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Drought, being one of the most devastating natural disasters, has a far-reaching impact. In the context of global warming, it becomes crucial to quantitatively and scientifically assess the effects of anthropogenic climate change on meteorological drought in China. This assessment not only enhances our understanding of anthropogenic climate change but also aids in formulating more effective strategies for managing the risks associated with meteorological drought. This study employs the standardized precipitation evapotranspiration index (SPEI) to compute drought events by utilizing both observational data and counterfactual climate data (i.e., detrended observations). Subsequently, it analyzes the impact of anthropogenic climate change on the characteristics of drought, including frequency, intensity, duration, and affected area, in China as well as nine major river basins from 1960 to 2019. The outcomes of the analysis reveal that based on observational data, there is a discernible upward trend in the frequency, intensity, duration, and affected area of meteorological droughts in China. Notably, the regions experiencing an increase in frequency, intensity, and duration are primarily situated in the northeastern part of the Northwestern Rivers basin, the central and western parts of the Yellow River basin, the central and northern parts of the Yangtze River basin, the western part of the Southeastern River basins, and the eastern part of the Pearl River basin. Conversely, when considering a counterfactual climate scenario, the frequency and intensity of meteorological droughts in China demonstrate an upward trend, while the duration and affected area exhibit a downward trend. The impact of anthropogenic climate change on China has been evident in the increased frequency, intensity, duration, and affected area of droughts. Specifically, regions located in the northeastern parts of Northwest River basins, the southern part of the Songliao River basin, the northern part of the Haihe River basin, the central-northern part of the Yangtze River basin, the eastern part of the Pearl River basin, and the western part of the Southwest River basins have experienced amplified levels of drought. Anthropogenic climate change is highlighted as the primary factor influencing the observed drought characteristics changes in China, with contribution rates of 84.67%, 75.25%, 190.32%, and 133.99% for changes in the increased drought frequency, intensity, duration, and affected area, respectively. These changes have significant implications for water resource management and agricultural practices in the affected regions.
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1 INTRODUCTION
In 2023, the average global temperature has increased by 1.45°C ± 0.12°C compared to pre-industrial levels (1850–1900) (WMO, 2021). This rise in temperature has resulted in a surge in extreme events, particularly droughts, which are now more frequent and severe. Droughts have wide-ranging impacts on industrial production, the ecological environment, and socioeconomic aspects, drawing significant attention. Despite only constituting 6% of extreme events between 1970 and 2019, droughts were responsible for 34% of related deaths and 7% of economic losses (WMO, 2021). As global temperatures continue to climb, regions in Africa, Oceania, Asia, Europe, and North America are projected to experience an increase in the frequency and severity of droughts, with more areas seeing rises rather than declines (IPCC, 2012; Chen et al., 2022; Jiang and Wang, 2021; Zhao et al., 2023b). Anthropogenic (e.g., human-induced) activities have been identified as the main driver behind the increase in global temperatures, as acknowledged by the Intergovernmental Panel on Climate Change (IPCC, 2012) and Su et al. (2022). Consequently, it becomes crucial to investigate the repercussions of anthropogenic climate change on the development of regional drought patterns. Such exploration can enhance our comprehension of the influence exerted by human actions on drought characteristics, thereby furnishing a scientific foundation for implementing adaptive strategies in response to climate change.
