

  atmosphere-15-00817




atmosphere-15-00817







Atmosphere 2024, 15(7), 817; doi:10.3390/atmos15070817




Article



Temporal and Spatial Variability of Ground Frost Indices in Northeast China



Ting Wang 1, Gaohua Fan 2, Hui Zhang 3,4 and Xiangjin Shen 5,*





1



College of Ecology, Taiyuan University of Technology, Taiyuan 030024, China






2



State Key Laboratory of Vegetation and Environmental Change, Institute of Botany, Chinese Academy of Sciences, Beijing 100093, China






3



Geographical Science and Tourism College, Jilin Normal University, Siping 136000, China






4



Centre for Global Sustainability Studies, Universiti Sains Malaysia, Penang 11800, Malaysia






5



Northeast Institute of Geography and Agroecology, Chinese Academy of Sciences, Changchun 130102, China









*



Correspondence: shenxiangjin@iga.ac.cn







Citation: Wang, T.; Fan, G.; Zhang, H.; Shen, X. Temporal and Spatial Variability of Ground Frost Indices in Northeast China. Atmosphere 2024, 15, 817. https://doi.org/10.3390/atmos15070817



Academic Editor: Wan-Yu Liu



Received: 9 May 2024 / Revised: 30 June 2024 / Accepted: 5 July 2024 / Published: 8 July 2024



Abstract


Frost is one of the most frequent, intense, and influential agrometeorological disasters that occurs frequently in Northeast China. The study of the spatiotemporal changes of ground frost is of great significance for farmers and policymakers in Northeast China, as it can inform decisions related to crop selection, planting schedules, and the development of regional climate adaptation plans. In this study, the spatiotemporal changes of frost indices (last spring frost (LSF), first fall frost (FFF), and frost-free period (FFP)) in Northeast China were analyzed from 1961 to 2020. Then, we investigated the mutation characteristics of the frost indices and their correlation with geographical factors. The results revealed that (1) the LSF, FFF, and FFP in Northeast China were concentrated at 120–140 DOY, 260–280 DOY, and 110–170 days, respectively. The spatial distribution of frost indices exhibited significant spatial heterogeneity. (2) The LSF, FFF, and FFP showed significant trends of advancement, delay, and extension, with trends of −1.94 days/10 a, 1.72 days/10 a, and 4.21 days/10 a, respectively. (3) More than 80% of the LSF, FFF, and FFP of the sites showed trends of advancement, delay, and extension, with greater variability in the central part of Heilongjiang Province. (4) The FFF and FFP experienced an abrupt change in the late 1990s. (5) The correlation between latitude and LSF, FFF, and FFP was the strongest, with correlation coefficients of 0.77, −0.79, and −0.78, respectively. This study provides a comprehensive understanding of the changing characteristics of ground frost indices that impact agricultural production in Northeast China against the backdrop of climate change. The findings hold significant scientific value in guiding the adaptation of agricultural production layouts in Northeast China to the evolving climatic conditions.






Keywords:


ground frost indices; last spring frost (LSF); first fall frost (FFF); frost-free period (FFP); climate change; Northeast China












1. Introduction


Climate warming has been a standout aspect of climate change over the past century. The IPCC’s Sixth Assessment Report indicates that the global average surface temperature during the period from 2011 to 2020 was 1.09 °C warmer than the average from 1850 to 1900 [1]. Anticipated effects of global warming include significant impacts on human health, agricultural yields, economic activities, social conflicts, and the biophysical environment [2,3,4,5,6,7]. Under the background of global warming, the frequency of meteorological disasters is increasing [8]. As a significant agricultural nation, China’s agricultural output is periodically affected by such disasters [9,10,11,12,13]. Frost, in particular, is a type of agricultural meteorological feature that has garnered attention from experts across various sectors, including agriculture, meteorology, and forestry, in recent decades [14,15].



Frost is a critical weather phenomenon that poses a significant risk to agricultural productivity [16,17]. The occurrence of frost is determined by the dropping of temperatures below 0 °C at the soil surface, plant surface, and in the adjacent atmosphere [18]. This leads to potential damage to crops, which can vary based on factors such as the type of crop, its growth stage, and the agricultural environment [19]. To assess the risk of frost damage, meteorologists and agronomists widely use frost indices [20,21,22]. These indices mainly include the last spring frost (LSF), the first fall frost (FFF), and the frost-free period (FFP). The FFP is the duration between the LSF and the FFF when there is no risk of frost, and it directly affects the length of the growing season for crops [23]. Frost can cause damage to crops in various ways [24]. Spring frost can harm seedlings, young plants, and flowers, particularly if it happens after the growing season has begun. This damage can be irreversible and lead to a decrease in crop yield [25,26,27,28]. The susceptibility of crops to frost damage increases over time and can ultimately result in the death of the plant. Chloroplasts, in particular, are highly vulnerable to frost damage, with cellular dehydration and membrane instability being key processes that lead to this damage [29,30]. Autumn frost before harvest can damage growing shoots, reducing crop yields and causing substantial economic losses [31]. With global warming, the likelihood of crops being affected by frost damage during their growth cycles may rise [32,33,34]. Investigating the spatio-temporal changes in frost indices, which can be achieved through the use of satellite data and advanced weather forecasting techniques [35], is crucial for better understanding and mitigating the impacts of frost on agriculture. By monitoring frost occurrence and its impact on crops, farmers and policymakers can develop strategies to minimize the negative effects of frost on agricultural productivity.



