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Study region: Northeast China
Study focus: Northeast China is one of the largest agricultural regions in the world and a strate
gically important granary for China. Information on hydrological extremes is crucially important
for water management. Yet, comprehensive studies on hydrological extremes, both extreme flood
and drought events, based on hydrological gauge comprehensive and large coverage observations
are still lacking in Northeast China. This study investigated observed hydrological extremes with
124 hydrological gauges in the region ranging from the 1950s to present for the first time.
New hydrological insights for the region: We find that flood extremes, mean discharge and stan
dardized discharge are decreasing in over 80% of the gauges, and no gauges show significantly
increasing flood extremes. The findings suggest that sustainable water management strategies
should be employed to meet increasing water demand for long-term development. In addition, we
find that flood peak discharge and flood volume are significantly correlated in all the gauges,
motivating flood risk studies considering multiple flood variables together. Further, we quantify
probability changes of severe and extreme hydrological droughts, and find that the probability of
drought events is decreasing in most of the gauges, suggesting that the number of drought events
is reducing.
Data availability: Discharge data are from the hydrology bureau, and can be found by contacting
Songliao River Water Resources Commission, Ministry of Water Resources, the People’s Republic
of China (http://www.mwr.gov.cn/english/).

1. Introduction
Northeast China is one of the most important agricultural areas in the world, and the Northeast China plain is the largest plain in
China (Piao et al., 2010; Ray et al., 2015; Deng et al., 2019; Rojas et al., 2019; Rosa et al., 2020). Due to socioeconomic development
and intensification of agricultural production in the region, the demand for water resources is increasing rapidly. Northeast China is
also a region frequently suffered from extreme floods. A large number of hydraulic infrastructures have been built in Northeast China.
These infrastructures can prevent flooding in the rainy season and ameliorate water shortage in the dry season, which have
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Fig. 1. Study region and data information. a: the study region and locations of large river basins in Northeast China; b and c: the length of discharge
data time series in years; d and e: start and end years; f: digital elevation model (DEM) distribution. There are 101 hydrological gauges for the daily
scale data, and 124 hydrological gauges for the monthly scale data.