The research conducted on drought primarily concentrates on examining the spatiotemporal distribution patterns, causes, impact mechanisms, risks, and other relevant aspects (Zhai et al., 2010; Liu and Chen, 2021; Su et al., 2021). However, there has been a relatively lesser emphasis on conducting attribution studies of drought. The current research focus is centered around differentiating between natural forcing and anthropogenic forcing, with the primary utilization of data provided by the Coupled Model Intercomparison Project (CMIP). CMIP data, which is derived from Global Climate Models (GCMs), involves inputting initial states of various climate variables into physical models to obtain climate data under both natural and all-forcing conditions. The utilization of CMIP5 or CMIP6 data in attribution studies of drought has allowed scholars to detect and quantify changes caused by external forcings. Through this approach, researchers have been able to identify and quantify the impacts of external forcings, thereby discerning the relative contributions of anthropogenic factors. Previous studies conducted by Gudmundsson and Seneviratne (2016) and Zhang et al. (2022) have already employed these datasets to investigate the attribution of drought. Their findings indicate that increased human emissions have led to a higher frequency of drought and intensified evapotranspiration, resulting in a more pronounced trend towards aridification. This trend is particularly evident in regions such as northeastern South America and West Africa, as highlighted by the IPCC (2012). The studies mentioned, including those by Eyring et al. (2016) and Gillett et al. (2016), have contributed to our understanding of the impacts of anthropogenic factors on drought patterns. Anthropogenic warming has resulted in more frequent heat droughts in China, as highlighted by Chen and Sun (2017). This phenomenon is believed to be a significant contributing factor to the rise in summer heat drought events in northeastern China, as indicated by Li et al. (2020). However, the data obtained from GCMs have limited resolution and are insufficient for accurately assessing the impacts of climate change on regional-scale droughts. To overcome this limitation, downscaling and bias correction techniques are necessary to obtain localized climate change information. It is important to note that the process of bias correction may introduce additional uncertainties to the models, as discussed by Huang et al. (2018), Su et al. (2016), and Wu et al. (2022). In this regard, the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP) refrains from utilizing GCM data in its attribution studies. Instead, it employs statistical models that are constructed using long time series observational data to generate counterfactual climate data resembling natural forcing conditions through detrending techniques (Gelfan et al., 2023; Yang and Huang, 2023; Wen et al., 2024). Counterfactual climate data by detrending observational data is known for its straightforward computation, which accurately reflects the climate system’s response, and is not bound by the simulation time of climate models. Nonetheless, there has been a scarcity of research that leverages this data to investigate the effects of anthropogenic climate change on meteorological drought (Mengel et al., 2021).
This study is grounded on observational data spanning from 1960 to 2019 and employs detrending techniques to derive counterfactual climate data. By utilizing the Standardized Precipitation Evapotranspiration Index (SPEI), it examines the attributes of drought frequency, intensity, duration, and affected area. Through approaches like contribution analysis, it delves into the degree to which human-induced climate change influences the observed alterations in drought characteristics. The primary objective of this investigation is to establish a scientific foundation for comprehending the repercussions of human-induced climate change and suggesting adaptive strategies to alleviate disaster risks. The article is structured into three key sections: observed changes in drought characteristics, changes in drought characteristics in counterfactual scenario, and the influence of human-induced climate change.
2 METHODS
2.1 Study area
China, situated in eastern Asia, occupies an expansive region between 3°52′ and 53°33′N latitude and 73°40′ to 135°2′E longitude (Figure 1). With a total land area of approximately 9.6 million square kilometers, the country showcases a diverse topography encompassing plateaus, plains, mountains, hills, basins, and various other geographical formations. Notably, there exists a significant variation in winter temperatures from north to south, with the southern regions experiencing relatively warmer climates while temperatures gradually decrease towards the northern regions. Conversely, summers are generally characterized by hot weather, although the Qinghai-Tibet Plateau region maintains lower temperatures throughout the year (Liu et al., 2020). The distribution of precipitation exhibits variations in both space and time, with a general decrease observed from the southeast to the northwest (Du et al., 2023). This pattern is particularly evident in China, where different climate types, including temperate monsoon climate, tropical monsoon climate, and plateau mountain climate, contribute to the overall precipitation patterns. To analyze these patterns, the researchers subdivided China into nine hydrological basins: the Songliao River basin, the Haihe River basin, the Yellow River basin, the Huaihe River basin, the Yangtze River basin, the Pearl River basin, the Southeastern River basins, the Southwestern Rivers basin, and the Northwest Rivers River basin. It is important to note that the latter three basins are composed of several smaller river basins.
[image: Figure 1]FIGURE 1 | Spatial distribution of the nine major river basins in China (Ⅰ Songliao River basin, Ⅱ Haihe River basin, Ⅲ Yellow River basin, Ⅳ Huaihe River basin, Ⅴ Yangtze River basin, Ⅵ Southeast River basins, Ⅶ Pearl River basin, Ⅷ Southwest River basins, Ⅸ Northwest River basins).
