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Abstract

:

Runoff signatures (RS), a special set of runoff indexes reflecting the hydrological process, have an important influence on many fields of both human and natural systems by flooding, drought, and available water resources. However, the global RS changes and their causes remain largely unknown. Here, we make a comprehensive investigation of RS changes and their response to total water storage anomalies (TWSA) from GRACE satellites, atmospheric circulation, and reservoir construction by using daily runoff data from 21,955 hydrological stations during 1975–2017. The global assessment shows that (1) in recent years, the global extreme flow signatures tend to decrease, while the low and average flow signatures are likely to increase in more regions; (2) the spatial patterns of trends are similar for different RS, suggesting that the runoff distribution tends to entirely upward in some regions, while downward in other regions; (3) the trends in RS are largely consistent with that in TWSA over most regions in North America and eastern South America during 1979–2017, indicating that the GRACE-based TWSA have great potential in hydrological monitoring and attribution; (4) atmospheric circulation change could partly explain the global spatiotemporal variation patterns of RS; (5) dams have important influences on reducing the high flow signature in the catchments including dams built during 1975–2017. This study provides a full picture of RS changes and their possible causes, which has important implications for water resources management and flood and drought disaster assessment.
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1. Introduction


River runoff is a crucial link in the earth’s water cycle and the most important component of available water resources; therefore, the accurate description of runoff characteristics is vital for hydrological risk assessment and water resources management [1]. Despite its importance in water resources management and flood and drought disaster assessments, unfortunately, the global spatial patterns of runoff signatures (RS) and its response to total water storage anomalies (TWSA), atmospheric circulation, and human activities remain largely unknown yet. This is primarily due to the lack of global observation data and the scarcity of indicators to comprehensively characterize runoff change [2]. Therefore, to better describe the process of runoff change, we introduce a special set of runoff indexes based on a synthetic set of daily runoff data that can fully reflect the change characteristics of river runoff, namely RS [3]. They are divided into five categories: low flow signature, high flow signature, average flow signature, flow dynamic signature, event frequency, and duration. We selected eight RS and show them in Table 1. The abbreviations used later for RS are also shown in Table 1.



At present, most studies on runoff change analysis are limited to regional or national scales, such as these in China [4], United States [5], and Australia [3]. However, there are some limitations in the attribution investigation of runoff change at the regional scale: (1) runoff change is influenced by the local catchment microclimate and underlying surface conditions [6], and the results cannot represent the universal regular globally; (2) due to different research methods and different comparison periods, it is difficult to carry out comparative studies on large spatial scales. In recent years, a few studies have been conducted on the attribution of global runoff change [7,8,9]. However, due to the lack of observation data, researchers mostly use reconstructed data to analyze global runoff change [10,11]. These efforts have created conditions for the development of global runoff research, but the detection results are still affected by the uncertainty of simulated runoff data. In addition, these studies mostly take mean runoff as the research object, hence their results cannot comprehensively show the change characteristics of RS, such as extreme hydrological events, flood peak runoff and dry water runoff [3].



The large-scale river runoff change is the consequence of the complex interaction of climate conditions, human activity, vegetation, topography, total water storage, and other factors. Among them, total water storage, climate change, and human activities have relatively large variability, which is the main influencing factor of runoff change [12,13,14]. Therefore, we evaluate the RS variation trend from three aspects of TWSA, atmospheric circulation, and reservoir regulation. First, TWSA includes all the water components of the earth’s continental regions and is an important indicator of global climate change [15]. At present, a few studies have already explored the response of floods to TWSA. For example, Reager et al. [16] point out that gradual changes in TWSA are a prerequisite for local flood potential. However, the response of RS to TWSA is not very clear yet. Therefore, our study can provide more supporting evidence for the causes of RS change from the perspective of TWSA change based on remote sensing satellite data. Second, atmospheric circulation strongly influences precipitation variability, thus affecting runoff changes [17,18]. Some studies have concentrated on the connection between large-scale atmospheric circulation change and catchment runoff processes or extreme runoff events, embedding basin runoff processes in the global atmospheric circulation context [19]. For example, changes in catchment runoff in North America, Australia, Africa, and elsewhere have been affected by the ENSO in large part [20,21]. However, the response of global runoff variation to large-scale atmospheric circulation has not been adequately studied, especially, the possible roles of geopotential height, horizontal wind, and water vapor flux in atmospheric circulation are still unclear yet. This study reveals the action process and underlying physical mechanism of atmospheric circulation on RS through spatiotemporal variation of atmospheric variables. Third, except TWSA and atmospheric circulation, human activities on the ground such as historical water and land management also influence surface runoff and hydrological extreme events [2]. For example, the construction and operation of dams would have an impact on runoff change. Additionally, the change of surface runoff will further affect the agriculture, natural environment, fishery industry, and infrastructure construction of the local river catchment [22]. However, due to the lack of reliable reservoir models and attribution methods, little is known about the effects of dam construction and operation on runoff. Therefore, our study evaluates the effect of dams on the changing trend of RS by applying field significance resampling methods at the global scale.



