought and
heat waves, the available agricultural water resources were in decline [55]. Therefore,
estimating the supply and demand of agricultural water resources under climatic warming
was becoming more and more important for the development of CSA.

4.2. Climate Variability and Climate Change

Climate change caused by human activities poses challenges to global food production
and sustainable development of CSA. How to actively respond to climate change, improve
agricultural productivity, and reduce GHG emissions in a more sustainable way is a
common topic faced by the international community [9]. Climate variability and climate
change have changed the distributions of light, heat, water, and other agricultural climate
resources. Climate variability has a destructive impact on smallholder agriculture, resulting
in a reduction in crop yield, income, and food insecurity [56]. A questionnaire from
Ghana showed that climate variability greatly affected subsistence agriculture, and caused
58% families to experience food anxiety, while 62% of families could not acquire the
amount and quality of food they liked [57]. Direct impacts of climate change on agriculture
include the increased average temperatures, prolonged growing season length, increased
number of hot days and hot nights, more variable precipitation patterns, and elevated
CO2 concentrations [58]. It is estimated that these direct effects of climate change on
crop production will continue to change in space and time in the world, especially in
developing countries where food crops are the mainstay [59]. It is generally acceptable that
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the predicted yield in some regions will increase, while the predicted yield in other regions
will decrease [60]. For example, Long et al. [61] predicted the wheat yield in the Yellow
River Basin of China, and found an average reduction of 0.19% during 2020–2050 compared
with the baseline period (1975–2005), with a large spatial variation in wheat yield. Daloz
et al. [62] revealed the direct impact of climate change on wheat yields in the Indo-Gangetic
Plain. They reported that the increase in average and maximum temperature, as well as
precipitation in the growing season led to the 1–8% loss of wheat yield.

However, unforeseen climate variability and environmental variables are increasing
year by year and continue to threaten food security in some areas [2]. If GHG continue
to be released at the current rate, it is projected that many countries will easily suffer
from extreme climatic conditions, including persistent drought, severity drought, and daily
maximum rainfall, posing a threat to food security [63]. In addition, changes in temperature
and precipitation caused by climate change may strongly alter regional climates, leading to
potential shifts in crop distribution [64]. Combined with income growth, climate change
can change the specific nutrients, carbohydrates, and proteins, and so on. Therefore, for
low-income countries, how to obtain various nutritional food sources is crucial for the
improvement of sustainable nutrition security under climate change [65].

4.3. Agricultural GHG Emissions

Agricultural GHG emissions further expand challenges to the sustainable development
of CSA. The fossil fuel use, land use change, and deforestation have led to significant
increases in anthropogenic GHG emissions. The Intergovernmental Panel on Climate
Change (IPCC) has stressed the influences of GHG emissions on climate change [1]. GHG
emissions have resulted in ecosystem imbalance [66]. Agricultural ecosystem is the second
largest source of global anthropogenic GHG emissions, accounting for 56% of the total
non-CO2 emissions [67]. Seven nations—Argentina, Australia, Brazil, Canada, Chile,
China, India, and the United States—are estimated to be responsible for more than half of
the world’s total soil emissions and 49% of the world’s total agricultural emissions [68].
Statistics from South Korea show that the agricultural sector accounts for nearly 3.4% of the
total GHG emissions in Korea, of which 58% comes from crop planting [69]. Agricultural
practices can, not only produce the GHG emissions, but also emerge the nitrogen and
water footprints [70,71]. Although agriculture is a primary source of GHG emissions,
it also has significant potential to reduce them. This requires us to not only improve
agricultural production efficiency and ensure food security, but also to reduce agricultural
GHG emissions. Some technologies can effectively reduce agricultural GHG emissions by
controlling GHG emissions (such as clean energy alternative technology, renewable energy
technology, and new energy technology), increasing GHG absorption (such as carbon
fixation technology), adapting to climate change (such as cultivating new crop varieties
and adjusting agricultural production structure), etc.

4.4. Information Resource Integration

In the production, management, transportation, and sales of CSA, product information
and data support are indispensable. Therefore, maintaining the security of information and
data is key to promoting the smooth development of CSA. However, from the perspective of
the development process of CSA, there are some problems in the information and security
of CSA, such as low standardization, incomplete data collection and sorting, and lack of
accuracy and effectiveness in agricultural data collection. Real-time sharing of information
technology resources is currently difficult to obtain, and the CSA information security issue
is acute. The basic security of agricultural information has become a major issue in the
long-term development of CSA. In addition, CSA will also face the problem of overloaded
agricultural information. If false information cannot be correctly identified, it will affect the
long-term development of CSA.
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5. Future Directions of CSA
5.1. Using Advanced Internet Technology to Ensure Agricultural Information Security
5.1.1. Application of Remote Sensing Techniques

Remote sensing technology is widely used in various fields because of its fast, macro,
real-time, dynamic, large-area observation, and easy economic access. The characteristics in
physics of the globe’s surface can be detected and monitored using remote sensing, which
gathers data from satellites or unmanned aerial vehicles. The three most common prop-
erties of remote sensing data are the spatial resolution, spectral resolution, and temporal
resolution [72]. Spatial resolution is the pixel size of an image, which affects the ability to
detect objects through imagery. Spectral resolution is the spectral sampling interval, size
and quantity, which affects the ability of the sensor to detect targets in the electromagnetic
region. The temporal resolution is the frequency of acquired data. With the continuous
improvement of temporal, space, and spectral resolutions of remote sensing observation,
and the improvement of remote sensing inversion algorithms and products, remote sensing
has become an important means and has wide prospective applications in regional-scale
CSA [20,73].

For decades, image-based remote sensing has been used for precise crop manage-
ment. However, hyperspectral images have brought about a vast improvement in the
identification and differentiation of crop nutrients, diseases, and canopy structures [74].
In addition, images, general reflectometry, and three-dimensional (3D) mapping of crop
spectral dynamics have provided insight into agricultural productivity [75]. For example,
the China Agriculture Remote Sensing Monitoring System has been in operation since 1998,
which was initially developed by the Remote Sensing Application Center in the Ministry
of Agriculture of China [76]. This system can monitor crop growth, planting area, yield,
and agricultural disaster information for staple crops in China, including wheat, corn, rice,
soybean, cotton, canola, and sugarcane. By combining the abundance of information of
rice mixed components calculated with the spectral index, Yuan et al. [77] distinguished
the spectral difference between rice and background. Multispectral, hyperspectral, and
thermal imaging sensors also provide convenient conditions for crop stress studies [78–80].
Fertilizer and pesticide management in the field can be further enhanced by combining a
wireless sensor network on the ground with a remotely operated aerial vehicle [81].

