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Agricultural production has high correlations with natural hazards and water resource dynamic. Extreme rainfall brought by typhoons has a profound impact on agriculture in Taiwan. How typhoons impact agricultural activities and outputs is lacking research, especially in coastal regions such as Taiwan. In this report, the impacts of typhoon on agricultural loss from 2006 to 2019 in Taiwan was measured and called attention to the role of flood control construction in sustaining agricultural activities. With the help of Data Envelopment Analysis and geographical mapping, it is found that there are spatial differences in agricultural losses caused by typhoons. The main results indicate that the efficiency scores bring a inverse U-shape trend from the year 2007 (efficiency .718) to 2019 (efficiency .708). Looking further, Tainan City, Yunlin City, Chiayi County and other plain areas are vulnerable to hazards because the efficiency scores in these counties all below than 70%. However, some areas with prominent flood control construction showed a trend of agricultural damage reduction. This paper suggests that scholars should collect relevant data in the future and pay attention to the macro relationship between regional flood control construction and agricultural damage.
Keywords: output efficiency, agricultural losses, drainage facility, Taiwan, typhoon
1 INTRODUCTION
Agricultural production is deeply affected by the environment and climate, and it is more at risk from natural hazards than any other industry. Because Taiwan is located in a subtropical region and is affected by warm humid air currents and ocean currents, it has an oceanic climate. However, because it is close to the mainland and the weather system mostly moves from west to east, Taiwan is also affected by the continental climate. The Tropic of Cancer (23.5 N) passes through the central part of Taiwan Island, so the southern climate is tropical, and the northern part is subtropical, with warm and humid climate. On the east coast, the mainstream Kuroshio flows northward, bringing in hot and humid air currents, with the prevailing winds in different seasons, such as northeast wind in winter and southwest wind in summer, causing rain on the windward slopes and inland mountainous areas, making Taiwan abundant in rainfall. Taiwan is often affected by typhoons from June to September each year (Bayrak et al., 2021). On average, three to four typhoons hit Taiwan in summer and autumn each year. Although it brings abundant rainfall, the time and space distribution of rainfall is very uneven, which often causes hazards such as floods and soil flows. However, if the rain brought by typhoons is lacking, droughts are prone to occur in winter. According to statistics from the agricultural department of the Taiwan government, meteorological hazards are the main source of agricultural hazards in Taiwan. Typhoons and the heavy rains it brought are the main hazards (Chuang and Ho, 2021). Chen et al. (2018) pointed out that 70% of Taiwan’s agricultural economic losses are caused by typhoons, and 27% are caused by rain hazards (including heavy rain). According to the Executive Yuan (2020), over the past 10 years, 90% of the damage to agricultural activities in Taiwan has been caused by floods, heavy rains and typhoons.
In view of the frequent extreme rainfall brought by typhoons, how to deal with the uneven distribution of hydraulic power and the application of resources in economic activities has an important impact on the efficiency of economic output (Frame et al., 2020). For example, how to effectively store precipitation and use it as an input for agricultural activities to drive product supply is very important for efficiency at the current or future output level. In contrast, excessive water supply, such as floods and heavy rainfall, will cause losses in agricultural activities such as undesired output value (Saeed et al., 2021; Sahana et al., 2021). Based on above discussion, this article uses Taiwan’s agricultural statistical annual report, agricultural loss statistics, typhoon database, and rainfall distribution surveys, and uses the agricultural production of the counties and cities in Taiwan’s main island from 2006 to 2019 as the research object, applying the Data Envelopment Analysis (DEA) and the concept of output efficiency analysis to explore the impact of typhoon over the years on the overall and inter-regional agricultural output and agricultural losses. This paper expected to find a positive correlation between agricultural losses and typhoon frequency and the significance of such correlation should have spatial differences, especially in ecologically fragile areas.