Overall, the RS changes are not investigated at the global scale, and the possible mechanisms of global RS changes remain largely unknown. Hence, the scientific questions that this study attempts to solve are as follows: (1) What is the temporal and spatial variation trend of the RS globally? (2) How does the RS respond to TWSA and atmospheric circulation? (3) What is the impact of dams on RS change?




2. Materials


2.1. Runoff Signatures Data


As mentioned in the introduction, due to the lack of hydrometric gauging stations, most studies on runoff change are limited to regional or national scales. To investigate the global RS changes and their causes, a set of daily runoff data from 21,955 gauging stations globally is synthesized. The specific data sources are shown in Table 2 below [23,24,25].



Considering the runoff datasets were obtained from different sources, we carried out a series of criteria to control the quality of daily flow by referring to some mature data processing methods [26]. The relevant details of the standards used in this study are as follows:




	
The runoff data with more than 10 consecutive data are regarded as missing data [27].



	
For each station, the data in the year with missing observations more than 10% is discarded [28].



	
The station is deleted if the streamflow valid recording length is less than 10 years (not necessarily continuous) at a station during 1975–2017 (the period chosen for the research).








Finally, observations from a total of 10,044 gauging stations meet these requirements, namely dataset A. The global distribution of hydrological stations for dataset A is shown in Figure 1.




2.2. GRACE Satellite Data


Global total water storage anomalies (TWSA) have been monitored by NASA’s Gravity Recovery and Climate Experiment (GRACE) satellites via satellite gravimetry with unprecedented precision. GRACE data may be valuable for monitoring trends in the extreme runoff by providing information on both base flow stored in soil and groundwater and event flow driven by precipitation [29]. However, since the GRACE satellite was launched in 2002, the GRACE TWSA only covers the period of 2002–2017. Hence, we used a newly released reconstructed TWSA data based on GRACE observation, which covers the period of 1979–2019 with the spatial resolution of 0.5° [30]. Additionally, we assess the relationship between TWSA and RS changes by using the GRACE global monthly mass concentration blocks version RL05m from the Jet Propulsions Laboratory. To keep the same temporal resolutions, we used the common coverage periods of GRACE-based TWSA and RS in the analysis, i.e., 1979–2017. For the spatial resolutions, we also extracted the catchment-scale TWSA, and compared their trends with RS trends in the same catchment scale. The dataset could be downloaded (https://doi.org/10.5061/dryad.z612jm6bt, accessed on 4 August 2021).




2.3. Atmospheric Circulation Data


It is significant to evaluate the response of RS to atmospheric circulation. Fortunately, the Japan Meteorological Agency (JMA) has launched the Japanese global atmospheric reanalysis project, which is named the Japanese 55-year Reanalysis (JRA-55) [31]. In this study, the JRA-55 was used to explore the impacts of atmospheric circulation on RS. It covers a total of 62 years from 1958 to 2019. Monthly horizontal wind and geopotential height at 850,500, and 300 hPa level with the 2.5° × 2.5° spatial resolution and the water vapor flux with a spatial resolution of 1.25° × 1.25° was chosen to carry on attribution analysis of RS change. The reanalysis dataset could be available on the NCAR/UCAR website (https://rda.ucar.edu/, accessed on 4 August 2021).