At present, there are some contradictions in spatiotemporal resolution of remote sens-
ing observation data. The data with high spatial resolution has a low temporal resolution,
which makes it difficult to capture the dynamic changes of crops during the vigorous
growth period. The data with high temporal resolution has a low spatial resolution, so
mixed pixels will appear in data fusion. These bottlenecks of remote sensing inversion
accuracy need to be improved. In the future, the fusion of multi-source remote sensing data
is an important development direction for the sustainable development of CSA. By fusing
data from multiple sources with varying spatial and temporal resolutions, it is possible to
obtain more exact and precise dynamic changes in the crop growth light of the growing
abundance of remote sensing data.

5.1.2. Application of Internet of Things

Internet of things (IoT) is a cosmos of interconnected computing devices, sensors, and
machines connected to the internet. Each device has a unique identity and the ability to
implement remote sensing and monitoring [82]. In the agricultural field, the IoT is mainly
used to collect data through different types of sensors, including environmental and crop
parameters, such as temperature, humidity, pH value, leaf color, etc. Numerous aspects of
the IoT implementation in agricultural sectors have been examined, including evaluating
IoT applications [83] and developing IoT architectures for food control [84], to checking the
integration of the IoT and agriculture UAV in smart agriculture [85,86].

The future development of the IoT for CSA needs to be strengthened in the following
several aspects: Firstly, the IoT system must have a high adaptability and be customizable
to local circumstances considering the great difference in farmers’ demands. Secondly, the



Sustainability 2023, 15, 3404 9 of 15

IoT deployment must be efficient and configured in each system. The network connection
and farm infrastructure must be reliable, and adequate human and economic resources
must be arranged. Lastly, the IoT in CSA farming must be safe. This is because data is
often valuable to farmers and is considered a trade secret. As a result, the sensor network
of the IoT must have a security strategy that is in sync with cloud database and prospective
calculation networks that are actually in use [87].

5.1.3. Application of Artificial Intelligence

Artificial intelligence application is another direction of CSA in the future. Artificial
intelligence (AI) uses a digital computer or other controlled machines to simulate, extend,
and expand human intelligence, perceive the surrounding environment, and acquire rele-
vant knowledge. AI has already demonstrated its great advantages in many fields [25]. The
latest advances in computer hardware and big data have created space for the application
of AI in agriculture. At present, AI is being used in many fields of agriculture, and can
analyze and integrate data from different agricultural fields to realize plant recognition,
weed prediction, crop yield prediction, GHG emissions forecasting, climate prediction,
pest control, crop planting risk assessment, etc. [24,88]. In particular, AI can improve
crop yield, not only by accurately forecasting the optimum sowing and harvesting date,
and monitoring crop health, but also by decreasing the agricultural input costs, such as
fertilizers, chemicals, and irrigation. Accordingly, agricultural risks can be minimized by
solving problems, such as insufficient precipitation, weed growth, and disaster losses.

However, many algorithms in the AI model are extremely dependent on the amount
and accuracy of the data. The more data, the more accurate the prediction and judgment
made by building AI models. In the future, the collection and analysis of data from
different sources, such as soil, climate, diseases, and pests should be strengthened through
AI technologies. By predicting various factors that affect crop yield, and assessing the health
status of crops and the occurrence probability of diseases and pests, the high quality and
quantity of crops are ensured. In addition, the extensive application of the deep learning
method is another direction of AI technologies, because it expands the machine learning
method by increasing the depth of the model. The main characteristic of deep learning is to
process the original data to improve the accuracy and classification. The accuracy of plant
identification, fruit counting, and crop yield prediction can be improved by using deep
learning technology.

5.2. Improvement of Cropping Patterns and Management Techniques

Rice-wheat rotation and rice-potato-sesame cropping are examples of multiple crop-
ping patterns, crop diversification practices, and no-till agriculture that can increase agri-
cultural productivity and reduce GHG emissions [75,89], and introducing suitable dryland
crops to reduce the submergence period in the annual planting cycle [90]. Combining
inorganic fertilizers with organic improvers is a common practice to improve soil quality
and crop productivity, especially for low fertility soils [91]. For example, as a soil additive,
biochar is considered as a good synergist, because it has great potential in fixing carbon,
repairing soil, and improving soil quality and crop productivity [92]. Adding biochar can
change the release of soil nutrients and C/N cycle in soil, thus affecting GHG emissions
from farmland [93]. Some soil protection practices aimed at reducing CO2 emissions are
recommended, such as using crop residues, improving nitrogen utilization efficiency, and
reducing planting [94]. Applying crop residues can increase soil organic carbon, which can
enhance crop yield [95]. These practical measures can further conserve water, improve soil
structure, strengthen the element cycle, improve the increase of agricultural productivity,
and reduce GHG emissions. It is important to note that carbon sequestration and carbon
loss from soil in different agricultural systems vary greatly. In addition, the cultivation
technology of conservation agriculture has been widely used in agricultural production
with its unique ecological protection role, and is regarded as an important sustainable
agricultural technology. The development of CSA in the future will carry the sustainable
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development of agriculture forward and achieve the multiple goals of food security, cli-
mate adaptation, and GHG emission reduction. Improvement of cropping patterns and
management techniques contributes to the realization of CSA in the future.

5.3. Carrying out “Internet + Weather” Service and Improving the Quality of Agricultural Service

At present, agriculture has developed towards mechanization and industrialization.
In the process of future development, it is bound to put forward higher requirements
for meteorological services. Internet technology should be used to effectively combine
meteorological services with farmers’ needs. The technology platform is used to closely
combine growers, transport households, service institutions, and consumers to form a
vertical meteorological service system for agriculture. In the future, carrying out “internet
+ weather” service and improving the quality of agricultural service, and the combination
of human-computer interaction, comprehensive meteorological observation and other
automatic weather stations can better meet the needs of rural and agricultural construction,
improving the ability of weather forecasting, monitoring and early warning, and realizing
the goals of CSA.