Several studies have been undertaken to evaluate the variations in the frost index across different regions by using different data from different periods. For instance, Scheifinger et al. used daily minimum temperatures to investigate the change in the last frost occurrence date in Central Europe [36]. Rahimi et al. used the probability density functions and regression analysis methods to construct the probability distribution for each frost series and the correlation between the dates of frost occurrence and elevation in the Central Alborz Region of Iran [37]. Anandhi et al. integrated historical site data with future data from global climate model (GCM) simulations to predict future changes in frost indices in the Catskill Mountain region of New York [38]. Malinovic-Milicevic et al. studied the variations in frost indices in Serbia during the period of 1961–2010, as well as the impact of atmospheric circulation on temperature fluctuations [39]. In a separate study, changes in frost indices in Northern Iran were assessed using the Mann–Kendall and Theil–Sen estimator methods [40]. The onset and conclusion of the frost season, as well as the length of the frost-free interval, have been observed to exhibit temporal shifts in southern Bulgaria through the application of linear regression and F-statistical analysis [41]. Kozminski et al. investigated the spatial and temporal dynamics of frost indices in Poland by examining the 5-cm-above-ground minimum air temperature records (1971–2020) daily from a network of 52 meteorological stations [42]. Yeşilırmak conducted a comprehensive study on the climatology and consistent temporal trends of select agroclimatic indices, including the frost index, across western Anatolia in Turkey, covering the interval from 1966 to 2018 [14]. Overall, the trend suggests that the LSF is occurring earlier, the FFF is delaying, and the FFP is extending [42,43,44]. These changes can have significant implications for agricultural practices, biodiversity, and ecosystem dynamics. It is essential to continue researching and monitoring these indices to inform policy decisions and climate change adaptation strategies, and to ensure the resilience of agricultural systems worldwide.



The frost index is an important indicator used to assess the risk of frost damage to crops [45,46]. In recent years, with the warming trend of the global climate, the changes in the frost index have received increasing attention in China, as China is a major agricultural country. Several studies have analyzed the changes in the frost index in China. Liu et al. analyzed the changes in the frost index in eight climate zones in China and explored the correlation between the frost index and sea level pressure, daily temperature range, and daily minimum temperature [47]. They found that the extension of the frost-free period may be caused by advancement of the last spring frost or a delay of the first fall frost. Li et al. studied the changes in the frost-free period (FFP) in the five major climate zones in China based on ERA5-Land reanalysis data, the Mann–Kendall (MK) test, and Sen’s slope methods [48]. They found that climate change in different regions may lead to varying frost indices. Yue et al. reported the spatiotemporal heterogeneity of spring frost in Xinjiang for the period of 1971–2020 using data from 40 meteorological stations [49]. They found that the spring frost in Xinjiang shows significant spatial and temporal variability. Some studies have also shown that, compared to frost indices calculated based on daily minimum temperature, ground frost indices calculated based on daily minimum ground surface temperature are more suitable for northern China [50,51]. This is because the ground surface temperature is more sensitive to climate change than the air temperature, and the calculation of the frost index based on ground surface temperature can better reflect the risk of frost damage to crops in northern China. Overall, these studies provide valuable information on the changes in the frost index in China, which can be used to assess the risk of frost damage to crops and to develop strategies for adaptation to climate change.



Northeast China’s agricultural productivity is indeed vital for the country’s food security and economy, making it a key region for studying the impacts of climate on crop production [52]. Until recently, the spatiotemporal changes of the ground frost indices and their response to climate change have remained unclear. Because frost events can lead to significant yield losses and economic hardship for farmers, it is necessary to study the frost dynamics in the region. Consequently, the objectives of this study were to (1) explore the spatiotemporal variations in the frost indices (LSF, FFF, and FFP); (2) investigate the mutation of the frost indices (LSF, FFF, and FFP); and (3) analyze the correlation between geographic factors and frost indices (LSF, FFF, and FFP). To conduct these analyses, we used daily minimum ground surface temperature (GST) data collected from 79 stations in Northeast China from 1961 to 2020. These data were complemented by geographical factors for each station, including latitude, longitude, and altitude. The findings of this research can provide valuable insights for local agricultural planning and policy making. By understanding the spatiotemporal variation characteristics of frost in Northeast China, farmers and policymakers can adjust the agricultural production layout to more resilient areas, implement measures to mitigate frost damage, and develop strategies for frost conservation. This is particularly important in the context of a changing climate, which can lead to more extreme weather events and greater variability in temperature and precipitation patterns.