complicated variations of hydrological extremes (Wang et al., 2015; Sharma et al., 2018). Investigations of spatial and temporal
changes of hydrological extremes in the entire Northeast China are important for water management to sustain long term development
of socioeconomics and agriculture production (Piao et al., 2010; Asseng et al., 2015; Ray et al., 2015; Anderson et al., 2019; Rojas et al.,
2019). Discharge can reflect the overall influence of various factors in a river basin, and is directly related to hydrological extremes
(Zaitchik et al., 2010; Qi et al., 2020). Therefore, hydrological extreme analysis using hydrological gauge observation is informative
and comprehensive. Yet, comprehensive studies on hydrological extremes, both extreme flood and drought events, based on hydro
logical gauge comprehensive and large coverage observations are still lacking in Northeast China.
Currently, only four hydrological gauges located in Northeast China are included in the Global Runoff Data Centre (GRDC) (https://
www.bafg.de/GRDC/EN/Home/homepage_node.html). The limited hydrological gauge data are the main challenge for hydrological
extreme studies in the region. Therefore, global studies based on the GRDC data and/or other global discharge databases may not be
representative to Northeast China (e.g., Do et al. (2017); Gudmundsson et al. (2018); Gudmundsson et al. (2019); Ghiggi et al. (2019);
Crochemore et al. (2019); Lin et al. (2019)). Regional studies about Northeast China have used only several hydrological gauge ob
servations, and/or only cover a small fraction of the entire Northeast China region. For example, Zhang et al. (2015) used seven
hydrological gauge data to study changes of water resources in seven river basins (only about 7.8% of the total area of Northeast
China); Wang et al. (2015) studied discharge changes and drivers of the changes using three hydrological gauge data in the Songhua
River in the Northeast China; Qi (2017) and Qi and Liu (2018) studied trends of extreme flood peak discharge and flood volume using
two hydrological gauge data in Northeast China.
There are many studies that have investigated hydrological extremes based on precipitation extremes. However, floods may not be
proportionally increasing even precipitation is increasing (Sharma et al., 2018). Therefore, studies based on precipitation extremes
cannot be directly linked to changes in discharge extremes, which underpins the need to investigate hydrological extremes based on
rich hydrological gauge observations. Recently, Yang et al. (2020) studied extreme flood peak changes caused by snow and rainfall in
eastern monsoon area of China, including 59 hydrological gauges in Northeast China; Yang et al. (2019) investigated flood peak
distribution in China using hydrological gauge data in entire China, including more than one hundred gauges in Northeast China.
Although these studies used relatively large numbers of hydrological gauge data, they did not investigate other hydrological extremes,
such as hydrological drought, flood volume, and dependence between flood peak discharge and flood volume. It is necessary to
investigate the correlation between flood peak discharge and flood volume, because a full hydrography (characterising with flood peak
discharge and flood volume) is commonly considered in hydraulic infrastructure designs. If the correlation is ignored when it should be
considered, estimated deign flood could be overestimated or underestimated (Callau Poduje et al., 2014; Salvadori et al., 2015; Sal
vadori et al., 2016).
The overall objective of this study is to analyse observed hydrological extremes from 124 hydrological gauges in Northeast China.
For extreme flood, three aspects were studied: i) spatial and temporal trends of annual maximum flood peak discharge and flood
volume, ii) dependence between flood peak discharge and flood volume, and iii) probability distribution of extreme floods. For hy
drological drought, trends of mean discharge and standardized discharge, and probability of severe and extreme droughts were
investigated. Both flood and drought can impede socioeconomic development, and therefore they were studied together in this
research. This study is unique in that, for the first time, it investigates various aspects of observed hydrological extremes including both
flood and drought based on data of more than one hundred hydrological gauges in Northeast China.
2. Study region and datasets
Northeast China has an area of about 1.22 million km2, and is a main agriculture region for maize, soybean, wheat and rice
production in China. Two large river basins, i.e. the Songhua River (0.55 million km2) and Liao River (0.22 million km2), are located in
its northern and southern parts (show in Fig. 1a). The Songhua River is the largest tributary of the Heilongjiang (Amur) River and
located in the middle reach of the Heilongjiang River which is the tenth longest river in the world. The Heilongjiang River forms the
border between Northeast China and Russia. Fig. 1b and 1c shows the distribution of hydrological gauges and the length of hydro
logical data time series. The 124 hydrological gauges used in this study record monthly scale data. Of which 101 record the daily scale
data. 98% of the daily scale hydrological gauge data have at least 30 years of discharge data, and this number is 98.4% for monthly
scale data. It is acceptable to use such data to do extreme hydrological event analysis (Seidou et al., 2006). Fig. 1d and 1e show the start
year and end year of the datasets. The datasets cover a time period from 1951 to 2016 with a maximum length of 63 years. Most of the
records start between 1951 and 1958 (Fig. 1d), and end after 2000 (Fig. 1e). There are only eight gauges with data that end before
2000, accounting for 6% of the total number of hydrological gauges. More information on the data can be found in the Supplementary
Information.
3. Methodology
Trends were represented using slope values of linear regressions. Negative slopes meant decreasing trends, and positive slopes
meant increasing trends. The nonparametric Mann-Kendall approach was used to analyse the significance of the trend at a significance
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level of 0.05 (Mann, 1945; Kendall, 1975). In addition to the annual maximum flood peak discharge, 3-day, 7-day and 15-day annual
maximum flood volume were also selected to characterise floods because many hydraulic infrastructures were designed on the basis of
them. The flood volume was calculated as the total discharge volume within 3, 7 and 15 days, and then the annual maximum flood
volume was selected based on the 3-, 7- and 15-day flood volume within each calendar year. The dependence between flood peaks and
flood volumes was represented by correlation coefficient, which was calculated as the Kendall’s tau (Kendall, 1975). The dependence
was estimated based on each 30-year moving time window (Hansen et al., 2012; Fischer et al., 2013). Then the trend of dependence
was computed based on a time series of the dependence. We used gauges with at least 40 years of data (Seidou et al., 2006). There are
78 gauges with over 40 years of discharge data. Similarly, this method was also used in analysing the changing trends of severe and
extreme drought probability under 3-month, 6-month, 9-month and 12-month accumulation periods.
In investigation of the probability distributions of extreme flood time series, the L-Moments method has been recognized as an
efficient approach (Vogel et al., 1993; Onoz and Bayazit, 1995; Di Baldassarre et al., 2006; Xu et al., 2009; Qi et al., 2016). Many
probability distributions can be characterized based on skewness and kurtosis (Hosking, 1986; Hosking, 1990; Hosking, 2005).
L-Moment plots show the skewness and kurtosis of different probability distributions and sample data. The closer the skewness and
kurtosis values of a sample time series to a probability distribution, the more likely this sample time series follows this probability
distribution. The L-Moment method depends on visual inspections to find an appropriate probability distribution. If the skewness and
kurtosis values of a sample time series are located on the L-Moment plot of a probability distribution, the sample time series would
follow the probability distribution. In this study, the L-Moments method was used to analyze the probability distribution of extreme
flood peak distribution.
We used the Standardized Runoff Index (SRI) to characteristic hydrological drought using standardized discharge. In this study, the
non-parametric SRI was used (Farahmand and AghaKouchak, 2015). Therefore, the estimated hydrological drought severity was not
influenced by any parameters changing with time (Shukla and Wood, 2008; Hao et al., 2014; Farahmand and AghaKouchak, 2015). To
calculate SRI, first, empirical probability of discharge was calculated based on empirical Gringorten plotting position as follows
p(xi ) =

i − 0.44
n + 0.12

(1)

where n is the sample size; i is the rank of discharge data from the smallest; x represents discharge; p represents corresponding
empirical probability; second, SRI was calculated using the following equation
(2)