5.4. Agricultural Weather Index-Based Insurance

Agrometeorological indicators used as the trigger mechanisms in agricultural insur-
ance, known as agricultural weather index-based insurance, can lessen or eliminate the
negative effects of natural risks on agricultural output. If it exceeds the predetermined
standard, the insurer will be responsible for compensation. There is no need to analyze
and calculate the loss from door to door because it is unrelated to the actual situation
with regard to crop damage following the catastrophe. Agricultural weather index-based
insurance applies the concept of financial instruments to the risk management of natural
disasters, and attracts social funds to participate in the dispersion of agricultural natural
risks, providing a new way for the risk transfer of agricultural producers. It is simple to
settle claims and easy to promote, overcoming the adverse selection and moral hazard of
traditional insurance, and reducing the operating cost [96].

With the development of weather index-based insurance products for a variety of
weather circumstances, many developing nations have started to bring weather index-
based insurance into the market of agricultural insurance. Since the beginning of the 21st
century, the agricultural weather index-based insurance products in developing countries
have gradually appeared in India, Ethiopia, Mongolia, Africa, Central Asia, and other
places [97–101]. At least dozens of weather index-based insurance plans are piloted in
developing countries. For example, smallholder farmers have the willingness to pay for
flood insurance as a climate change adaptation strategy in Northern Bangladesh [102].
Despite the fact that the demonstration work has produced positive outcomes by and
large, and given the relatively limited exploratory time and experience, it is impossible to
achieve long-term and sustainable developments. In the future, the agricultural weather
index-based insurance is considered as an important development direction of CSA. In
order to meet the needs of stabilizing agricultural production, ensuring food security,
and realization of CSA goals, further studies on the evaluation methods and indicator
systems of agricultural weather index-based insurance, as well as the cause, process, and
mechanism of related disasters should be strengthened.

6. Conclusions

This paper reviews the recent advancements, challenges, and future directions of CSA.
The recent advancements of CSA in representative developing and developed countries
are introduced in detail. However, the problems and challenges in CSA are still existing,
such as shortage of agricultural water resources, climate variability and climate change,
agricultural GHG emissions, and information resource integration. In the future, using
advanced internet technology to ensure agricultural information security, improvement of
cropping patterns and management techniques, carrying out “internet + weather” service
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and improving the quality of agricultural services, and conducting agricultural weather
index-based insurance are considered as the main development direction of CSA.

Author Contributions: J.Z. and D.L. contributed to the study conception and design. Material
preparation and analysis were performed by J.Z. Data collection and processing were performed by
J.Z.; D.L. and R.H. The first draft of the manuscript was written by J.Z. All authors commented on
subsequent versions of the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: The project was supported by the National Key Research and Development Program of
China (2022YFD2300202; 2017YFA0603004).

Data Availability Statement: All the data are available upon request to corresponding author.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. IPCC. Contribution of Working Groups I, II and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change;

Climate Change: Synthesis Report; IPCC: Geneva, Switzerland, 2014.
2. IPCC. Summary for Policymakers of IPCC Special Report on Global Warming of 1.5C Approved by Governments; Cambridge University

Press: Cambridge, UK, 2018.
3. Lipper, L.; Thornton, P.; Campbell, B.M.; Baedeker, T.; Braimoh, A.; Bwalya, M.; Caron, P.; Cattaneo, A.; Garrity, D.; Henry, K.;

et al. Climate-smart agriculture for food security. Nat. Clim. Chang. 2014, 4, 1068–1072. [CrossRef]
4. Leisner, C.P. Review: Climate change impacts on food security-focus on perennial cropping systems and nutritional value. Plant

Sci. 2020, 7, 110412. [CrossRef]
5. Hossain, M.S.; Lu, Q.; Arshad, M.; Shahid, S.; Fahad, S.; Akhter, J. Climate change and crop farming in Bangladesh: An analysis

of economic impacts. Int. J. Clim. Chang. Strateg. Manag. 2019, 7, 424–440. [CrossRef]
6. Arshad, M.; Kächele, H.; Krupnik, T.J.; Amjath-Babu, T.S.; Aravindakshan, S.; Abbas, A.; Mehmood, Y.; Müller, K. Climate

variability, farmland value, and farmers’ perceptions of climate change: Implications for adaptation in rural Pakistan. Int. J.
Sustain. Dev. World Ecol. 2016, 11, 532–544. [CrossRef]

7. Jat, M.L.; Chakraborty, D.; Ladha, J.K.; Parihar, C.M.; Datta, A.; Mandal, B.; Nayak, H.S.; Maity, P.; Rana, D.S.; Chaudhari, S.K.;
et al. Carbon sequestration potential, challenges, and strategies towards climate action in smallholder agricultural systems of
South Asia. Crop Environ. 2022, 1, 86–101. [CrossRef]

8. Amundson, R.; Beaudeu, L. Soil carbon sequestration is an elusive climate mitigation tool. Proc. Natl. Acad. Sci. USA 2018, 115,
11652–11656. [CrossRef]

9. Food and Agriculture Organization of the United Nations. Climate-Smart Agriculture: Sourcebook; FAO: Rome, Italy, 2013.
10. Adger, W.N.; Arnell, N.W.; Tompkins, E.L. Successful adaptation to climate change across scales. Glob. Environ. Chang. 2005, 15,

77–86. [CrossRef]
11. Thornton, P.K.; Whitbread, A.; Baedeker, T.; Cairns, J.; Claessens, L.; Baethgen, W.; Keating, B. A framework for priority-setting in

climate smart agriculture research. Agric. Syst. 2018, 167, 161–175. [CrossRef]
12. Makate, C. Effective scaling of climate smart agriculture innovations in African smallholder agriculture: A review of approaches,

policy and institutional strategy needs. Environ. Sci. Policy 2019, 96, 37–51. [CrossRef]
13. Buruchara, R.; Chirwa, R.; Sperling, L.; Mukankusi, C.; Rubyogo, J.C.; Mutonhi, R.; Abang, M. Development and delivery of bean

varieties in Africa: The Pan-Africa bean research alliance (PABRA) model. Afr. Crop Sci. J. 2011, 19, 227–245. [CrossRef]
14. Fisher, M.; Carr, E.R. The influence of gendered roles and responsibilities on the adoption of technologies that mitigate drought

risk: The case of drought-tolerant maize seed in eastern Uganda. Glob. Environ. Chang. 2015, 35, 82–92. [CrossRef]
15. Khumairoh, U.; Lantinga, E.A.; Schulte, R.P.O.; Suprayogo, D.; Groot, J.C.J. Complex rice systems to improve rice yield and yield

stability in the face of variable weather conditions. Sci. Rep. 2018, 8, 14746. [CrossRef]
16. Assefa, Y.; Yadav, S.; Mondal, M.K.; Bhattacharya, J.; Parvin, R.; Sarker, S.R.; Rahman, M.; Sutradhar, A.; Prasad, P.V.V.; Bhandari,