2. Materials and Methods


2.1. Study Area


The study area encompasses Northeast China, incorporating the provinces of Liaoning, Jilin, and Heilongjiang and covering a vast expanse of 790,000 km2 (Figure 1). Situated on the eastern flank of Eurasia, the region spans latitudes from 38°40′ to 53°36′ north and longitudes from 118°48′ to 135°7′ east. It experiences a temperate and monsoon continental climate, marked by extended, dry winters and brief, humid summers. The annual temperature exhibits a progressive decrease from south to north, while precipitation displays a corresponding increase from west to east [53]. Geographically, the region is ringed by the Da Hinggan Mountains to the west, the Xiao Hinggan Mountains to the north, and the Changbai Mountains to the east, while the Sanjiang Plain, Songnen Plain, and Liaohe Plain occupy the central area. Northeast China stands as a pivotal grain-producing zone within China, overflowing with corn production and acclaimed as one of the world’s three major “golden maize belts” [54]. However, its distinctive geographical position makes it vulnerable to climatic disasters, which significantly impact crop yields in this area [55].




2.2. Data


In this study, we gathered sixty years’ worth of daily minimum ground surface temperature (GST) data from a network of 79 meteorological stations scattered across Northeast China. The dataset covers the period from 1961 to 2020 and was sourced from the Daily Value Dataset of Chinese Terrestrial Climate Information (V3.0), which is accessible through the China Meteorological Data Sharing Service System of China Meteorological Administration (CMA) (http://data.cma.cn/en, accessed on 1 January 2022). The CMA has conducted comprehensive quality control on meteorological data, including checks for threshold values, extremes, consistency, and manual verification to ensure accuracy and consistency. These data have been widely applied in climate research in China, providing reliable support for scientific research and policy making. To maintain data integrity, stations with missing values exceeding 2% were excluded to preserve the overall consistency and completeness of the dataset. Following data organization, the overall missing rate was determined to be 0.17%. Subsequently, the study employed two methods to address the issue of missing data: (1) if the absence of data spanned more than 5 consecutive days, the missing values were filled in using the multiyear average for that specific period; and (2) if the gap in data spanned fewer than 5 consecutive days, the missing values were filled in with the average value derived from the adjacent days’ data. Ultimately, the analysis was conducted using data from 79 weather stations confined to Northeast China. The spatial distribution of these stations is presented in Figure 1.




2.3. Methods


2.3.1. Definition of Frost Indices


In this research, three key indicators were chosen to delineate ground frost characteristics within the study area: the last spring frost (LSF), the first fall frost (FFF), and the frost-free period (FFP) [39,40,41]. These indicators were used to quantify the occurrence and duration of frost events, which are pivotal factors influencing agricultural activities and ecosystem dynamics. The choice to utilize daily minimum ground surface temperature (GST) as an indicator for frost characteristics, as opposed to daily minimum air temperature was based on the understanding that GST is more reflective of the conditions at the Earth’s surface, where plants and soil are directly affected by the cold [48]. This is particularly relevant in regions with significant temperature variations between day and night, such as Northeast China. There is no uniform definition of the LSF or FFF. In this study, the LSF is determined as the date with the minimum GST below 0 °C for the final time during the first half of the year. It is crucial for planning agricultural activities, particularly for crops that are sensitive to late spring frosts. The FFF is defined as the first instance when the minimum GST falls below 0 °C in the second half of the year. This indicator is important for assessing the potential damage to crops during the late growth stage and for planning frost protection measures. The FFP is calculated as the time interval between the LSF and FFF. This interval signifies the uninterrupted stretch of the year when frost is not recorded in a given region, a period of paramount importance for the growth and development of frost-intolerant crops and the sustenance of various ecosystem processes. To analyze these frost indicators systematically, we employed the Julian Day system, which assigns a unique day number to each day of the year. By using the Julian Day system, this study can accurately track and compare frost events across different years and locations within Northeast China. This approach allows for a standardized comparison of frost patterns over time and space, facilitating a comprehensive understanding of the spatiotemporal variation in frost characteristics in the region.