2 LITERATURE REVIEW
Due to the characteristics of disaster statistics, part of the research uses input-output analysis for analysis (Yu et al., 2019; Lin et al., 2020). Shibusawa and Matsushima (2021) used the Japanese geographic environment data and the input-output table of each region to carry out the earthquake disaster economic evaluations based on the output value of each region. They estimated the direct losses of hazards based on natural hazards, population density, spatial distribution of economic sectors, and production profiles revealed by geographic data of every 500 square meters. The empirical results found that the degree of disaster loss isn’t proportional to population density and inter-industry development. The study suggests that preventive measures or post-disaster reconstruction policies should consider more aspects to avoid overall economic losses. Lin et al. (2020) used the statistical data from agricultural annual reports to discuss the impacts of the natural hazards on climate change and crop losses on the regional economy. In their study, the regional input-output model combined with the Miller and Blair (2009) supply-side input-output model was applied. Due to the low ability of crops to resist hazards, the impact of the uncertain natural hazards on crop losses is the first to bear the brunt. They concluded that agricultural disaster losses have a great impact on income and employment effects, and the largest impact on domestic gross production is nearly 30%, resulting in an increase in unemployment and a decline in economic growth. They found that the input-output model can be used to estimate the effects of hazards on income and indirect effects. If combined with the social accounting matrix, the direct and indirect effects of disaster losses in various sectors can be estimated. Lee et al. (2020) and Lin et al. (2020) further analyzed the impact of single-day disaster events on agricultural losses and the economy. Their studies took Typhoons Morakot and Van Nabey as examples, using Input-Output Analysis to discuss. The empirical results found that: Typhoon Morakot and Typhoon Van Nabe caused damage to agriculture and industry. The multiplier effects of output reduction were 1.49 and 1.33, respectively, and the unemployment rate increased by .13 percentage points and .06 percentage points, respectively.
Natural hazards such as wind strikes not only affect agricultural losses, but also indirectly affect local employment issues (Qin et al., 2020). For example, after the passage of Typhoon Morakot in 2009, the labour force in the disaster area faced the problem of temporary unemployment, which caused the government to amend the law to help the laborers find employment. Sperling (2021) compared the employment situation of laborers in counties and cities hit and untouched by hurricanes and floods in Mexico after 2007. The study found that seasonal hurricanes invaded the region and caused the local labour population to migrate to avoid the hurricane in a short period of time, resulting in a decline in labour participation. As a result, the average salary in the hurricane-affected area was greatly reduced due to a large reduction in labour supply. Although the relatively neighbouring areas that weren’t hit by the hurricane didn’t suffer direct economic losses as a result, they included workers from areas affected by the hurricane, resulting in a drop in average wages. Chen et al. (2018) studied based on spatial database and geographic information system, integrating the original data of agricultural census, the current status of agricultural land use, and the potential of rainfall inundation. This assessment was based on Yunlin and Chiayi, which are important agricultural production areas in Taiwan. They explored the spatial distribution and spatial heterogeneity of potential agricultural losses when an extreme rainfall event occurs under rainfall scenarios with different flooding potentials. The results of the study showed that when the daily rainfall reaches 200 to 450 mm, the agricultural areas in central and southern Taiwan are threatened by flood, and the functions of water storage and drainage facilities will reach the upper limit of operation. If the scale of rainfall that will become more and more variable in the future, the formulation of measures such as hydraulic facilities and the use of hydraulic energy will have a key impact. Similar studies also have Liang et al. (2020a), Liang et al. (2020b), and Liang and Li (2020). By reviewing the literature, it is obvious that there is a lack of research on Taiwan in the existing studies, and most studies of typhoon focused on economic variables such as income and employment, and rarely explore specific agricultural losses. The study of Chen et al. (2018) is important as it gives us a good starting point and pointed out the spatial heterogeneity of agricultural losses caused by rainfall and floods. But the study is still county-based and doesn’t explore Taiwan as a whole. This paper finds that DEA is a good method to solve the problem of multi-input and multi-output, and is effective in evaluating the effectiveness of multi-input and multi-output units (Basavalingaiah et al., 2022; Rehman et al., 2022). For example, Xie et al. (2019) pointed out in their study that since DEA is based on relative efficiency through linear programming, it isn’t necessary to determine the weight of input and output indicators in advance during the application of the model, thus avoiding the influence of subjective factors. Therefore, DEA model will be used in this study to analyze the spatial difference of agricultural losses caused by typhoons in Taiwan. Meanwhile, Chen et al. (2018) is referred in the present study to visualize the losses by GIS platform. At the same time, considering the impact of massive rainfall brought by typhoon on agriculture, this paper combined with the changes of water conservancy facilities to discuss the impact of typhoon on agricultural water management in Taiwan.