2.4. Dams Data


To evaluate the impact of dams on RS change globally, we collected a dam dataset with a relative complete variable from the Global Reservoir and Dam Database (GRanD) (http://wp.geog.mcgill.ca/hydrolab/grand/, accessed on 4 August 2021). This database includes 7320 dams with a height greater than 15 m or storage capacity larger than 0.1 km3. It should be noted that this dataset was obtained voluntarily from various research groups around the world, which had different observation equipment, methods of data collection, and collation. Therefore, it is not realistic to provide a uniform description of the same standard for all dams globally [28]. In this dataset, there are 5182 dams built during 1975–2017. We determined the number of dams in each catchment according to the shapefiles of the catchment boundary. If there was one (or more) dam within the catchment boundary of a hydrological station, we regarded it as a dam-affected station. After this process, there were 193 dam-affected stations, named dataset A1. The remaining 9851 stations without dams were considered as dataset A2 (“no dams” group).





3. Methods


3.1. Trend Detection


The nonparametric Mann–Kendall test [32,33] was used for trend significance detection, which can exclude the interference of abnormal values and is also applicable to data with abnormal distribution or nonlinear trends. The null hypothesis of this test is that data are identically distributed and independent. At present, the Mann–Kendall test is widely used for trend examination, which can capture the overall trend of time series, including the detailed trend in recent years [9,27]. In this study, we detected spatial and temporal patterns of trends in eight RS and three large-scale environmental variables, that is, geopotential height, horizontal wind, and water vapor flux. In addition, we also examined the trends in TWSA measured by NASA’s GRACE mission globally. The significance of the trend is set as the 0.05 confidence level.




3.2. Field Significance Resampling Methods


We evaluated the significance levels for the proportion of the stations showing significant trends by applying a field significance resampling procedure [34,35,36]. The specific resampling details of the method are summarized as follows:




	
Select a time series as the reference period for resampling, such as {1975, 1976, 1977, 1978, 1979, ..., 2009, 2010}, then randomly resample based on this reference to make the length of the new sequence unchanged and the order change. For example, {1980, 1996, 2003, 1975, 1986, ..., 2009, 1978}.



	
The time series obtained through resampling in step (1) corresponds to the observation value of RS in the corresponding year one by one for all stations to get a new resampled dataset [37].



	
Conduct the Mann–Kendall test for the time series obtained in step (2) at each station at the 0.05 significance level. Additionally, the percentages of stations with significant increase and decrease trends are calculated, respectively.



	
Repeat steps (1) through (3) 2000 times to obtain a dataset that can reflect the percentage distribution of stations with significant trends.



	
Calculate the 95th percentile in the dataset obtained in step (4), which represents the ratio of stations with significant trends. Additionally, the ratio of stations with significant trends in the reference observations is also calculated.



	
Compare the 95th percentile with the observed percentage value, if the latter is larger, it indicates that the observed percentage value is not generated randomly but is significant. That is, the no-change null hypothesis is rejected while the observed ratio value is outside the 90% confidence interval of the resampling distribution.










4. Results


4.1. Spatial Patterns of Trends in Runoff Signatures


The RS trends were examined by using the Mann–Kendall test based on dataset A records during 1975–2017 at the 0.05 significance level. As shown in Figure 2, zero flow ratio (ZFR) has a significantly increasing trend (SIT) in southern North America, eastern South America, southern Europe, and eastern Oceania, while it has a significantly decreasing trend (SDT) in northern North America, central Europe, southern Africa, and northwestern Oceania. The low flow signatures, Q10 and Q50, roughly share consistent spatial patterns, with a SIT in most areas of northern North America, southeastern South America, central and northern Europe, and northern Asia, while a SDT in eastern South America, southwestern Europe, central East Asia, and eastern Oceania. Notable is the high flow signature, Q99. Its trend change direction is generally opposite to ZFR. Additionally, Q99 shows an SIT in eastern and central North America, Western Europe, and central South America while showing a SDT in southwest North America, southern Europe, eastern South America, and eastern Oceania. Interestingly, the spatial patterns of average RS, Qm, Qw, and Qs are roughly consistent, with SIT in northeastern North America, northern Europe, central and southern South America while with SDT in southwestern North America, eastern South America, southern Europe, and eastern Oceania. However, Qs is slightly different, and the stations showing a SIT in most of northern Europe and northern Oceania are denser and more abundant. The flow dynamic signature, Qstd has a SIT in northeastern North America, Western Europe, and central South America, while it has a SDT in southwestern North America, southern Europe, eastern South America, southern Africa, Southeast Asia, and southeastern Oceania.