2.2 Methodological approach
2.2.1 Observed meteorological data
The GSWP3 (Global Soil Wetness Comparison Project)—W5E5 dataset (Kim, 2017; Lange et al., 2021) provides observations on various climatic variables such as maximum temperature, minimum temperature, precipitation, 2 m (m) wind speed, relative humidity, and solar radiation. These observations cover a time period from 1901 to 2019, with a temporal resolution of days and a spatial resolution of 0.5°. It is important to note that these observations are influenced by both anthropogenic and natural factors, indicating a combination of human activities and natural processes shaping the climate.
The GSWP3-W5E5 dataset encompasses the third phase of the GSWP3 and W5E5, comprising a diverse array of meteorological elements. GSWP3 is an enhanced and corrected version of the 20th Century Reanalysis (20CR) data, which has been downscaled and adjusted for biases (Compo et al., 2011). This downscaled and bias-corrected iteration of the 20CR is further described by Compo et al. (2011). The spatial resolution of GSWP3 is 0.5°, and it spans from 1901 to 2010, as indicated by Kim (2017). On the other hand, the W5E5 dataset is derived by interpolating the (fifth generation ECMWF atmospheric reanalysis of the global climate) ERA5 dataset to a resolution of 0.5° and undergoing bias correction, covering the time period from 1979 to 2019.
When comparing GSWP3 and W5E5, it becomes evident that W5E5 incorporates a greater number of observational datasets for bias correction, resulting in a more accurate reflection of reality starting from 1979. However, it is important to acknowledge that W5E5 is limited to the time frame of 1979–2019. To address this constraint, the GSWP3-W5E5 climate dataset was created by merging the two datasets using quantile mapping (Lange, 2019).
2.2.2 Counterfactual meteorological data
Counterfactual climate data is a hypothetical climate data, which removes the influence of temperature rises on climate variables by detrending method. It consists of several variables including maximum temperature, minimum temperature, precipitation, 2 m wind speed, relative humidity, and solar radiation. These data were obtained by detrending the GSWP3-W5E5 dataset, which covers the time period from 1901 to 2019 and has a spatial resolution of 0.5°. For the purpose of this paper, the study period selected is from 1960 to 2019.
Diverging from conventional methods that solely eliminate linear trends, the detrending technique employed in this dataset incorporates the connection between global mean temperature (GMT) changes and other climate variables (such as precipitation, wind speed, etc.), acknowledging their potential functional relationship. The evaluation factor utilized in this approach is the alteration in global mean temperature (T). Initially, Singular Spectrum Analysis (SSA) is implemented to smoothen the GMT, utilizing a 10-year smoothing window, resulting in the predictor variable (T). This step is crucial in preserving the natural climate variability on shorter time scales, including those influenced by El Niño-Southern Oscillation (ENSO). Subsequently, appropriate parameter values are selected by considering the attributes of diverse climate variables. A probability density function [image: image] is constructed to represent the global mean temperature change (T) and year (t), with the objective of capturing the prolonged trends observed in the data. The correlation between A and T is illustrated by the mean value μ of the distribution, expressed as [image: image], where g denotes various meteorological elements, and [image: image] and [image: image] are parameters for fitting. Ultimately, by establishing [image: image] and employing quantile mapping, alternative data is generated that preserves the inherent fluctuations on shorter time scales induced by occurrences like the El Niño-Southern Oscillation (Mengel et al., 2021).
The overwhelming majority of global warming experienced from 1850 to the present can be attributed to anthropogenic climate change, leaving natural factors and internal climate variability with a negligible role in driving climate change over the past century. In other words, the impact of volcanic eruptions and solar activity on warming since the industrialization era has been almost insignificant (IPCC, 2012). Consequently, this paper defines the disparity between observed and counterfactual climate data as the impact of anthropogenic climate change.
2.3 Data analytical strategy
2.3.1 SPEI
The severity of drought can be effectively assessed and compared using the drought index, which serves as a characteristic measure. The SPEI takes into account both precipitation and temperature variables, acknowledging the significant influence of temperature on drought development. Furthermore, SPEI exhibits the ability to analyze multiple time scales, enabling the characterization of the probability of the disparity between precipitation (P) and evapotranspiration (PET) within a specific time frame.
SPEI encompasses various time scales, with the commonly utilized ones being SPEI-1, 3, and 12, representing monthly, seasonal, and annual droughts, respectively. Previous research has demonstrated that the 12-month time scale SPEI is more effective in capturing the patterns of drought and flooding over a longer duration (Huang et al., 2018; Su et al., 2021). Consequently, this study opts for the 12-month time scale SPEI to depict the characteristics of annual-scale drought changes.