3 METHODOLOGY
3.1 DEA
In traditional, the Data Envelopment Analysis (DEA) developed by Charnes et al. (1978) usually applies strong disposal reference technology:
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In Eq. 1, x and y represent the input and output. Eq. 1 means the outputs are “desirable” when producer fabricates and therefore these outputs won’t bring negative external effect. Färe et al. (1989) then constructed several efficiency measures according to the different ways of including desirable and undesirable outputs asymmetrically. Their weak disposal reference technology is as follows:
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In Eq. 2, define input, undesirable and desirable output as x, yU and yD. As Hsiao et al. (2012) pointed, region OFBCDE represents strong disposability, producer can yield the outputs freely or costless disposable if the outputs are “goods”. However, if some outputs are “goods”, and others are not, it is unreasonable to assume the production behavior under strong disposability assumption because it implies the “bad” outputs can be freely disposed. Therefore, the assumption of freely (strong) disposability of “bad” output is violated and we should use another approach which apply the concept of weakly disposability appropriately. Under the weak disposability assumption of undesirable outputs, moving (YU, YD) horizontally leftwards to the vertical axis on which YU = 0 is not possible unless YD = 0, and (YU, YD) can only be proportionally scaled down to (λA YU, λA YD), [image: image] (Li, 2020). The weak disposable assumption emphasizes the correlation of desired and undesired output. That is to say, the Decision Makers’ Unit (DMU) performance rankings are very sensitive to whether or not undesirable outputs are included. Therefore, traditional models might produce a misleading indication due to their exclusion of undesirable outputs.
In our opinion, we consider the outputs of agriculture have a similar phenomenon. They also produce some “goods” (e.g., agricultural commodities and related economic productions) and some “bads” (e.g., pollution, production damage) that these outputs are desirable and undesirable. The “bad” outputs affect other outputs and take shape their whole performance indirectly in the industry. The evaluation of the agricultural industry efficient may calculates the results inaccurately if we measure under the assumption of strongly disposability. The reason is that when the outputs are undesirable, one can’t assume that it is possible to produce less of that output keeping the other output and input fixed because these undesirable outputs are the byproducts of the remaining outputs.
Follow the concept of Färe et al. (1985) and Färe et al. (1989), we apply the methods of Cooper et al. (2007), Cooper et al. (2009) and measure the efficiency by solving the following equation:
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In Eq. 3, [image: image] and [image: image] means the [image: image] -th input and output, [image: image], [image: image] and [image: image] expresses the matrix of sample inputs, undesirable and desirable outputs.
3.2 Analysis process
The analysis process is as follows: First, through the above equations, the annual agricultural production efficiency of each county/city in Taiwan can be calculated. Then, the production efficiency value will be compared with the impact of typhoons on each county/city in each year to explore whether the frequency of typhoons is related to production performance. Our main results found that typhoons did have an impact on agricultural production efficiency in some counties, but did not necessarily have a comprehensive impact on production performance. Finally, in order to look for underlying reasons, our study enumerates data of water conservancy facilities in each county to explain why typhoons did not have a negative impact on agricultural production in some counties.
Accordingly, the input and output variables used in this article are summarized as follows:
Agricultural Outputs: Refers to the total agricultural output value (Unit: Thousand Taiwan dollars, Mean = 11,191,373, Variance = 10,771,685). [image: image].
Agricultural Loss: The agricultural losses in the area caused by the typhoon during the year. (Unit: Thousand Taiwan Dollars, Mean = 85,463, Variance = 363,122).
Labor: Refers to workers engaged in agricultural activities. (Unit: person, Mean = 38,672, Variance = 27,899).
Area = The area of land actually used as farming in agricultural activities also includes short-term leisure or fallow land. (Unit: hectares, Mean = 40,270, Variance = 27,866)
DT = The number of typhoons that have landed Taiwan each year (Mean = 2.786, Variance = 1.372).
It is worth noting that the variable DT is an environmental variable that counts the number of typhoons landed in Taiwan over the years. According to historical data, about 8–15 typhoons form in the Pacific Ocean every year. The average number of travel routes to Taiwan is 2.786. Due to the geographical area, every time a typhoon makes landfall, almost the entire island is surrounded. Therefore, we can analyze whether the typhoon will affect the agricultural activities of each county or city.
3.3 Data sources
The research data in this paper were manually collected from several official websites by referring to previous literatures on Taiwan, such as Su et al. (2010), Chang et al. (2019), and Yeh et al. (2021). The panel data of agricultural losses and related input and output variables related to typhoons from 2007 to 2019 were collected through the council of Agriculture. Meanwhile, in order to explain the findings of this paper, we also sorted out the variables of farmland water conservancy facilities in counties and cities of Taiwan from the executive Yuan in Taiwan, including the length of water storage pipelines and drainage pipelines. At the same time, the record of rainfall in Taiwan Meteorological Bureau were collected for helping explain the findings.