H.; et al. Crop diversification in rice-based systems in the polders of Bangladesh: Yield stability, profitability, and associated risk.
Agric. Syst. 2021, 187, 102986. [CrossRef]

17. Mhlanga, B.; Pellegrino, E.; Thierfelder, C.; Ercoli, L. Conservation agriculture practices drive maize yield by regulating soil
nutrient availability, arbuscular mycorrhizas, and plant nutrient uptake. Field Crop. Res. 2022, 277, 108403. [CrossRef]

18. Zhao, J.; Chen, J.; Beillouin, D.; Lambers, H.; Yang, Y.D.; Smith, P.; Zeng, Z.H.; Olesen, J.E.; Zang, H.D. Global systematic review
with meta-analysis reveals yield advantage of legume-based rotations and its drivers. Nat. Commun. 2022, 13, 4926. [CrossRef]

19. Astor, T.; Dayananda, S.; Nautiyal, S.; Wachendorf, M. Vegetable crop biomass estimation using hyperspectral and RGB 3D UAV
data. Agronomy 2020, 10, 1600. [CrossRef]

20. Jurado, J.M.; Ortega, L.; Cubillas, J.J.; Feito, F.R. Multispectral mapping on 3D models and multi-temporal monitoring for
individual characterization of olive trees. Remote Sens. 2020, 12, 1106. [CrossRef]

http://doi.org/10.1038/nclimate2437
http://doi.org/10.1016/j.plantsci.2020.110412
http://doi.org/10.1108/IJCCSM-04-2018-0030
http://doi.org/10.1080/13504509.2016.1254689
http://doi.org/10.1016/j.crope.2022.03.005
http://doi.org/10.1073/pnas.1815901115
http://doi.org/10.1016/j.gloenvcha.2004.12.005
http://doi.org/10.1016/j.agsy.2018.09.009
http://doi.org/10.1016/j.envsci.2019.01.014
http://doi.org/10.4314/ACSJ.V19I4
http://doi.org/10.1016/j.gloenvcha.2015.08.009
http://doi.org/10.1038/s41598-018-32915-z
http://doi.org/10.1016/j.agsy.2020.102986
http://doi.org/10.1016/j.fcr.2021.108403
http://doi.org/10.1038/s41467-022-32464-0
http://doi.org/10.3390/agronomy10101600
http://doi.org/10.3390/rs12071106


Sustainability 2023, 15, 3404 12 of 15

21. Huang, Y.B.; Chen, Z.X.; Yu, T.; Huang, X.Z.; Gu, X.F. Agricultural remote sensing big data: Management and applications. J.
Integr. Agric. 2018, 17, 1915–1931. [CrossRef]

22. Rejeb, A.; Rejeb, K.; Abdollahi, A.; Al-Turjman, F.; Treiblmaier, H. The Interplay between the Internet of Things and agriculture: A
bibliometric analysis and research agenda. Internet Things 2022, 19, 100580. [CrossRef]

23. Wolfert, S.; Isakhanyan, G. Sustainable agriculture by the Internet of Things-A practitioner’s approach to monitor sustainability
progress. Comput. Electron. Agric. 2022, 200, 107226. [CrossRef]

24. Jha, K.; Doshi, A.; Patel, P.; Shah, M. A comprehensive review on automation in agriculture using artificial intelligence. Artif.
Intell. Agric. 2019, 2, 1–12. [CrossRef]

25. Subeesh, A.; Mehta, C.R. Automation and digitization of agriculture using artificial intelligence and internet of things. Artif. Intell.
Agric. 2021, 5, 278–291. [CrossRef]

26. Food and Agriculture Organization of the United Nations. How to Feed the World in 2050. Issues Brief for the High-Level Forum on
How to Feed the World in 2050; FAO: Rome, Italy, 2010.

27. RamaRao, C.A.; Raju, M.K.; Subba, R.; Rao, K.V.; Kausalya, R.; Venkateswarlu, B.; Sikka, A.K. Atlas on Vulnerability of Indian
Agriculture to Climate Change; Central Research Institute for Dryland Agriculture: Hyderabad, India, 2013; 116p.

28. TERI. Draft Rajasthan State Action Plan on Climate Change; The Energy and Resources Institute: New Delhi, India, 2014.
29. Khatri-Chhetri, A.; Pant, A.; Aggarwal, P.K.; Vasireddy, V.V.; Yadav, A. Stakeholders prioritization of climate-smart agriculture

interventions: Evaluation of a framework. Agric. Syst. 2019, 174, 23–31. [CrossRef]
30. Bryan, E.; Ringler, C.; Okoba, B.; Roncoli, C.; Silvestri, S.; Herrero, M. Adapting agriculture to climate change in Kenya: Household

strategies and determinants. J. Environ. Manag. 2013, 114, 26–35. [CrossRef]
31. Smith, W. Agriculture in the Central Mekong Delta; Overseas Development Institute (ODI): London, UK, 2013.
32. Ho, T.T.; Shimada, K. The Effects of Climate Smart Agriculture and Climate Change Adaptation on the Technical Efficiency of