Generally, the extreme flow signatures tend to decrease in more stations. Overall, there are 18.2% and 9.9% stations with ZFR and Q99 showing SDT, respectively, while 14.5% and 6.7% of stations showing a SIT. For low and average flow signatures, however, the number of stations with a SIT is distinctly larger than that showing a SDT. Overall, the percentages of stations with Q10, Q50, Qs showing a SIT reach 22.6%, 17.7%, 15.4%, while that showing a SDT is only 13.8%, 12.3%, 8.4%, respectively. As for average RS, Qm, and Qw, the number of stations showing a SIT is similar to that showing a SDT.



In summary: (1) the extreme RS, including ZFR and Q99, show a SDT in more stations globally, implying that the flood risk tends to decrease in more regions over the past decades; (2) in addition, more stations show a SDT for Qstd, i.e., the standard deviation of streamflow is reducing, implying that the interannual variability of streamflow tends to be more stable; (3) the change direction (positive and negative) of runoff signatures, Q10, Q50, Q99, Qm is usually consistent, which suggests that the runoff distribution tends to entirely upward in some regions, while downward in other regions. It is worth mentioning that the spatial pattern of trend in ZFR is usually contrary to that of other RS, since different to other RS, lower ZFR (zero flow ratio) represents larger runoff.




4.2. The Response of Runoff Signatures to Atmospheric Circulation


Investigation of atmospheric circulation change is an effective perspective to explain the causes and physical processes behind the RS trends [38]. Here, we explore the response of RS change to multiple atmospheric circulation indexes, including geopotential height, horizontal wind, and water vapor flux.



According to the different geopotential heights and horizontal wind in Figure 3, we can find that, in southwestern North America, the pressure has been increasing in recent years. Additionally, there is generation of a high-pressure center relative to the surrounding area and formation of an anticyclone at 850-hPa level with the strengthening of the prevailing downdraft. Meanwhile, due to the influence of the dry northeast trade winds from the inland, the water vapor flux is reducing, and then the precipitation is decreasing (Figure 4), thus resulting in the decreasing trend in most RS except for the ZFR. This is because a higher ZFR (zero flow ratio) means a smaller runoff, which is contrary to other RS. In contrast, in northern North America, where the prevailing westerlies are the main influence factor, it brings much warm water moisture from the northern Pacific. Compared with other regions, the increasing trend of air pressure is milder, and the vigorous updraft in the vertical structure promotes more water vapor convergence and condensation [39], which leads to the increasing trend in runoff in this region.



In eastern South America, it is mainly controlled by the intensive air pressure at different geopotential heights. Meanwhile, the air is becoming drier and sinks stronger. In addition, the dry west wind is enhanced from South America inland and brings more water vapor flux. However, wet northeasterly winds from the mid-Atlantic are weaker, and the corresponding water vapor flux is also decreasing. The increase of water vapor by the dry westerly wind is not enough to offset the decrease of water vapor by the wet northeast wind, which leads to the decrease of cloud formation and precipitation. As a result, decreasing runoff is observed in those regions. In central and southern South America, the trend change direction is just the opposite. As the region is mainly affected by the strengthening westerly wind from the southeast Pacific Ocean, which brings more warm and humid water vapor from the ocean. Thus, the precipitation is increasing, resulting in an increasing trend in the runoff.