The calculation procedure is outlined as follows:
1) PET can be determined by applying the Penman-Monteith equation;
2) The time series D(t) can be computed by subtracting the precipitation P from the potential evapotranspiration PET;
3) Assuming that D(t) follows a log-logistic probability distribution, the parameters can be estimated to identify the most suitable fit. The probability distribution function of D(t) is then calculated based on the fitted distribution;
4) To obtain the Standardized Precipitation Evapotranspiration Index (SPEI), the probability values obtained in the previous step are transformed to the standard normal distribution through standard normalization.
2.3.2 Identification of drought characteristics
A drought occurrence was detected when the SPEI indicated a value lower than −1 and persisted for a minimum of 2 months. The primary aspects of drought investigated encompass frequency, duration, intensity, and area ratio, which are expounded upon as follows:
1) Drought frequency refers to the overall count of drought events that satisfy the criteria for being classified as a drought event;
2) Drought duration signifies the number of months between the commencement and conclusion of a drought event, during which the SPEI remains below a specified threshold value (∂);
3) Drought intensity is determined by calculating the ratio between the absolute value of the cumulative SPEI value throughout a drought episode and the duration of the drought in the calendar time. This measure provides insight into the average water scarcity conditions experienced in the study area during a drought episode;
4) Drought-affected area is quantified as the proportion of the total study area that experiences drought at a given time. It reflects the extent to which the drought impacts the geographical coverage of the study area.
In order to investigate the potential influence of human-induced climate change on the characteristics of drought, the study period from 1960 to 2019 (a total of 60 years) is divided into two equal climate states: one before 1990 and the other after 1990. Each of these periods spans 30 years. The researchers calculate the drought frequency, intensity, duration, and affected area separately for the periods 1960–1989 and 1990–2019 in China, considering both the observed and counterfactual climate backgrounds. By comparing the drought characteristics of these two time periods, the study aims to identify the observed changes in drought characteristics as well as the changes that would have occurred under a counterfactual climate scenario.
2.3.3 Contribution rate formula
The impact of anthropogenic climate change on the observed changes in drought characteristics, as measured by the Contribution Rate (CR). The formula for calculating the CR is as follows (Eq. 1):
[image: image]
where CR quantifies the extent to observed changes in drought characteristics can be ascribed to human-induced climate change. AObs represents the observed changes in drought characteristics, while ACounter signifies the changes in drought characteristics that would occur under counterfactual climate conditions. A CR exceeding 50% signifies the predominant influence of anthropogenic climate change.
3 RESULTS
3.1 Observed spatial and temporal characteristics of meteorological drought in China
China witnessed a frequency of meteorological droughts of approximately 6.50 between 1960 and 1989. However, from 1990 to 2019, there was a notable increase in the frequency of droughts in China, reaching around 6.64. This rise in drought frequency amounted to 0.14 when compared to the period of 1960–1989, as indicated in Figure 2A.
[image: Figure 2]FIGURE 2 | Frequency (A), intensity (B), duration (C) and affected area (D) of drought in China from 1960–1989 and 1990–2019 based on the observatory meteorological data.
Spatially, there has been an increase in the frequency of droughts in several river basins in China. These include the Northwest River basins, Yangtze River basin, Southeast River basins, and Pearl River basin, as well as the east-central part of the Northwest River basins. These areas collectively cover approximately 54.87% of the country’s total area. On average, the frequency of droughts has increased by 4.85 occurrences per 30 years (or 1.62 occurrences per 10 years).
Conversely, there has been a decrease in drought frequency in certain regions. This includes the northern, central, and parts of the southern areas of the Northwest River basins, the central part of the Southwest River basins, the western part of the Yangtze River basin, and the northern part of the Huaihe River basin, eastern Yellow River basin, southern Haihe River basin, and part of the western Songliao River basin. In these regions, the frequency of droughts has decreased on average by 4.58 occurrences per 30 years (or 1.53 occurrences per 10 years) (Figure 3A).
[image: Figure 3]FIGURE 3 | Relative changes in drought frequency (A,B), intensity (C,D), and duration (E,F) for 1990–2019 versus 1960–1989.