2.3.2. Trends Analysis


In this study, we employed multiple statistical methods (linear regression method, Mann–Kendall test, and Theil–Sen slope) to analyze the trends of frost indices over Northeast China. These methods are considered robust and are widely recognized in the field of climatology for detecting trends in time series data [56,57,58]. We applied the linear regression method to analyze the annual frost indices for the entire Northeast China region as well as for three individual provinces: Heilongjiang Province, Jilin Province, and Liaoning Province. Then, the Mann–Kendall test and the Theil–Sen slope methods were used to explore the statistical significance and trend of frost indices at each site. Statistically, the significance levels of trend detection for frost indices were set as 0.05 and 0.01 for all the methods. By setting these levels, the researchers were able to assess the robustness of the detected trends and determine whether the observed changes in frost indices were likely to be reliable and indicative of broader climate change patterns in Northeast China.




2.3.3. Mutation Analysis


We used Mann–Kendall (M-K) to test the abrupt changes in the time series of the frost indices. The Mann–Kendall (M-K) test is indeed a powerful non-parametric statistical test for detecting trends in time series data, including abrupt changes or shifts in the data [58]. It does not assume a specific distribution for the data, making it suitable for a wide range of applications, including climate and environmental studies.




2.3.4. Correlation Analysis


The Pearson correlation coefficient is a measure of the linear relationship between two quantitative variables [59]. It is used to assess the strength and direction of the linear association between frost indices and geographic factors such as latitude, longitude, and altitude. A correlation coefficient value greater than 0 indicates a positive relationship between the variables. A correlation coefficient value of 0 suggests no significant relationship between the variables. A correlation coefficient value less than 0 indicates a negative relationship between the variables. The absolute value of the correlation coefficient indicates the strength of the relationship. A value closer to 1 (or −1) indicates a stronger relationship, while a value closer to 0 indicates a weaker relationship.






3. Results


3.1. Spatial Distribution of the Frost Indices


The spatial distribution of the frost indices in Northeast China during 1961–2020 is shown in Figure 2. The LSF was between the 100th and 160th days from 1 January, exhibiting a spatial distribution pattern that gradually delayed from south to north, while the FFF was between 250th and 310th days from 1 January and gradually delayed from north to south (Figure 2). The LSF in the southern coastal areas occurred before 20 April, which was earlier than that for the other areas. The LSF in Songnen Plain, Liaohe Plain, and the eastern region was from late April to late May (110th to 140th days), whilst that in Mohe, Nenjiang, and other stations of the northern area was postponed until after June (Figure 2a).



The FFF in the northern area was in the first half of September, whilst that in most of the central area was from late September to early October (260th to 280th days). The FFF in the southern coastal areas occurred after mid-October, and in some places even occurred after November (Figure 2b).



The Mohe station, located at the northernmost end of Heilongjiang Province, was the region with the shortest FFP (96 days), the latest LSF, and the earliest FFF in Northeast China. The average FFP in Northeast China decreased gradually from the south (210 days) to the north (90 days), i.e., from the locations with later LSF and earlier FFF to the locations with earlier LSF and later FFF (Figure 2c). In addition, the FFP of the Xiao Hinggan Mountains and Changbai Mountains was less than 130 days due to the influence of topographic factors. Owing to being affected by the LSF and FFF, the FFP combined the LSF and FFF spatial distribution regularities, showing the characteristics of the combination of horizontal and vertical zonality.




3.2. Interannual Trend of the Frost Indices


The temporal change in the frost indices in Northeast China during the period of 1961–2020 is illustrated in Figure 3. The average LSF and FFF in Northeast China were approximately 128 DOY (May 8 and 7 for nonleap and leap years, respectively) and 273 DOY (September 30 and 29 on nonleap and leap years, respectively), respectively. Thus, the average FFP was approximately 144 days over the study area. The LSF significantly advanced (−1.94 days/10 a, R2 = 0.62, p < 0.01) and the FFF was significantly delayed (1.72 days/10 a, R2 = 0.34, p < 0.01) from 1961 to 2020 in Northeast China, which led to a significant increasing trend (4.21 days/10 a, R2 = 0.62, p < 0.01) in the FFP. This indicates an advancement in the LSF and a delay in the FFF, leading to an extension of the FFP in Northeast China in the past few decades. Moreover, the extension of the FFP was mainly caused by the advance of the LSF.



Regional mean values for LSF (FFF) were 136 DOY (267 DOY), 131 DOY (271 DOY), and 117 DOY (282 DOY) for Heilongjiang, Jilin, and Liaoning, respectively. The corresponding values for FFP were 130 days, 139 days, and 164 days (Figure 4). The LSFs for Heilongjiang, Jilin, and Liaoning were all significantly advanced, and the advancing rates were 2.80, 2.65, and 1.90 days/10 a, respectively. The FFFs for Heilongjiang, Jilin, and Liaoning provinces were also significantly delayed, and the delaying rates were 1.65, 1.77, and 1.75 days/10 a, respectively. The FFPs for Heilongjiang, Jilin, and Liaoning provinces were also significantly extended, and the extending rates were 4.45, 4.42, and 3.64 days/10 a, respectively. The three frost indices for Heilongjiang, Jilin, and Liaoning displayed significance, with p < 0.01, during the same period.