In the whole European continent controlled by temperate climate (Temperate marine climate, Mediterranean climate), atmospheric circulation changes are relatively mild. Except for a slight increasing trend in air pressure, horizontal wind and water vapor flux changes are not particularly significant. However, we can still find out that the polar easterly winds at the 850 hPa level in northern Europe have a slightly enhanced trend, and the corresponding water vapor flux from the Arctic Ocean also shows an increasing trend as well as precipitation. Therefore, it causes an increasing flow in this region. In addition, we also find that the process of atmospheric circulation and the response of RS to it in some catchments of northern Asia is roughly the same as that of northern Europe.



In eastern Oceania, the air pressure at different geopotential heights shows an increasing trend, while the downdraft strengthens and the air becomes drier. At the same time, the humid southeast trade winds from the western Pacific are weakening along with the decrease of water vapor flux and precipitation, resulting in the decreasing trend in runoff in this region. In general, the consistent spatial and temporal patterns between atmospheric circulation variables and the change of RS are detected roughly, indicating that atmospheric circulation changes have a partial impact on the trend of RS [18].




4.3. The Response of Runoff Signatures to TWSA of GRACE Satellite


TWSA is a comprehensive reflection of regional precipitation, runoff, evapotranspiration, and groundwater, and it has already become an important parameter of global water cycle observation [29]. To explain the possible mechanisms of RS changes, we investigate the changing trend of RS from the perspective of the TWSA. We used the common coverage periods of GRACE-based TWSA and RS in the analysis, i.e., 1979–2017. In general, the spatial patterns of trend in TWSA are consistent with that in RS over most regions in North America and eastern South America from 1979 to 2017 (Figure 5 and Figure 6). Specifically, the same SIT between RS and TWSA is found in central and western North America, northern Europe, and central South America. Meanwhile, consistent SDT is observed in southern North America, eastern and southwestern South America. This consistent appearance of positive/negative trends in most RS and TWSA indicates that gradual changes in catchment humidity influenced by a combination of climate and anthropogenic factors are a prerequisite for local extreme runoff potential [16,29]. In the process of the water cycle, if we assume that all the specific conditions in the basin are constant, runoff is generated only from precipitation. However, runoff change is not only affected by the pattern, duration, and location of precipitation, but also by the antecedent soil moisture and hydraulic characteristics of the watershed [40]. Hence, when TWSA is a decreasing trend in the catchment, a certain amount of precipitation will preferentially replenish the reduced water in the soil. Additionally, runoff will show a decreasing trend due to the decrease in the water supply. When TWSA shows an increasing trend, it indicates that the soil moisture is becoming more and more saturated and the precipitation required gradually decreases. In addition, runoff will be an increasing trend due to increased water supply. We assume, of course, that the other variables remain unchanged. Therefore, this provides evidence for the reason why the trend direction of TWSA is consistent with that in RS.



To compare the trends in RS and TWSA in the same spatial resolution, we extracted the TWSA for each catchment, and investigated the trends at the catchment scale (Figure 6). Generally, the RS changes are consistent with TWSA, with more 60% of stations showing consistent trends. It is worth mentioning that the percentage for ZFR is less than 40%. This is because larger ZFR represents less streamflow, which is contrary to other RS. Hence, the trends in all RS are consistent with TWSA in most stations, implying that the impacts of TWSA on streamflow indeed exist and are not random.




4.4. The Influences of Dams on Runoff Signatures


To evaluate the differential impact of dams on positive and negative trends of RS, we applied the Mann–Kendall test combined with resampling to investigate whether the proportion of stations showing an increasing/decreasing RS is significantly based on dataset A1 (dam-affected stations) [34]. The percentage distributions of dam-affected stations with significant trends are shown in Figure 7 and Figure 8. For low flow signatures, i.e., ZFR, Q10, and Q50, the percentage of stations with a SIT are close to that with a SDT. Specifically, the proportions of stations that show a SIT reach 1.55%, 13.98%, and 8.29%, while the percentages of stations with a SDT are 1.04%, 14.50%, and 11.91% for ZFR, Q10, and Q50, respectively. These low flow signatures show that the percentages of stations with a SIT/SDT are field significant and are inconsistent with the no-change null hypothesis. Additionally, this result indicates that the dams seem to have no material effect on the overall trend results of ZFR, Q10, and Q50.