Furthermore, the intensity of meteorological droughts in China was approximately −1.27 (SPEI value) from 1960 to 1989. However, in the subsequent period of 1990–2019, the intensity of droughts increased to about −1.32. This indicates a slight enhancement in the intensity of droughts by 0.05 compared to the earlier period of 1960–1989 (Figure 2B).
Spatial differentiation is evident in the changes observed in drought intensity. Specifically, there are regions within the Songliao River basin, Haihe River basin, Yellow River basin, Huaihe River basin, Yangtze River basin, Southeast River basins, and Northwest River basins that experience a decrease in drought intensity. These regions cover approximately 43.54% of the country’s area and exhibit an average decrease of 0.09/30 years (0.03/10 years). However, the Northwest River basins shows an increase in drought intensity.
Increased drought intensity is predominantly observed in specific regions of China. These regions include the northeast of the Northwest River basins, the junction of the north-central Yellow River basin and the northwest of the Haihe River basin, the northern part of the Yangtze River basin, the central and southern parts of the Northwest River basins, and the northwest of the Southwest River basins. These areas account for approximately 56.46% of the country’s total land area. Over a span of 30 years, there has been an average increase of 0.24/30 years (0.08/10 years) in drought intensity in these regions (Figure 3C).
From 1960 to 1989, China experienced a drought that lasted approximately 4.99 months. However, in the period between 1990 and 2019, the duration of drought increased to around 5.17 months, indicating an average rise of 0.17 months compared to the previous period (Figure 2C). This increase in drought duration was observed in an area that accounted for 53.62% of the national territory. Moreover, the average increase in drought duration over a 30-year period was 2.67 months, or 0.89 months over a 10-year period. The majority of this increase was concentrated in the eastern region of China. Conversely, the western region experienced a decrease in drought duration, particularly in the northwestern and southwestern river basins. Notably, the most significant decrease in drought duration occurred in the northeastern part of the Songliao River basin (Figure 3E).
During the period spanning 1960 to 1989, the average annual area affected by meteorological drought in China was recorded at 13.63%. However, in the subsequent years from 1990 to 2019, this value increased to 18.27%. Notably, there was a reduction of 4.64% in the average area impacted by drought during the period of 1990–2019 when compared to 1960–1989, as indicated in Figure 2D.
3.2 Spatiotemporal characteristics of meteorological drought in China under counterfactual climate
During the period spanning from 1990 to 2019, China experienced a notable rise in the occurrence of meteorological droughts. Specifically, the frequency of these droughts increased from 6.35 (observed during 1960–1989) to 6.38. On average, this frequency witnessed a slight increment of 0.03 throughout this time frame, as depicted in Figure 4A.
[image: Figure 4]FIGURE 4 | Frequency (A), intensity (B), duration (C) and affected area (D) of drought in China in 1960–1989 and 1990–2019 based on the counterfactual climate.
The central and southern parts of the Northwest River basins, the central and western parts of the Songliao River basin, the southern part of the Yangtze River basin, and the western part of the Pearl River basin have witnessed the most significant increase in drought frequency. On average, there has been a rise of 1.62 occurrences per 30 years (or 0.54 occurrences per 10 years) in these regions, constituting approximately 53.85% of the entire country. Conversely, there are also areas where the frequency of droughts has decreased. These regions are primarily located in the southern part of the Songliao River basin, the northeastern part of the Northwest River basins, and the northern part of the Haihe River basin at their intersection (Figure 3B).
The study revealed that there was not a significant change in drought intensity, with values ranging from −1.22 to −1.23. On average, there was a marginal increase of 0.01 (Figure 4B). However, when examining the spatial distribution of drought intensity changes, notable heterogeneity was observed. The central and northern regions of the Northwest River basins, the north-central part of the Yellow River basin, and the southern area of the Southeast River basins experienced an intensified drought, with an average increase of 0.11/30 years (0.04/10 years). These regions accounted for a substantial portion, 55.68%, of the entire country. Conversely, certain areas exhibited a decrease in drought intensity, particularly in the western, north-central, and eastern parts of the Yangtze River basin, the northern section of the Songliao River basin, the Haihe River basin, and the eastern part of the Northwest River basins (Figure 3D).