3.3. Spatial Distribution of the Variation Trend in Frost Indices


The spatial distributions of changing rates and MK in the LSF, FFF, and FFP are shown in Figure 5 and Figure 6, respectively. The LSFs of all stations in Northeast China had advancing trends (with the maximum advancing degree of 3.9–4.1 days/10 a). The LSFs for 87% (69 stations) of stations were very significantly advanced (|Z| > 2.58) in most regions. Only five stations exhibited insignificant advancement at the LSF, and these stations were mainly concentrated in the southern part of the Liaoning Province (Z > −1.96) (Figure 6a). The FFFs in the Mohe and Dalian stations experienced no change trends, while the remaining 78 sites showed trends of delay. The FFFs for 82% (65 stations) of stations which was widely distributed in the research area, were very significantly delayed (|Z| > 2.58) and experienced a delaying trend at a rate range of 1.3–2.9 days/10 a (Figure 5b). The FFPs in 94% of the sites were very significantly extended (|Z| > 2.58), and only Dawa station exhibited an insignificant lengthened trend. The FFP in the central region of Heilongjiang Province was prolonged by 6.5 days/10 a, whilst that in the southern area of Liaoning Province was lengthened by 0.1–2.0 days/10 a. Above all, the lengthening of FFP was caused by LSF advancing and FFF delaying.



The statistics of the number of stations with trends in the frost index are shown in Table 1. LSF and FFP showed significant advancing and lengthening trends at all sites in Heilongjiang and Jilin, respectively. There was no change in FFF for one site in Heilongjiang and one site in Jilin. The FFF was significantly delayed at 73%, 89%, and 86% of sites in Heilongjiang, Jilin, and Liaoning, respectively.




3.4. Mutation Analysis of the Frost Indices


The abrupt changes in the annual mean frost indices in Northeast China during 1961–2020 are illustrated in Figure 7. In detail, the UF line of LSF fluctuated around 0 values between 1961 and 1981, showing an advanced trend starting in the 1980s and significantly advancing after 1996. The UF and UB of LSF intersected in 1998, but were outside the confidence interval, indicating that there was no mutation in LSF. The FFF showed an early trend before the 1990s, followed by a delayed trend after the 1990s, and reached a significant delay after 2006. Moreover, mutations of the FFF occurred between 1999 and 2001. FFP showed a declining trend in the 1960s and 1970s, but increased from the 1980s and significantly from 2000 onward. And the mutation time of FFP was in 1997. In summary, the frost indices experienced an abrupt change in the late 1990s.




3.5. The Relationship between the Frost Indices and Geographic Factors


The potential influence of geographic factors on the frost indices in Northeast China was explored via Pearson’s correlation analysis. From the results shown in Figure 8, Figure 9 and Figure 10, frost indices were significantly correlated with latitude, longitude, and elevation, and these correlations were significant at the 0.001 significance level. Latitude influences the distribution of energy across the Earth’s surface through the sun’s incidence angle, and as a result, the climate at different latitudes varies significantly. The LSF, FFF, and FFP showed significant positive, negative, and negative correlations with the latitude, with correlation coefficients of 0.77, −0.79, and −0.78, respectively (Figure 8). Since longitude affects the transfer of water and energy between coastal areas and China’s inland regions, regional climate change is also influenced by longitude. In the current study, the LSF, FFF, and FFP showed significant positive, negative, and negative correlations with the longitude, with correlation coefficients of 0.55, −0.48, and −0.52, respectively (Figure 9). In addition to latitude and longitude, elevation influences regional climate change through determining the vertical distribution of energy and water. The LSF, FFF, and FFP showed significant positive, negative, and negative correlations with the elevation, with correlation coefficients of 0.53, −0.49, and −0.52, respectively (Figure 10). As expected, stations with lower latitude/longitude/elevation had earlier LSFs, later FFFs, and longer FFPs. These results indicate that latitude, longitude, and altitude are all significant influencing factors for the frost indices in Northeast China. Moreover, all frost indices were well correlated with latitude rather than longitude or elevation.