For high flow signature (Q99), the percentages of stations showing SDT are more than two times higher than that showing SIT. The proportion of stations with a SDT and SIT accounts for 8.29% and 3.63%, respectively. Similar results can be found in mean flow signatures (Qm and Qw) and flow dynamic signature (Qstd). Their percentages of stations showing a SDT are approximately twice as much as those showing a SIT. In particular, the percentages of stations showing a SDT reach 10.36%, 10.36%, and 8.30%, respectively, while the percentages of stations with a SIT are 5.18%, 5.69%, and 4.15%. Q99, Qm, Qw, and Qstd all show that the percentages of stations with a SIT are not the field significant and are consistent with the no-change null hypothesis, but the percentages of stations with a SDT are just the opposite. These results indicate that the increasing (decreasing) trend of Q99, Qm, Qw, and Qstd are (are not) caused by random changes, implying that dams have an important influence on reducing floods, mean runoff, and runoff variability.





5. Discussion


Although we collect global hydrological observation data as much as possible (Table 2), the conclusions in regions with fewer data are constrained (e.g., Asia) or muted (e.g., Africa). Consequently, the coverage of observations and the un-homogeneous of spatial distribution are still the limited factors of this study [2]. In fact, it is almost impossible to collect all hydrological stations across the globe with a regular distribution, particularly for some regions without rives and gauging stations. As shown in the new Figure 1, the regions without stations mainly distribute in the arid regions where no river and hydrological stations exist. At present, most studies on global hydrological change are still limited by uneven data distribution, such as Liu et al. [9], Do et al., [28], and Gudmundsson et al. [27]. Due to the diversity of instruments, collection and the limitations of documents, the GSIM dataset, with more than 30,000 stations, cannot guarantee its regular distribution across the world [41].



Over the past decades, the extreme RS in more stations shows a SDT globally, implying that both the flood and hydrological drought is more likely to decrease over the world. Generally, these results are consistent with previous regional research. For example, Hodgkins et al. [42] found that the flood in North America and Europe tends to decrease in more regions; Gudmundsson et al. [6] indicated that the runoff shows a decreasing trend in recent years in most regions of southern Europe. What is more, the change direction (positive and negative) of RS, Q10, Q50, Q99, Qm is usually consistent in the same station, implying that the runoff distribution tends to entirely upward in some regions, while downward in other regions, which agrees with the results of Gudmundsson et al. [27].



Atmospheric circulation has a significant impact on runoff variability, which has been widely verified in different regions, e.g., North America [43], Europe [44], and Australia [45]. Here, we assess the response of RS to atmospheric circulation on a global scale by focusing on precipitation as an intermediate variable. Additionally, our study finds that atmospheric circulation can explain the RS change in most regions. Nevertheless, atmospheric circulation is found to have a limited influence on RS changes in some regions due to the complexity of the hydrological process and its driving factors. The RS change driven by atmospheric circulation indicators such as geopotential height, horizontal wind, and water vapor flux is only a large-scale control factor [17]. However, except for the precipitation changes regulated by atmospheric circulation, the RS changes can be influenced by a series of other driving factors, such as soil moisture and groundwater (associated with TWSA) [46], and human activities (e.g., dams) [40]. Hence, we further investigate the response of RS to TWSA and dams to explore the possible mechanisms of global RS change.



GRACE is, to date, the first and only tool that is capable of global monitoring for TWSA. Besides, the Global Climate Observing System (GCOS) Steering Committee has been committed to treating TWSA as a new Essential Climate Variable (ECV) [30]. In consequence, it is reasonable and meaningful to explore the impacts of TWSA from GRACE on RS. Our results show that the trends in RS are generally consistent with that in TWSA over most regions in North America and eastern South America from 1979 to 2017, implying that the TWSA from the GRACE can largely explain spatial patterns of RS changes. These suggested that TWSA is an important factor affecting RS changes. On the one hand, larger TWSA always represents that more water storage (e.g., underground water and lake water) can recharge the river. On the other hand, the higher antecedent soil moisture accompanying larger TWSA favors a larger flooding and runoff. Additionally, previous studies suggested that the floods tend to decrease in the regions where TWSA and antecedent soil moisture showed decreasing trends [17,18]. Diffenbaugh et al. [47] found that California’s severe TWSA shortage led to the reduction of soil moisture and the worst drought (low RS) on the west coast of the United States in centuries. Louise et al. [29] indicated that the broad shifts of TWSA with the soil moisture decreasing that occurs at the land surface and subsurface (TWSA change) is an important driving factor of flooding (high RS). In the dry soil moisture condition, the increase of precipitation does not have to translate into the increase of streamflow, and the reduced soil moisture and groundwater will reduce RS [14].