Rice Farming—An Empirical Study in the Mekong Delta of Vietnam. Agriculture 2019, 9, 99. [CrossRef]
33. Gairhe, J.J.; Adhikari, M.; Ghimire, D.; Khatri-chhetri, A.; Panday, D. Intervention of climate-smart practices in wheat under

rice-wheat cropping system in Nepal. Climate 2021, 9, 19. [CrossRef]
34. Imran, M.A.; Ali, A.; Ashfaq, M.; Hassan, S.; Culas, R.; Ma, C. Impact of Climate Smart Agriculture (CSA) practices on cotton

production and livelihood of farmers in Punjab, Pakistan. Sustainability 2018, 10, 2101. [CrossRef]
35. Kaczan, D.; Arslan, A.; Lipper, L. Climate Smart Agriculture, A Review of Current Practice of Agroforestry and Conservation Agriculture

in Malawi and Zambia; Food and Agriculture Organization of the United Nations (FAO): Rome, Italy, 2013.
36. Harawa, R.; Lehmann, J.; Akinnifesi, F.; Fernandes, E.; Kanyama-Phiri, G. Nitrogen dynamics in maize-based agroforestry

systems as affected by landscape position in southern Malawi. Nutr. Cycl. Agroecosys. 2006, 75, 271–284. [CrossRef]
37. Akinnifesi, F.; Chirwa, P.; Ajayi, O.; Sileshi, G.; Matakala, P.; Kwesiga, F.; Harawa, H.; Makumba, W. Contributions of agroforestry

research to livelihood of smallholder farmers in southern Africa: 1. Taking stock of the adaptation, adoption and impact of
fertilizer tree options. Agric. J. 2008, 3, 58–75. [CrossRef]

38. Mupambwa, H.A.; Hausiku, M.K.; Nciizah, A.D.; Dube, E. The unique Namib desert-coastal region and its opportunities for
climate smart agriculture: A review. Cogent. Food. Agric. 2019, 5, 1645258. [CrossRef]

39. Long, T.B.; Blok, V.; Coninx, I. Barriers to the Adoption and Diffusion of Technological Innovations for Climate-Smart Agriculture
in Europe: Evidence from the Netherlands, France, France, Switzerland and Italy. J. Clean. Prod. 2016, 112, 9–21. [CrossRef]

40. Lewis, J.; Rudnick, J. The Policy Enabling Environment for Climate Smart Agriculture: A Case Study of California. Front. Sustain.
Food Syst. 2019, 3, 31. [CrossRef]

41. Vechi, N.T.; Mellqvist, J.; Samuelsson, J.; Offerle, B.; Scheutz, C. Ammonia and methane emissions from dairy concentrated animal
feeding operations in California, using mobile optical remote sensing. Atmos Environ. 2023, 293, 119448. [CrossRef]

42. Ayars, J.E.; Fulton, A.; Taylor, B. Subsurface drip irrigation in California-Here to stay? Agric. Water Manag. 2015, 157, 39–47.
[CrossRef]

43. Hanak, E.; Escriva-Bou, A.; Howitt, R.; Lund, J.; Burt, C.; Harter, T. California Water: Water for Farms; Public Policy Institute of
California: San Francisco, CA, USA, 2016.

44. European Commission. Climate Action: Low Carbon Technologies; EU Commission: Brussels, Belgium, 2014.
45. Loboguerrero, A.M.; Campbell, B.M.; Cooper, P.J.M.; Hansen, J.W.; Rosenstock, T.; Wollenberg, E. Food and earth systems:

Priorities for climate change adaptation and mitigation for agriculture and food systems. Sustainability 2019, 11, 1372. [CrossRef]
46. Adamides, G. A review of climate-smart agriculture applications in Cyprus. Atmosphere 2020, 11, 898. [CrossRef]
47. Schlamovitz, J.L.; Becker, P. Differentiated vulnerabilities and capacities for adaptation to water shortage in Gaborone, Botswana.

Int. J. Water Resour. Dev. 2021, 37, 278–299. [CrossRef]
48. Salehi, M. Global water shortage and potable water safety; Today’s concern and tomorrow’s crisis. Environ. Int. 2022, 158, 106936.

[CrossRef] [PubMed]
49. Oktem, A. Effect of water shortage on yield, and protein and mineral compositions of drip-irrigated sweet corn in sustainable

agricultural systems. Agric. Water. Manag. 2008, 95, 1003–1010. [CrossRef]
50. Yang, P.; Zhang, S.Q.; Xia, J.; Chen, Y.; Zhang, Y.Y.; Cai, W.; Wang, W.Y.; Wang, H.J.; Luo, X.A.; Chen, X. Risk assessment of

water resource shortages in the Aksu River basin of northwest China under climate change. J. Environ. Manag. 2022, 305, 114394.
[CrossRef] [PubMed]

http://doi.org/10.1016/S2095-3119(17)61859-8
http://doi.org/10.1016/j.iot.2022.100580
http://doi.org/10.1016/j.compag.2022.107226
http://doi.org/10.1016/j.aiia.2019.05.004
http://doi.org/10.1016/j.aiia.2021.11.004
http://doi.org/10.1016/j.agsy.2019.03.002
http://doi.org/10.1016/j.jenvman.2012.10.036
http://doi.org/10.3390/agriculture9050099
http://doi.org/10.3390/cli9020019
http://doi.org/10.3390/su10062101
http://doi.org/10.1007/s10705-006-9033-y
http://doi.org/10.1016/aj.2008.58.75
http://doi.org/10.1080/23311932.2019.1645258
http://doi.org/10.1016/j.jclepro.2015.06.044
http://doi.org/10.3389/fsufs.2019.00031
http://doi.org/10.1016/j.atmosenv.2022.119448
http://doi.org/10.1016/j.agwat.2015.01.001
http://doi.org/10.3390/su11051372
http://doi.org/10.3390/atmos11090898
http://doi.org/10.1080/07900627.2020.1756752
http://doi.org/10.1016/j.envint.2021.106936
http://www.ncbi.nlm.nih.gov/pubmed/34655888
http://doi.org/10.1016/j.agwat.2008.03.006
http://doi.org/10.1016/j.jenvman.2021.114394
http://www.ncbi.nlm.nih.gov/pubmed/34995939


Sustainability 2023, 15, 3404 13 of 15

51. Zhang, Y.H.; Li, H.Y.; Sun, Y.G.; Zhang, Q.; Liu, P.Z.; Wang, R.; Li, J. Temporal stability analysis evaluates soil water sustainability
of different cropping systems in a dryland agricultural ecosystem. Agric. Water. Manag. 2022, 272, 107834. [CrossRef]