In the period of 1990–2019, the duration of droughts experienced a slight decrease compared to the years between 1960 and 1989. Specifically, the drought calendar time decreased from an average of 4.65 months–4.58 months, resulting in a decrease of 0.07 months on average (Figure 4C). The regions where the duration of droughts increased were primarily situated in the central part of the Songliao River basin, as well as the central, northern, and southwestern areas of the Northwest River basins. Conversely, the regions where the duration of droughts decreased were mainly found in the northern and southern parts of the Songliao River basin, the Haihe River basin, the northwestern part of the Northwest River basins, the south-central part of the Yellow River basin, the central part of the Yangtze River basin, and the western part of the Southeast River basins. On average, these regions experienced a decrease of 3.24 months over a 30-year period (equivalent to a decrease of 1.08 months per decade), accounting for approximately 56.56% of the country (Figure 3F). Furthermore, the area affected by droughts witnessed a decline from 16.89% during the period of 1960–1989 to 15.32%, indicating a reduction of approximately 1.57% (Figure 4D).
3.3 Impact of anthropogenic climate change on meteorological drought in China
Based on the results of observed and counterfactual meteorological drought, the impact of anthropogenic climate on droughts in China are explored. Compared to the time span spanning from 1960 to 1989, the occurrence of droughts in China has witnessed a rise of 0.10 during the period from 1990 to 2019, primarily due to anthropogenic climate change (Figure 5A). In terms of spatial distribution, this phenomenon has led to an increase in drought frequency in approximately 52.85% of China’s regions. These regions are predominantly situated in the northern sections of various river basins in the northwest, central, and eastern parts of the country. Additionally, the eastern and southern regions of the Songliao River basin, the northern part of the Haihe River basin, and the central and northern parts of the Yangtze River basin have also experienced an escalation in drought occurrences (Figure 6A).
[image: Figure 5]FIGURE 5 | Compared to 1960–1989, relative changes in drought frequency (A), intensity (B), duration (C), and affected area (D) in China under observed (orange) and counterfactual climate (blue) in 1990–2019.
[image: Figure 6]FIGURE 6 | The relative changes in drought frequency (A), intensity (C), and duration (E) under anthropogenic climate change, as well as the CR of anthropogenic climate change to the observed changes in drought frequency (B), intensity (D), and duration (F) in China.
The impact of anthropogenic climate change has led to a 0.05 increase in observed drought intensity from 1990 to 2019 (Figure 5B). Changes in drought intensity are indicative of negative alterations, with an increase signifying heightened intensity and a decrease suggesting the opposite. Geographically, regions affected by increased drought intensity due to anthropogenic climate change are primarily concentrated in the southern, central, and northeastern parts of Northwest River basins, the central portion of the Songliao River basin, the northern area of the Haihe River basin, the central and northern sectors of the Yellow River basin, most parts of the Yangtze River basin, the southern regions of Southeast River basins, and the western areas of Southwest River basins. These specific locations encompass around 61.87% of China’s total land area (Figure 6C).
The increase in observed drought duration by 0.15 months from 1990 to 2019, as compared to the period from 1960 to 2019, is attributed to anthropogenic climate change (Figure 5C). The regions affected by anthropogenic climate change, resulting in prolonged drought duration, encompass roughly 52.90% of China’s total land area. Among these regions, those experiencing a rise in drought duration ranging from 0 to 3 months are more prevalent, while areas with a drought duration increase exceeding 6 months are scattered sporadically in the northeastern parts of various river basins in the northwest, the southern part of the Songliao River basin, the northern part of the Haihe River basin, the southwestern part of the Yellow River basin, and the Yangtze River basin (Figure 6E). Anthropogenic climate change plays a substantial role in the expansion of drought-affected areas, accounting for a 6.20% increase (Figure 5D).
Figures 6B, D, F depict the impact of anthropogenic climate change on drought characteristics. These visual representations suggest that anthropogenic climate change has a positive influence on the frequency, intensity, and duration of droughts in most regions of China, with human-induced factors being the primary drivers of these changes. However, there are variations in spatial patterns. In terms of drought frequency, it can be inferred that human-induced climate change accounts for 84.67% of the observed changes, with more than half (64.43%) of the country’s regions experiencing a CR exceeding 50%. Notable regions where anthropogenic climate change plays a dominant role include the southwestern, western, northern, and northeastern parts of the Northwest River basins, the eastern and southern parts of the Songliao River basin, the Haihe River basin, the southwestern part of the Huaihe River basin, the central-northern part of the Yangtze River basin, and the eastern part of the Pearl River basin, among others.