In addition, we also investigated the impacts of dams on RS by using the stations with dams in their catchments. Our results show that the percentages of stations showing SDT are almost twice more than that showing SIT for Q99, Qm, Qw, and Qstd. This suggests that dams play an important role in reducing the peak and mean value of streamflow, as well as the streamflow variability. Nonetheless, we also find that dams have limited impacts on the low flow signatures, ZFR, Q10, Q50. From a hydrological point of view, large dams are expected to have an important impact on flood flows; as, in many situations, dams are designed to lessen the floods risks and disasters [48,49].




6. Conclusions


This study, for the first time, assesses the spatiotemporal patterns of RS changes and their possible mechanisms on a global scale based on 10044 stations. Compared with previous studies restricted to regional scale or using only the specific runoff index, our research not only breaks through the regional limitations and eliminates the disturbance of the uncertainty of the simulation data but also introduces a complete set of RS indicators that could reflect the runoff characteristics. Therefore, this investigation provides a comprehensive picture of temporal and spatial characteristics of global RS, with important implications in global water resource management and flood and drought disaster assessment.



The extreme RS, ZFR, and Q99 show a SDT in more stations globally over the past decades, implying that the flood and the drought tend to decrease in more regions. In addition, more stations show a SDT for Qstd, implying that the interannual variability of streamflow tends to be more stable. Generally, the change direction (positive and negative) of most runoff signatures is usually consistent. This indicates that the runoff distribution tends to be entirely upward in some regions, while downward in other regions (consistently drier or wetter).



Through the temporal and spatial variations of geopotential height, horizontal wind, and water vapor flux globally, we reveal the active mechanism of atmospheric circulation on the RS change. Although these atmospheric circulation indicators are only the large-scale controlling factors, the atmospheric circulation can roughly explain the RS change in many regions. Additionally, this suggests that the global atmospheric circulation variation has an important impact on regional RS changes.