52. Roy, R.; Wang, J.X.; Mostofa, M.G.; Fornara, D. Optimal water and fertilizer applications improve growth of Tamarix chinensis in
a coal mine degraded area under arid conditions. Physio. Plant. 2021, 172, 371–390. [CrossRef] [PubMed]

53. Nam, W.; Kim, T.; Hong, E.; Choi, J. Regional climate change impacts on irrigation vulnerable season shifts in agricultural water
availability for South Korea. Water 2017, 9, 735. [CrossRef]

54. Lee, J.M.; Kwon, E.H.; Woo, N.C. Natural and human-induced drivers of groundwater sustainability: A case study of the
Mangyeong River Basin in Korea. Sustainability 2019, 11, 1486. [CrossRef]

55. Kim, S.M.; Kang, M.S.; Jang, M.W. Assessment of agricultural drought vulnerability to climate change at a municipal level in
South Korea. Paddy Water Environ. 2018, 16, 699–714. [CrossRef]

56. McKinley, J.D.; LaFrance, J.T.; Pede, V.O. Climate change adaptation strategies vary with climatic stress: Evidence from three
regions of Vietnam. Front. Sustain. Food Syst. 2021, 10, 26. [CrossRef]

57. Asare-Nuamah, P. Climate variability, subsistence agriculture and household food security in rural Ghana. Heliyon 2021, 7, e06928.
[CrossRef] [PubMed]

58. Janowiak, M.K.; Dostie, D.N.; Wilson, M.A.; Kucera, M.J.; Skinner, R.H.; Hatfield, J.L.; Hollinger, D.; Swanston, C.W. Adaptation
resources for agriculture: Responding to climate variability and change in the Midwest and Northeast. Tech. Bull. 2016, 72, 320856.
[CrossRef]

59. Lee, J.; Woo, J. Green New Deal policy of South Korea: Policy innovation for a sustainability transition. Sustainability 2014, 12,
10191. [CrossRef]

60. Burke, M.; Emerick, K. Adaptation to climate Change: Evidence from US agriculture. Am. Econ. J. Econ. Policy 2016, 8, 106–140.
[CrossRef]

61. Long, X.; Ju, H.; Wang, J.D.; Gong, S.H.; Li, G.Y. Impact of climate change on wheat yield and quality in the Yellow River Basin
under RCP8.5 during 2020–2050. Adv. Clim. Chang. Res. 2022, 13, 397–407. [CrossRef]

62. Daloz, A.S.; Rydsaa, J.H.; Hodnebrog, Q.; Sillmann, J.; Van, O.B.; Mohr, C.W.; Agrawal, M.; Emberson, L.; Stordal, F.; Zhang, T.
Direct and indirect impacts of climate change on wheat yield in the Indo-Gangetic plain in India. J. Agric. Food. Res. 2021, 4,
100132. [CrossRef]

63. Van, D.M.; Kim, J. Projections on climate internal variability and climatological mean at fine scales over South Korea. Stoch.
Environ. Res. Risk Assess. 2020, 34, 1037–1058. [CrossRef]

64. Zhao, J.F.; Guo, J.P.; Xu, Y.H.; Mu, J. Effects of climate change on cultivation patterns of spring maize and its climatic suitability in
Northeast China. Agric. Ecosyst. Environ. 2015, 202, 178–187. [CrossRef]

65. Nelson, G.; Bogard, J.; Lividini, K.; Arsenault, J.; Riley, M.; Sulser, T.B.; Mason-D’Croz, D.; Power, B.; Gustafson, D.; Herrero,
M.; et al. Income growth and climate change effects on global nutrition security to mid-century. Nat. Sustain. 2018, 1, 773–781.
[CrossRef]

66. Aneja, V.P.; Schlesinger, W.H.; Erisman, J.W. Effects of agriculture upon the air quality and climate: Research, policy, and
regulations. Environ. Sci. Technol. 2009, 43, 4234–4240. [CrossRef] [PubMed]

67. United States Environmental Production Agency. National Greenhouse Gas Emissions Data: Inventory of U.S. Greenhouse Gas
Emissions and Sinks: 1990–2013. Wind Energy Essentials; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2015; pp. 298–314.

68. Maraseni, T.N.; Qu, J. An international comparison of agricultural nitrous oxide emissions. J. Clean. Prod. 2016, 135, 1256–1266.
[CrossRef]

69. Government Republic of Korea. 2050 Carbon Neutral Strategy of the Republic of Korea. Towards a Sustainable and Green Society; The
Government of the Republic of Korea: Seoul, Republic of Korea, 2020.

70. Chen, Z.; Xu, C.; Ji, L.; Feng, J.; Li, F.; Zhou, X.; Fang, F. Effects of multi-cropping system on temporal and spatial distribution of
carbon and nitrogen footprint of major crops in China. Glob. Ecol. Conserv. 2020, 22, e00895. [CrossRef]

71. Arunrat, N.; Sereenonchai, S.; Chaowiwat, W.; Wang, C.; Hatano, R. Carbon, Nitrogen and Water Footprints of Organic Rice and
Conventional Rice Production over 4 Years of Cultivation: A Case Study in the Lower North of Thailand. Agronomy 2022, 12, 380.
[CrossRef]

72. Meier, J.; Mauser, W.; Hank, T.; Bach, H. Assessments on the impact of high- resolution-sensor pixel sizes for common agricultural
policy and smart farming services in European regions. Comput. Electron. Agric. 2020, 169, 105205. [CrossRef]

73. Pádua, L.; Marques, P.; Adão, T.; Guimarães, N.; Sousa, A.; Peres, E.; Sousa, J.J. Vineyard variability analysis through UAV-based
vigour maps to assess climate change impacts. Agronomy 2019, 9, 581. [CrossRef]

74. Mulla, D.J. Twenty-five years of remote sensing in precision agriculture: Key advances and remaining knowledge gaps. Biosyst.
Eng. 2012, 114, 358–371. [CrossRef]

75. Dandois, J.P.; Ellis, E.C. High spatial resolution three-dimensional mapping of vegetation spectral dynamics using computer
vision. Remote Sens. Environ. 2013, 136, 259–276. [CrossRef]