4 RESULTS
4.1 Correlations between typhoon and agricultural loss
Figure 1 summarizes the statistics of agricultural losses which caused by typhoons and the number of typhoons landed Taiwan in 2009, 2013, 2016, and 2019. It can be found that the number of typhoons and agricultural losses are not necessarily positively correlated. For example, three typhoons in 2009 were less than five in 2013, but the scale of overall agricultural losses in 2009 was about 50 times that of 2013. Similarly, the number of typhoons in 2016 was three less than in 2013, but the agricultural losses in that year were 68 times that of 2013. The data shows that although typhoons are the main factor causing agricultural losses in Taiwan, there is no inevitable relationship between the number of typhoons and the scale of losses. Second, according to the Natural Disaster Yearbook (2019), the agricultural damage caused by the typhoon is concentrated in a specific area. For example, from 2006 to 2019, only three agricultural damages occurred in northern cities such as Taipei, New Taipei, Taoyuan, and Keelung. In contrast, there have been 20 agricultural hazards in southern cities such as Yunlin and Tainan. The most extreme is Chiayi County, where agricultural losses are still erupting every year even when there is no typhoon crossing the border in 2018.
[image: Figure 1]FIGURE 1 | Agricultural losses and frequency of typhoons in Taiwan.
According to the undesired output efficiency Eq. 3, this paper sorts out the average output efficiency of each city and region over the years (see full description in Supplementary Appendix SA1). The empirical results show that Keelung City has the highest output efficiency of .975 and Chiayi County has the lowest output efficiency of .682. From a regional perspective, the northern region has the highest performance at .778 and the southern region has the lowest performance at .700. Secondly, from the distribution of output efficiency samples, it can be found that the variance and standard deviation are between .003–.116. This result indicates that the fluctuation of agricultural output efficiency among regions, counties and cities is relatively low. From the perspective of areas where agricultural losses occur more frequently, the efficiency values of the southern and eastern regions are worse than other regions, but the fluctuations in the distribution of sample efficiency values are not as high as those of regions with better performance such as the northern region. The result reflects that when natural hazards such as typhoons strike, the impact on the efficiency of agricultural output in various regions of Taiwan will not fluctuate greatly.
Figure 2and Table 1 summarizes the output efficiency of Taiwan’s counties and cities in 2007, 2009, 2011, 2013, 2015, 2017, and 2019. First of all, from the perspective of time trends, such as New Taipei City, Taoyuan City, Taichung City, Kaohsiung City, Hsinchu City and other regional production efficiency the output efficiency has shown a downward trend in recent years. Tainan City, Yunlin City, Chiayi County, Pingtung County and other regions showed a growth trend. It is worth noting that the main production areas of various crops in Taiwan are mostly located in Yunlin County, Chiayi County and Tainan City. However, Yunlin and Chiayi areas are prone to flooding due to low-lying terrain, while Tainan is due to the terrain. It can be seen from Figure 2 that 2009 and 2019 were the years when Taiwan’s agricultural losses were relatively serious, but the output efficiency of these three regions did not significantly decrease in that year. The efficiency value of Chiayi County in 2019 was even the second of the 7 years. The high level indicates that in the event of a typhoon, regional agricultural output activities have a negative impact on the efficiency of disaster prevention and mitigation.
[image: Figure 2]FIGURE 2 | Agricultural production efficiency of various counties and cities in different years. (A-G) are, respectively, 2007, 2009, 2011, 2013, 2015, 2017, 2019.
TABLE 1 | Agricultural production efficiency.
[image: Table 1]5 POTENTIAL EXPLANATION: FLOOD CONTROL CONSTRUCTION DIFFERENCES
In order to explain our findings, past literature was referred. Among literature, Hung and Kao (2010) and Shiu et al. (2009) points out that the number of days of heavy rain and the frequency of heavy rain in Taiwan in the past 30 years have been significantly increasing, especially between 2000 and 2006, the frequency of heavy rain was significantly higher than that from 1970 to 1999. Due to the concentration of rainfall and the increased variance of variation, how to deal with sudden heavy rains and save water for the sustainable use of water resources during the subsequent dry season has become an urgent problem for Taiwan’s agricultural development in recent years. From the perspective of Taiwan’s overall agricultural activities, Yunlin, Chiayi, and Tainan are the few plain areas in Taiwan. The land is easier to cultivate and become the main agricultural economic area in Taiwan. However, some areas are low-lying, if there is no drainage pipeline. Drainage can easily cause flooding, mudslides and other hazards, which in turn makes agricultural activities stop.