The spatial patterns of trends in RS agree well with that in TWSA from GRACE satellites over most regions in North America and eastern South America from 1979 to 2017. This suggests that GRACE satellites productions have great potential in simulation and attribution of hydrological change. In addition, the dams have important impacts on the peak, mean, and variability of runoff. In the dam-impacts stations, our results show that the percentages of stations showing SDT are almost twice more than that showing SIT for Q99, Qm, Qw, and Qstd.
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Figure 1. The spatial distribution of hydrological stations and dams. (a) The blue points indicate the selected the hydrological stations used in this study. (b) The global distribution of the dam is at the bottom. The grey points are the collected 7320 dams in the world, and the yellow points are selected 5182 dams located in the selected catchment boundaries from 1975 to 2017. Brown areas represent the arid regions of the world, and light and dark colors represent the percentage of arid land area. 
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Figure 2. Spatial patterns of trends in eight runoff signatures based on the Mann-Kendall test at the 0.05 significance level (1975–2017). The red (blue) triangle represents a significant increase (decrease). The bar chart shows the percentages of stations with significant trends. 
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Figure 3. Spatial patterns of annual trends in atmospheric circulation. Trends in (a–c) geopotential height and (d–f) horizontal wind at 850 (top), 500 (middle), 300 (bottom) hPa based on the Mann-Kendall test. The red (blue) shades indicate the positive (negative) trends at the 0.05 level. The arrow represents the direction of the horizontal wind and its length represents the magnitude of significance. Blank areas indicate that the trend is not significant. 
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Figure 4. Spatial patterns of annual trends of the water vapor flux during 1975–2017 based on the Mann-Kendall test. The red (blue) shades represent the degree of positive (negative) trends at the 0.05 level. The arrow represents the direction of the water vapor flux and its length represents the magnitude of significance. Blank areas indicate that the trend is not significant. 
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Figure 5. Spatial patterns of trends in eight runoff signatures, (a) ZFR, (b) Q10, (c) Q50, (d) Q99, (e) Qm, (f) Qw, (g) Qs, (h) Qstd based on the Mann–Kendall test at the 0.05 significance level, as well as trends in GRACE liquid water equivalent thickness in cm/year (1979–2017). The red circles indicate increasing trends, the blue represents decreasing trends. The green in the background shows an increasing trend in liquid water equivalent (basin water storage), and the orange shows a decreasing trend. The darker the color, the more obvious the changing trend. 
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Figure 6. (a) Spatial patterns of trends in TWSA based on the Mann–Kendall test at the 0.05 significance level (1979~2017). The red (blue) triangle represents a significant increase (decrease). The bar chart shows the percentages of stations showing significant trends. (b) The percentage of stations with consistent increase/decrease in TWSA and eight RS. Red (blue) indicates the proportion of stations with consistent increase (decrease) in TWSA and RS. 
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Figure 7. The proportion of stations with significant trends for 193 stations in the “dam” dataset on the four runoff signatures, i.e., (a,b) ZFR, (c,d) Q10, (e,f) Q50, (g,h) Q99, based on the Mann–Kendall test. Left panels indicate the results for the proportion of stations showing a significantly increasing trend, while right panels represent results for the proportion of stations showing a significantly decreasing trend. The histogram represents the distribution of proportion obtained from the 2000 moving-blocks field significance resampling procedure. The red dot indicates the observation value while the red line indicates the 95th percentile. 
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Figure 8. The same as Figure 7, but for the four runoff signatures, i.e., (a,b) Qm, (c,d) Qw, (e,f) Qs, (g,h) Qstd. 
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Table 1. Summary of eight runoff signatures in the 10,044 stations.
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Group

	
Signature

	
Definition

	
Unit

	
Median






	
Low flow

	
ZFR

	
Zero flow ratio

	
Unitless

	
0.00




	
Q10

	
Daily flow at the 10th percentile

	
m3/s

	
1.32




	
Q50

	
Daily flow at the 50th percentile

	
m3/s

	
3.91




	
High flow

	
Q99

	
Daily flow at the 99th percentile

	
m3/s

	
49.48




	
Mean flow

	
Qm

	
Mean daily flow

	
m3/s

	
7.77




	
Qw

	
Mean daily flow during winter (Dec.–Jan.–Feb.)

	
m3/s

	
5.77




	
Qs

	
Mean daily flow during summer (Jun.–Jul.–Aug.)

	
m3/s

	
7.84




	
Flow dynamics

	
Qstd

	
Standard deviation of daily streamflow

	
m3/s

	
10.48
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Table 2. Summary of station observations’ sources.
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	Number
	Source
	Website or Reference





	9180 stations
	National Water Information System of the US; GAGES-II database
	https://waterdata.usgs.gov/nwis; Falcone et al., 2010 (accessed on 4 August 2021)



	4628 stations
	Global Runoff Data Centre
	http://grdc.bafg.de (accessed on 4 August 2021)



	3029 stations
	HidroWeb portal of the Brazilian Agência Nacional de Águas
	http://www.snirh.gov.br/hidroweb (accessed on 4 August 2021)



	2260 stations
	EURO-FRIEND-Water
	http://ne-friend.bafg.de (accessed on 4 August 2021)



	1479 stations
	Canada National Water Data Archive
	https://www.canada.ca/en/environment-climate-change (accessed on 4 August 2021)



	776 stations
	Commonwealth Scientific and Industrial Research Organization (CSIRO); Australian Bureau of Meteorology
	http://www.bom.gov.au/waterdata;Zhang et al., 2013 (accessed on 4 August 2021)



	531 stations
	Chilean Center for Climate and Resilience Research; CAMELS-CL
	http://www.cr2.cl/recursos-y-publicaciones/bases-de-datos/datos-de-caudales; Alvarez-Garreton et.al., 2018 (accessed on 4 August 2021)
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