76. Chen, Z.; Zhou, Q.; Liu, J.; Wang, L.; Ren, J.; Huang, Q.; Deng, H.; Zhang, L.; Li, D. Charms-China agricultural remote sensing
monitoring system. In Proceedings of the 2011 IEEE International Geoscience and Remote Sensing Symposium; IEEE: New York, NY,
USA, 2011; pp. 3530–3533. [CrossRef]

http://doi.org/10.1016/j.agwat.2022.107834
http://doi.org/10.1111/ppl.13147
http://www.ncbi.nlm.nih.gov/pubmed/32506430
http://doi.org/10.3390/w9100735
http://doi.org/10.3390/su11051486
http://doi.org/10.1007/s10333-018-0661-z
http://doi.org/10.3389/fsufs.2021.762650
http://doi.org/10.1016/j.heliyon.2021.e06928
http://www.ncbi.nlm.nih.gov/pubmed/33997426
http://doi.org/10.22004/ag.econ.320856
http://doi.org/10.3390/su122310191
http://doi.org/10.1257/pol.20130025
http://doi.org/10.1016/j.accre.2022.02.006
http://doi.org/10.1016/j.jafr.2021.100132
http://doi.org/10.1007/s00477-020-01807-y
http://doi.org/10.1016/j.agee.2015.01.013
http://doi.org/10.1038/s41893-018-0192-z
http://doi.org/10.1021/es8024403
http://www.ncbi.nlm.nih.gov/pubmed/19603628
http://doi.org/10.1016/j.jclepro.2016.07.035
http://doi.org/10.1016/j.gecco.2019.e00895
http://doi.org/10.3390/agronomy12020380
http://doi.org/10.1016/j.compag.2019.105205
http://doi.org/10.3390/agronomy9100581
http://doi.org/10.1016/j.biosystemseng.2012.08.009
http://doi.org/10.1016/j.rse.2013.04.005
http://doi.org/10.1109/IGARSS.2011.6049983


Sustainability 2023, 15, 3404 14 of 15

77. Yuan, N.; Gong, Y.; Fang, S.; Liu, Y.; Duan, B.; Yang, K.; Wu, X.; Zhu, R. UAV remote sensing estimation of rice yield based on
adaptive spectral Endmembers and bilinear mixing model. Remote Sens. 2021, 13, 2190. [CrossRef]

78. Thomson, S.J.; Ouellet-Plamondon, C.M.; DeFauw, S.L.; Huang, Y.; Fisher, D.K.; English, P.J. Potential and challenges in use of
thermal imaging for humid region irrigation system management. J. Agric. Sci. 2012, 4, 103–116. [CrossRef]

79. Reddy, K.N.; Huang, Y.; Lee, M.A.; Nandula, V.K.; Fletcher, R.S.; Thomson, S.J.; Zhao, F. Glyphosate-resistant and glyphosate-
susceptible Palmer amaranth (Amaranthus palmeri S. Wats.): Hyperspectral reflectance properties of plants and potential for
classification. Pest Manag. Sci. 2014, 70, 1910–1917. [CrossRef]

80. Huang, Y.; Reddy, K.N.; Thomson, S.J.; Yao, H. Assessment of soybean injury from glyphosate using airborne multispectral
remote sensing. Pest Manag. Sci. 2015, 71, 545–552. [CrossRef] [PubMed]

81. Costa, F.G.; Ueyama, J.; Braun, T.; Pessin, G.; Osório, F.S.; Vargas, P.A. The use of unmanned aerial vehicles and wireless sensor
network in agricultural applications. In Proceedings of the 2012 IEEE International Geoscience and Remote Sensing Symposium; IEEE:
New York, NY, USA, 2012; pp. 5045–5048. [CrossRef]

82. Pylianidis, C.; Osinga, S.; Athanasiadis, I.N. Introducing digital twins to agriculture. Comput. Electron. Agric. 2021, 184, 105942.
[CrossRef]

83. Jusoh, M.; Muttalib, M.F.A.; Krishnan, K.T.; Katimon, A. An overview of the internet of things (IoT) and irrigation approach
through bibliometric analysis. Earth Environ. Sci. 2021, 756, 012041. [CrossRef]

84. Dias, R.M.; Marques, G.; Bhoi, A.K. Internet of things for enhanced food safety and quality assurance: A literature review. Adv.
Electron. Commun. Comput. 2021, 709, 653–663. [CrossRef]

85. Boursianis, A.D.; Papadopoulou, M.S.; Diamantoulakis, P.; Liopa-Tsakalidi, A.; Barouchas, P.; Salahas, G.; Karagiannidis, G.; Wan,
S.H.; Sotirios, K.G. Internet of things (IoT) and agricultural unmanned aerial vehicles (UAVs) in smart farming: A comprehensive
review. Internet Things 2020, 18, 100187. [CrossRef]

86. Islam, N.; Rashid, M.M.; Pasandideh, F.; Ray, B.; Moore, S.; Kadel, R. A review of applications and communication technologies
for internet of things (IoT) and unmanned aerial vehicle (UAV) based sustainable smart farming. Sustainability 2021, 13, 1821.
[CrossRef]

87. Kleinschmidt, J.H.; Kamienski, C.; Prati, R.C.; Kolehmainen, K.; Aguzzi, C. End-to-end security in the IoT computing continuum:
Perspectives in the SWAMP project. In Proceedings of the 2019 9th Latin-American Symposium on Dependable Computing (LADC);
IEEE Computer Society: Washington, DC, USA, 2019; Volume 19, p. 8995724. [CrossRef]

88. Hamrani, A.; Akbarzadeh, A.; Madramootoo, C.A. Machine learning for predicting greenhouse gas emissions from agricultural
soils. Sci. Total Environ. 2020, 741, 140338. [CrossRef] [PubMed]

89. Datta, A.; Rao, K.S.; Santra, S.C.; Mandal, T.K.; Adhya, T.K. Greenhouse gas emissions from rice-based cropping: Economic and
technologic challenges and opportunities. Mitig. Adapt. Strateg. Glob. Chang. 2011, 16, 597–615. [CrossRef]

90. Adhya, T.K.; Mishra, S.R.; Rath, A.K.; Bharti, K.; Mohanty, S.R.; Ramakrishnan, B.; Rao, V.R.; Sethunathan, N. Methane efflux from
rice-based cropping systems under humid tropical conditions of Eastern India. Agric. Ecosyst. Environ. 2000, 79, 85–90. [CrossRef]