4. Discussion


4.1. Annual Average and Spatial Distribution of the Frost Indices


Our study revealed that the LSF in Northeast China was on 9 May, later than in the Yellow River basin (30 April), Gansu-Xinjiang (19 April), and the Huang-Huai-Hai region (26 March), but earlier than in the Qinghai–Tibet region (27 May). Conversely, the FFF was on 29 September in Northeast China, preceding that in the Yellow River basin (8 October), Gansu-Xinjiang (9 October), and the Huang-Huai-Hai region (10 November), yet following the Qinghai–Tibet region (18 September) [51,60]. These patterns were mainly due to geographical positioning: Northeast China’s higher latitude resulted in colder temperatures, delaying the LSF and advancing the FFF compared to middle latitudes [61,62,63]. However, the Qinghai–Tibet region’s exceptional location, the “roof of the world” or the “third pole”, with even lower temperatures [64], led to a later LSF and earlier FFF than in Northeast China. Aside from the impact of natural conditions, variations in data collection methods can also introduce discrepancies in frost indices. For instance, temperature readings taken at 5 cm above the ground and at 2 m above the ground may produce different results, thereby affecting the calculated frost index. Our study also indicated a clear pattern of climatic variation in Northeast China, with the LSF, FFF, and FFP all showing gradients from south to north. This pattern aligns with the general decrease in temperature that occurs with increasing latitude [65,66]. A later LSF in the north indicates that the growing season starts later due to colder temperatures [67,68]. This could delay planting and the start of crop growth, potentially affecting yield and overall agricultural productivity [69,70]. An earlier FFF in the north suggests that the growing season ends sooner due to earlier cooling temperatures [71]. This could affect the duration of crop growth and the timing of harvest, requiring farmers to plan accordingly to maximize yields [72,73]. A shorter FFP in the north indicates a shorter window for crop growth and cultivation, which could pose challenges for farmers in terms of planning and managing their agricultural activities [74]. The differences in LSF, FFF, and FFP between the northernmost and southernmost regions of Northeast China are significant, with variations of 52, 49, and 101 days, respectively. These variations highlight the importance of understanding local climatic conditions for agricultural planning and management. Farmers and policymakers need to consider these climatic factors when determining crop types and planting dates, as well as to implement adaptive strategies to ensure sustainable agricultural practices and food security in the face of a changing climate.




4.2. The Dynamic Changes of the Frost Indices


The results of this study showed that the LSF, FFF, and FFP were significantly advanced, delayed, and extended at rates of −1.94, 1.72, and 4.21 days/10 a, respectively. These trends suggest that Northeast China has been experiencing a general warming trend, causing the LSF to occur earlier in the year, the FFF to occur later in the year, and the frost-free period to last longer. The data from various regions showed similar patterns of change, although the rates of change could vary [38,39,40,75,76]. For example, in Central Europe, Scheifinger et al. indicated that the LSF had advanced at a rate of −0.2 days/year from 1951 to 1997, as inferred from daily minimum temperature records [36]. In the United States Great Lakes region, Yu et al. found, based on daily minimum temperatures at a height of 2 m, that the LSF, FFF, and FFP were advancing, delaying, and extending at rates of −0.19, 0.24, and 0.43 days/year, respectively, between 1980 and 2010 [77]. In Turkey, Erlat and Türkeş used the daily minimum night-time air temperatures to observe a decreasing trend of −0.64 days/decade for the LSF and an increasing trend of 0.71 days/decade for the FFP between 1950 and 2013 [78]. In Japan, Masaki’s research, utilizing frost observation data and daily minimum temperature records, revealed that the LSF was advancing at a rate of −0.228 days/year and the FFF was delaying at a rate of 0.224 days/year between 1951 and 2010 [76]. Similarly, based on the daily minimum skin temperature, Li et al. found that the FFP in China had extended at a rate of 1.25 days/decade between 1950 and 2020 [48]. The inconsistencies between the findings of this study and the research outcomes might be accounted for by disparities in the duration of the studies, the regions analyzed, the height at which minimum temperature measurements were taken, and the datasets utilized. The abrupt change in the frost index in Northeast China in the late 1990s could be the result of several factors working together: the continued warming, the enhanced urban heat island effect due to accelerated urbanization, and changes in land use, such as deforestation and alterations in agricultural activities, which may have altered the surface energy balance and soil moisture conditions, thereby affecting frost formation. These trends have significant implications for agriculture, ecosystems, and human activities, as they can affect planting and harvesting schedules, insect populations, wildlife, and even human health [79]. Countries around the world need to monitor these changes and adapt strategies to mitigate the negative impacts of climate change and take advantage of any new opportunities that may arise.