According to agricultural statistics from the Council of Agricultural and Executive Yuan of the Taiwan Region, Table 2 and Figure 3 summarize statistics related to farmland water conservancy facilities in all counties and cities on the island in Taiwan from 2005 to 2018. As mentioned above, because Yunlin, Chiayi, and Tainan are the main agricultural production areas and are prone to flooding due to geographical factors, the establishment of local drainage measures is extremely important. In addition, due to the uneven distribution of rainfall in recent years, how to effectively store water is also an important policy issue. From Figure 3, it can be found that the length of agricultural water storage and drainage pipelines in Taiwan, such as Taipei, Taoyuan, and Taitung, remains unchanged for many years. For the average area, the construction of water storage equipment is increasing year by year. Figure 3 shows that when agricultural activities are in response to heavy rainfall and uneven rainfall, Tainan City, Yunlin City, and Chiayi County have effectively used flood storage and flood drainage channels to reduce flood risks and strengthen water resource utilization. by comparing the changes in agricultural losses in the areas where flood-control construction performed well, this paper believes that correlation exists, but it has not been able to achieve clear statistical verification. On the one hand, the economic data and the rainfall data of Taiwan have not been well integrated. For example, the regional rainfall data brought by the typhoon is not exist and the relevant definitions are not unified. Therefore, we believe that it is necessary to put forward relevant hypotheses and call on scholars to conduct relevant research in the future. This paper proposes the following hypothesis: The installation of storage and drainage equipment has made agricultural economic activities more sustainable in the face of the concentrated rainfall brought by typhoons.
TABLE 2 | Annual changes in water storage pipelines and drainage pipelines of farmland water conservancy facilities (unit: meters).
[image: Table 2][image: Figure 3]FIGURE 3 | Annual changes in water storage pipelines and drainage pipelines of farmland water conservancy facilities (unit: meters). (A) Water storage pipelines in 2005; (B) Water storage pipelines in 2018; (C) Drainage pipelines in 2005; (D) Drainage pipelines in 2018.
6 CONCLUSION
This article takes the agricultural production of the counties and cities on the island of Taiwan from 2006 to 2019 as the research object, and applies the undesired output efficiency of Data Envelopment Analysis (DEA) to analyze the impact of typhoon on the overall and inter-regional agricultural output and agricultural losses. The results show that the performance in the northern region is the highest and the southern region is the lowest. Tainan City, Yunlin City, Chiayi County and other plain areas are vulnerable to hazards, especially the extreme rainfall brought by typhoons. However, the construction of flood storage and drainage facilities seems effectively slow down the impact of rainfall brought by typhoons. As some local governments have built drainage and water storage pipelines and other facilities in recent years, we propose a causal relationship that need to be further tested between the construction of water facilities and the agricultural damage caused by typhoons. Areas such as Taipei, Taoyuan, and Taitung that have made less efforts in flood control have notably failed to contain agricultural losses. Areas that actively build flood storage and drainage facilities, such as Tainan City, Yunlin City, and Chiayi County, are making their agricultural production more resilient and reducing losses in the face of hazards. Although this paper is a brief research report and not aim at proving this causal relationship, we believe this phenomenon is worth paying attention to in the future. This means that the construction of flood control facilities has gradually become more and more effective in making up for the agricultural losses caused by geographical disadvantages, which has important reference value for promoting local policies.
This study is based on the data of counties and cities on the main island of Taiwan. The analysis data still has macroeconomic characteristics. Therefore, it is needed to acknowledge our limitations. How to conduct more detailed analysis or micro-level discussions is the goal that must be paid attention to in the future. Due to the limitations of research data, future study can further integrate the spatial data of different crops in the geographic area, and further consider the actual conditions of various crops. After the spatial distribution of agricultural losses is clearly identified, the factors affecting the spatial distribution of agricultural losses can be further explored in future studies from the perspective of agricultural production factors to clarify the relationship between various production factors and the distribution of agricultural losses.
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