91. Mi, W.; Sun, Y.; Xia, S.; Zhao, H.; Mi, W.; Brookes, P.C.; Liu, Y.; Wu, L. Effect of inorganic fertilizers with organic amendments on
soil chemical properties and rice yield in a low-productivity paddy soil. Geoderma 2018, 320, 23–29. [CrossRef]

92. Purakayastha, T.J.; Bera, T.; Bhaduri, D.; Sarkar, B.; Mandal, S.; Wade, P.; Kumari, S.; Biswas, S.; Menon, M.; Pathak, H.; et al. A
review on biochar modulated soil condition improvements and nutrient dynamics concerning crop yields: Pathways to climate
change mitigation and global food security. Chemosphere 2019, 227, 345–365. [CrossRef] [PubMed]

93. El-Naggar, A.; El-Naggar, A.H.; Shaheen, S.M.; Sarkar, B.; Chang, S.X.; Tsang, D.C.W.; Rinklebe, J.; Ok, Y.S. Biochar composition-
dependent impacts on soil nutrient release, carbon mineralization, and potential environmental risk: A review. J. Environ. Manag.
2019, 241, 458–467. [CrossRef] [PubMed]

94. Hobbs, P.R.; Sayre, K.; Gupta, R. The role of conservation agriculture in sustainable agriculture. Philos. Trans. R. Soc. Lond. Ser. B
Biol. Sci. 2008, 363, 543–555. [CrossRef]

95. Arunrat, N.; Sereenonchai, S.; Chaowiwat, W.; Wang, C.; Hatano, R. Soil Organic Carbon in Sandy Paddy Fields of Northeast
Thailand: A Review. Agronomy 2020, 10, 1061. [CrossRef]

96. Abdi, M.J.; Raffar, N.; Zulkafli, Z.; Nurulhuda, K.; Rehan, B.M.; Muharam, F.M.; Khosim, N.A.; Tangang, F. Index-based insurance
and hydroclimatic risk management in agriculture: A systematic review of index selection and yield-index modelling methods.
Int. J. Disaster Risk Reduct. 2022, 67, 102653. [CrossRef]

97. Shirsath, P.; Vyas, S.; Aggarwal, P.; Rao, K.N. Designing weather index insurance of crops for the increased satisfaction of farmers,
industry and the government. Clim. Risk Manag. 2019, 25, 100189. [CrossRef]

98. Eze, E.; Girma, A.; Zenebe, A.A.; Zenebea, G. Feasible crop insurance indexes for drought risk management in Northern Ethiopia.
Int. J. Disaster Risk Reduct. 2020, 47, 101544. [CrossRef]

99. Bertram-Huemmer, V.; Kraehnert, K. Does index insurance help household recover from disaster? Evidence from IBLI Mongolia.
Am. J. Agric. Econ. 2017, 100, 145–171. [CrossRef]

100. Masiza, W.; Chirima, J.G.; Hamandawana, H.; Kalumba, A.M.; Magagula, H.B. Linking Agricultural Index Insurance with Factors
That Influence Maize Yield in Rain-Fed Smallholder Farming Systems. Sustainability 2021, 13, 5176. [CrossRef]

http://doi.org/10.3390/rs13112190
http://doi.org/10.5539/jas.v4n4p103
http://doi.org/10.1002/ps.3755
http://doi.org/10.1002/ps.3839
http://www.ncbi.nlm.nih.gov/pubmed/24889377
http://doi.org/10.1109/IGARSS.2012.6352477
http://doi.org/10.1016/j.compag.2020.105942
http://doi.org/10.1088/1755-1315/756/1/012041
http://doi.org/10.1007/978-981-15-8752-8_66
http://doi.org/10.1016/j.iot.2020.100187
http://doi.org/10.3390/su13041821
http://doi.org/10.1109/LADC48089.2019.8995724
http://doi.org/10.1016/j.scitotenv.2020.140338
http://www.ncbi.nlm.nih.gov/pubmed/32610233
http://doi.org/10.1007/s11027-011-9284-z
http://doi.org/10.1016/S0167-8809(99)00144-9
http://doi.org/10.1016/j.geoderma.2018.01.016
http://doi.org/10.1016/j.chemosphere.2019.03.170
http://www.ncbi.nlm.nih.gov/pubmed/30999175
http://doi.org/10.1016/j.jenvman.2019.02.044
http://www.ncbi.nlm.nih.gov/pubmed/31027831
http://doi.org/10.1098/rstb.2007.2169
http://doi.org/10.3390/agronomy10081061
http://doi.org/10.1016/j.ijdrr.2021.102653
http://doi.org/10.1016/j.crm.2019.100189
http://doi.org/10.1016/j.ijdrr.2020.101544
http://doi.org/10.1093/ajae/aax069
http://doi.org/10.3390/su13095176


Sustainability 2023, 15, 3404 15 of 15

101. Eltazarov, S.; Bobojonov, I.; Kuhn, L.; Glauben, T. Mapping weather risk—A multi-indicator analysis of satellite-based weather
data for agricultural index insurance development in semi-arid and arid zones of Central Asia. Clim. Serv. 2021, 23, 100251.
[CrossRef]

102. Akter, S.; Krupnik, T.J.; Khanam, F. Climate change skepticism and index versus standard crop insurance demand in coastal
Bangladesh. Reg. Environ. Chang. 2017, 17, 2455–2466. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.cliser.2021.100251
http://doi.org/10.1007/s10113-017-1174-9

	Introduction 
	Definition and Development Goals of CSA 
	Recent Advancements of CSA in Different Countries 
	CSA in Developing Countries 
	CSA in Developed Countries 

	Challenges in CSA 
	Shortage of Agricultural Water Resources 
	Climate Variability and Climate Change 
	Agricultural GHG Emissions 
	Information Resource Integration 

	Future Directions of CSA 
	Using Advanced Internet Technology to Ensure Agricultural Information Security 
	Application of Remote Sensing Techniques 
	Application of Internet of Things 
	Application of Artificial Intelligence 

	Improvement of Cropping Patterns and Management Techniques 
	Carrying out “Internet + Weather” Service and Improving the Quality of Agricultural Service 
	Agricultural Weather Index-Based Insurance 

	Conclusions 
	References