4.3. The Impact of Climate Change on the Frost Indices


The study revealed a substantial correlation between ground frost occurrence and geographical variables such as latitude, longitude, and altitude. Notably, the relationship between latitude and frost was the most pronounced. Frost typically manifests during the night when temperatures at the earth’s surface and near surface objects fall below the freezing point, causing water vapor in the air to condense into ice crystals. In our study, frost is defined as the occurrence when the minimum ground surface temperature drops below 0 °C. A pivotal factor in this process is the daily minimum temperature, which represents the lowest recorded temperature on a given day. This minimum temperature generally occurs during the night or in the early hours before sunrise, a phenomenon particularly prevalent in instances of radiative frost. It is important to recognize that the specific value of the daily minimum temperature is influenced by factors such as geographical location, season, and local climatic conditions. Lower temperatures increase the likelihood and severity of frost [80]. The influence of precipitation on frost is complex, as it can increase water vapor content and cloud formation, potentially reducing surface radiation loss and delaying frost [81]. Geographical variables like latitude, longitude, and altitude impact frost indices by influencing temperature and precipitation patterns. As latitude increases, the temperature becomes cooler. The atmosphere absorbs some of the solar radiation, but the rest reaches the ground, where it is emitted as longwave radiation. In higher latitudes, where there is less greenhouse gas, this radiation is less effectively trapped, leading to increased heat loss and further cooling of the ground [82,83,84]. China’s climatic zone gradient from south to north includes tropical, temperate, and cold regions [85]. Northeast China primarily encompasses arid and cold climates. The decrease in temperature leads to early FFF, late LSF, and short FFP. As altitude increases, atmospheric pressure drops, leading to a decrease in temperature to maintain the ideal gas law’s relationship between pressure and temperature. The reduced air density at higher elevations weakens heat transfer through convection, conduction, and radiation, resulting in less efficient energy exchange between the ground and the air, ultimately lowering ground temperatures. This effect is most pronounced in mountainous areas [86,87]. Furthermore, as altitude increases, the water vapor content in the atmosphere decreases, reducing the likelihood of water vapor condensing into clouds and precipitation, thereby promoting the occurrence of frost [88]. Consequently, higher altitudes experience a later LSF, an earlier FFF, and a reduced FFP [37,89]. The weak correlation between the frost index and altitude is due to the complexity of frost formation, which includes factors like air humidity, wind speed, and cloud cover. While higher altitudes tend to have lower temperatures, these other factors can reduce frost occurrence. For example, higher humidity or wind can keep the surface from reaching the dew point, lessening the chance of frost. Additionally, the wider temperature ranges at higher altitudes can lead to warmer nights due to cloud insulation, further lowering the potential for frost. In contrast, latitude has a more direct impact on frost index through its influence on solar radiation. Therefore, latitude is a more significant determinant of frost patterns than altitude, resulting in a relatively weak relationship between frost index and elevation. These alterations in the frost index are pivotal for the strategic planning of agricultural endeavors and for comprehending ecological dynamics. In conclusion, the passage delineates how geographical elements exert influence on the incidence of frost and the duration of the frost-free interval. Such insights are indispensable for deciphering climatic patterns, strategizing agricultural activities, and managing ecosystems across various locales, particularly in a country as geographically and climatically diverse as China.




4.4. Limitations


Although this study provides a comprehensive assessment of variations of the ground frost indices in Northeast China, some limitations remain. Firstly, there are a limited number of stations in the high-altitude areas and northern regions of the study area (such as the Xiaoxing’an Mountains and the Sanjiang Plain). The data used in this study are biased as a result of observation equipment and storage conditions, especially in the 1960s and 1970s. The data employed in this study, spanning the past few decades, may also be subject to influences from various factors, including the type of ground cover and the periodic replacement of measuring equipment. Therefore, our results from the weather data of the existing sites are unable to accurately reflect the actual characteristics of the frost indices in the entire Northeast region. Secondly, crops vary in their cold tolerance, and therefore, different thresholds for frost damage are needed for different species. Using a single threshold (e.g., 0) for the frost index may oversimplify the complexity of frost events. Research could explore the use of a range of thresholds to categorize frost severity, which would provide a more nuanced understanding of the impact on different crops. Typically, frost is characterized by a daily air temperature drop below 0 °C, occurring when the average daily air temperature remains above 0 °C. This study focuses on ground frost, which is indicated by the minimum temperature at ground level (0 cm above the surface) falling below 0 °C. These distinctions will be taken into account for future research. In addition, we only analyzed the correlation between frost indices and geographic factors. Understanding the correlation between frost indices and larger-scale atmospheric circulation patterns (e.g., jet streams, blocking high-pressure systems), atmospheric oscillations (e.g., NAO, AO), and climate phenomena like ENSO can provide insights into the synoptic-scale dynamics that influence frost occurrence. Therefore, future research should aim to further understand the interactions between environmental factors such as soil moisture, vegetation cover, and topography and how these factors affect the occurrence, duration, and impact of frost disasters. Future research that investigates the frequency of frost occurrences at the beginning and end of the growing season for representative crops, projected changes in frost indices, the difference between the dates of ground and near-ground frosts (at a height of 5 cm or 2 m above the ground), the contrast between the first and last frost dates and the beginning and end of the thermal growing season, and the occurrence of minimum temperatures significantly below zero degrees in the thermal growing season will greatly enhance our understanding of the agricultural and meteorological phenomenon of frost. Such studies will empower us to more thoroughly understand and forecast the impact of frost on agricultural systems, facilitating the adoption of robust strategies to alleviate its detrimental effects and to bolster the resilience and sustainability of agricultural production.