The impact of human-induced climate change on drought intensity in China is significant, accounting for 75.25% of the observed changes. A substantial majority of the country’s regions, approximately 70.05%, have experienced a drought severity exceeding a critical ratio of 50%. However, it is important to highlight that in specific areas such as the Northwest River basin, Songliao River basin, Yangtze River basin, and Yellow River basin, factors other than anthropogenic climate change play a more prominent role in altering drought intensity. In terms of drought duration, approximately 66.60% of the country’s regions have witnessed an increase in duration surpassing the critical ratio of 50%. Anthropogenic climate change is particularly influential in areas like the Haihe River basin, Huaihe River basin, Yangtze River basin, and Pearl River basin. Notably, the CR of anthropogenic climate change to the observed changes in the affected area of drought is remarkably high, reaching 133.99% (Figure 7).
[image: Figure 7]FIGURE 7 | Contribution of anthropogenic climate change to the observed changes in frequency, intensity, duration and affected area for meteorological drought in China.
4 DISCUSSION
This study utilized observational data and counterfactual climate data, in conjunction with the SPEI, to extract the distinctive features of meteorological droughts under both observed and natural climate change conditions. Subsequently, an analysis was conducted to evaluate the impact of anthropogenic climate change on these meteorological drought characteristics. The results demonstrate that, under observed conditions, there is an upward trajectory in the frequency, intensity, duration, and affected area of meteorological droughts in China. It is evident that anthropogenic climate change plays a significant role in driving the amplification of these drought factors in China, occupying a dominant position.
Our findings are aligned with previous research, indicating that the expansion of droughts in China, in terms of their range, severity, and frequency, is consistent with a warming climate (Han et al., 2019). The variability of droughts on an interannual to interdecadal scale is primarily influenced by natural factors, while the long-term trend of droughts is predominantly attributed to human activities. The impact and risk of hot and dry events in various regions of China have been amplified by anthropogenic warming (Trenberth et al., 2013; Chen and Sun, 2017; Gu et al., 2019; Fan et al., 2022). The reasons behind these findings are multifaceted. On one hand, the increase in greenhouse gas concentrations resulting from human activities has contributed to an observed rise in intense precipitation across global land areas, particularly in North America, Europe, and Asia. On the contrary, the rise in global temperatures caused by human activities has resulted in increased evaporation rates, leading to more pronounced drought trends (Seager et al., 2010; Giorgi et al., 2011).
This overall warming trend may also bring about alterations in precipitation patterns and an augmented evaporation rate, thereby leading to regional disparities in the impact of anthropogenic climate change on droughts (Zhang et al., 2019; Treydte et al., 2023). Earlier investigations utilizing CMIP6 data have determined that anthropogenic climate change has heightened the frequency, duration, and severity of droughts in Southeast China, while simultaneously diminishing droughts in the Northwest (Yong et al., 2023). Our study findings reveal that anthropogenic climate change has exacerbated droughts in specific regions, namely the northeastern part of the Northwest River basins, the southwestern and central parts of the Songliao River basin, the northern part of the Haihe River basin, and the north-central part of the Yangtze River basin. Conversely, it has reduced droughts in the central part of the Northwest River basinss.
Our study introduces a fresh outlook on evaluating the influence of anthropogenic climate change on droughts. In contrast to previous studies that primarily assess the impact of anthropogenic climate change by analyzing the difference between natural forcing experiments and all forcing experiments in CMIP6 (Samaniego et al., 2018; Chiang et al., 2021; Zhao et al., 2023a), our research utilizes the distinction between observational data and counterfactual climate data to determine the effects of anthropogenic climate change. Nevertheless, two aspects necessitate consideration and improvement for future research endeavors.
First, the research findings may encompass inherent uncertainties, primarily stemming from the data and detrending techniques employed (Dai and Zhao, 2017). In comparison to using observational station data, this study utilized the GSWP3-W5E5 dataset as its data source, which may introduce biases. Furthermore, different results can be obtained in trend analysis by selecting different statistical methods, fitting models, and predictors. In this study, the predictor chosen was global temperature change, which can effectively capture the changing characteristics of most regional climate variables. However, it is important to acknowledge that changes in regional climate variables may also be influenced by land use changes, aerosol emissions, and the regional climate characteristics of large-scale decadal climate oscillations (Mudelsee, 2019), thereby introducing uncertainties.