5. Conclusions


In this study, we focused on an important agriculture climate index, ground frost, and defined three frost indices to quantify the dynamic changes of the frost in Northeast China. For the period of 1961–2020, the spatial distribution of LSF, FFF, and FFP exhibited obvious horizontal and vertical zonal characteristics. The Mohe station was the region with the shortest frost-free period, the latest last spring frost, and the earliest first fall frost in Northeast China. In the past few decades, the LSL, FFF, and FFP of most sites have significantly advanced, delayed, and extended, with only two sites showing no change in FFF. Moreover, the frost indices underwent an abrupt change in the late 1990s. In addition, the research results showed that LSF was positively correlated with geographic factors (latitude, longitude, and altitude), while FFF and FFP were both negatively correlated with geographical features. Among them, latitude has the greatest impact on frost indices. The research findings underscore the complexity of climate dynamics in Northeast China and the need for comprehensive understanding and adaptation strategies. For farmers and policymakers, this information can guide decisions related to crop selection, land use planning, and the development of climate resilience measures. It also contributes to the broader scientific understanding of climate change’s effects on regional climates and ecosystems, which is crucial for global climate change mitigation and adaptation efforts.
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Figure 1. The topography and meteorological station distribution in the Northeast China. 
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Figure 2. The spatial distribution of average frost indices: (a) last spring frost (LSF), (b) first fall frost (FFF), and (c) frost-free period (FFP) in Northeast China during the period of 1961–2020. 
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Figure 3. The temporal variation in the average frost indices: (a) last spring frost (LSF), (b) first fall frost (FFF), and (c) frost-free period (FFP) in Northeast China during the period of 1961–2020. The shaded areas represent the 95% confidence intervals of the linear fitting curves. 
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Figure 4. The temporal variation in the average frost indices (last spring frost (LSF), first fall frost (FFF), and frost-free period (FFP)) for three regions during the period of 1961–2020: (a) Heilongjiang Province, (b) Jilin Province, and (c) Liaoning Province. The shaded area represents the 95% confidence intervals of the linear fitting curve. 
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Figure 5. The spatial distribution of changing rates of the frost indices: (a) last spring frost (LSF), (b) first fall frost (FFF), and (c) frost-free period (FFP) in Northeast China during the period of 1961–2020. 
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Figure 6. The spatial pattern of change trends in the frost indices: (a) last spring frost (LSF), (b) first fall frost (FFF), and (c) frost-free period (FFP) in Northeast China during the period of 1961–2020. |Z| ≥ 1.96, 2.58 indicates that the trend is significant at the 0.05, 0.01 levels, respectively. 
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Figure 7. Mutation analysis of the frost indices: (a) last spring frost (LSF), (b) first fall frost (FFF), and (c) frost-free period (FFP) in Northeast China during the period of 1961–2020. 
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Figure 8. Relationship between the frost indices and latitude: (a) last spring frost (LSF), (b) first fall frost (FFF), (c) frost-free period (FFP). 
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Figure 9. Relationship between the frost indices and longitude: (a) last spring frost (LSF), (b) first fall frost (FFF), (c) frost-free period (FFP). 
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Figure 10. Relationship between the frost indices and elevation: (a) last spring frost (LSF), (b) first fall frost (FFF), (c) frost-free period (FFP). 
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Table 1. The number of stations with positive (significant at the 0.05 level), negative (significant at the 0.05 level), and no trends in frost indices across Northeast China during 1961–2020; “no trend” indicates that the corresponding Sen’s slope is equal to 0.
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Zones

	
Indices

	
Number of Stations with




	
Positive

	
No Trend

	
Negative






	
Northeast China

	
LSF

	

	

	
5 (74)




	
FFF

	
12 (65)

	
2

	




	
FFP

	
1 (78)

	

	




	
Heilongjiang Province

	
LSF

	

	

	
(30)




	
FFF

	
7 (22)

	
1

	




	
FFP

	
(30)

	

	




	
Jilin Province

	
LSF

	

	

	
(27)




	
FFF

	
3 (24)

	

	




	
FFP

	
(27)

	

	




	
Liaoning Province

	
LSF

	

	

	
5 (17)




	
FFF

	
2 (19)

	
1

	




	
FFP

	
1 (21)
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