Second, the choice of time scale for drought indices is a critical factor to consider. A 12-month time scale may not adequately capture short-term drought events, potentially resulting in an incomplete understanding of the essential dynamics of short-term droughts. This is particularly relevant in regions where precipitation exhibits significant seasonal variations. To address this limitation, the utilization of the SPEI with multiple time scales can provide a more comprehensive analysis of droughts. Several studies (Zhao et al., 2017; Mukherjee et al., 2018; Zhang et al., 2023) have emphasized the advantages of employing SPEI with different time scales.
5 CONCLUSION
This study employs the SPEI as a drought indicator to analyze the impact of anthropogenic climate change on the characteristics of meteorological droughts in China. The analysis is based on observational data from GSWP3-W5E5 covering the years 1960–2019, in addition to counterfactual climate data. The main findings of this research can be summarized as follows:
1) In 1960–2019, China witnessed an augmentation in drought frequency, intensity, duration, and affected area. The rise in drought occurrences has been particularly evident in regions covering 54.87% of the country’s landmass, namely the Northwest River basins, the Yangtze River basin, the Southeast River basins, and the Pearl River basin. Notably, the central and eastern parts of the Northwest River basins have experienced an average increase of 1.62 occurrences per decade. Moreover, drought intensity has intensified in 56.46% of the regions, primarily concentrated in the northeastern part of the Northwest River basins, the north-central part of the Yellow River basin, the junction of the northwestern part of the Haihe River basin, the northern part of the Yangtze River basin, the central and southern parts of the Northwest River basins, and the northwestern part of the Southwest River basins, with an average increase of 0.08. Additionally, 53.62% of the national area has witnessed an increase in drought duration, predominantly in the central and northern parts of the Yellow River basin, the central and northern parts of the Yangtze River basin, the Southeast River basins, and the eastern part of the Pearl River basin, with an average increase of 0.89 months per decade.
2) In 1960–2019, China has witnessed a rise in the occurrence and severity of droughts, assuming a counterfactual climate scenario. However, there has been a decline in the duration of droughts and the extent of land affected by them. On average, the frequency of droughts has increased by 0.54 per decade, encompassing 53.85% of the country’s landmass. These droughts are primarily concentrated in the central and southern regions of the Northwest River basins, the central-western part of the Songliao River basin, the southern part of the Yangtze River basin, and the western area of the Pearl River basin. Simultaneously, the intensity of droughts has risen by an average of 0.04 per decade, impacting 55.68% of the national territory. The most affected areas are predominantly located in the central and northern regions of the Northwest River basins, the central-northern part of the Yellow River basin, and the southern section of the Southeast River basins. In contrast, the duration of droughts has decreased by an average of 1.08 months per decade, covering 56.56% of China’s territory. This decline is primarily observed in the central part of the Songliao River basin, as well as the central, northern, and southwestern regions of the Northwest River basins.
3) Over the years from 1960 to 2019, the effects of anthropogenic climate change have manifested in an escalation of the occurrence, intensity, duration, and impacted area of meteorological droughts in China. Anthropogenic climate change has had a discernible impact on drought patterns in China between 1990 and 2019 when compared to the period from 1960 to 1989. The frequency of droughts increased by 0.10, their intensity heightened by 0.05, and their duration extended by 0.15 months. Additionally, the affected area expanded by 2.95%. The impact of anthropogenic climate change on drought patterns is evident in several regions of China, such as the northeastern part of the Northwest River basins, southwestern and central-eastern parts of the Songliao River basin, northern part of the Haihe River basin, central-northern part of the Yangtze River basin, eastern part of the Pearl River basin, and northwestern part of Southwestern Rivers basin. Anthropogenic climate change is identified as the key driver behind the observed changes in drought frequency, intensity, duration, and affected area, with CR of 84.67%, 75.25%, 190.32%, and 133.99%, respectively. The regions most impacted by anthropogenic climate change are predominantly located in the Haihe River basin, Huaihe River basin, Yangtze River basin, and Pearl River basin, et al.
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