SRI = f − 1 (p)

where f represents the standard normal distribution function. The comparison of drought severity in different time was facilitated by
the transformation of normal distribution. SRI in 3-month and 6-month can capture drought variations of short duration, and 9-month
and 12-month SRI can capture drought variations of long duration. The four accumulation time periods are commonly used in drought
studies (Shukla and Wood, 2008; Hao et al., 2014; Farahmand and AghaKouchak, 2015). In this study, severe drought referred to the
situations that − 1.59 < = SRI <− 1.29, and extreme drought referred to the situations that SRI <− 1.59 (Hao et al., 2014; Farahmand
and AghaKouchak, 2015).
4. Results and discussion
4.1. Trends of extreme floods
Fig. 2 shows slopes of linear trends of flood peak discharge, 3-day, 7-day and 15-day flood volumes. In terms of flood peak
discharge, 81.19% of the gauges show decreasing trend, and such decreasing trends are statistically significant in 33.66% of the gauges
(mainly located in the southern regions). In contrast, only 18.81% of the gauges show non-significant increasing trend (most of them
are located in the Songhua River Basin) and no gauges show significant increasing trends. Similarly, about 80% of the gauges show
decreasing trends in terms of 3-day, 7-day and 15-day flood volumes, and most of the significant decreasing trends are found in the
southern parts of Northeast China.
Considering that at least one third (32.67% as shown in Fig. 2c) of the observed flood extremes show significant decreasing trends,
using non-stationary extreme flood estimation approaches could be more appropriate. There are two steps to do this. First, the pa
rameters of probability distribution functions are estimated using moving time windows; second, a function is estimated to represent
the relationship between time and the parameters (Cheng and AghaKouchak, 2014; Qi, 2017; Qi and Liu, 2018). Gudmundsson et al.
(2019) found increasing trends in annual maximum flood peak discharge in East Asia, which is different from our results. This dif
ference may be because the study by Gudmundsson et al. (2019) used global discharge datasets that do not include hydrological gauges
from Northeast China, and because most of gauges in East Asia they used were from Japan. This difference implies that our study can be
an important complement to the global studies based on incomplete global hydrological gauge databases.
4.2. Dependence of flood variables
Fig. 3 shows dependence between flood peak discharge and flood volume. In terms of the dependence between flood peak discharge
and 3-day flood volume, all the gauges show the flood peak discharge and 3-day flood volume are significantly correlated. Similar
correlations are also found between flood peak discharge and 7-day and 15-day flood volumes. Fig. 4 shows linear trends of the
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dependence between flood peak discharge and volume. In terms of flood peak and 3-day flood volume, 55.1% of the gauges show the
dependence is increasing. In terms of flood peak and 7-day flood volume, 53.9% show the dependence is increasing. For flood peak and
15-day flood volume, the percentage is 53.8%. Overall, over 53% of the gauges show the dependence is increasing.
4.3. Probability distribution of extreme floods
Fig. 5 shows L-moment plots of observed extreme flood data with colours of the dots indicating the length of the time series. Ten
commonly used probability distributions are shown in the plots, i.e., Generalized logistic, Generalized extreme-value, Generalized
pareto, three parameter Lognormal (3P), Pearson type III, Uniform, two parameter Exponential (2P), Gumbel, Logistic and Normal.
In terms of flood peak discharge, the skewness and kurtosis values of some extreme flood data are close to Generalized Pareto and
Lognormal (3P), or located in the regions between the curves of Generalized Pareto and Pearson type III (Group 1 in Fig. 5a). Most of
the data in Group 2 have skewness and kurtosis values that are close to Pearson type III, and the data in Group 3 are close to
Generalized Pareto probability distribution. Although the three groups are separated by our visual inspections, the L-moments plots
clearly show that the officially recommended Pearson type III probability distribution in China may not be the best one for extreme
flood analysis in the entire region studied. Similarly, the results of 3-day, 7-day and 15-day flood volumes also show Pearson type III
probability distribution may not be the best one. Although the Generalized Pareto may be the best probability distribution for some
hydrological gauges, it is not appropriate for some other hydrological gauges.
4.4. Trends of mean discharge and hydrological drought index
Fig. 6 shows trends of annual mean discharge (a) and SRI (b, c, d, e). Mean discharge is decreasing in 88.71% (41.13%+47.58%) of
the gauges. Of which 47.58% are significantly decreasing. Most of the gauges in southern parts of the study region are significantly
drying (as shown in Region A). Most of the gauges in the Nenjiang shows non-significant drying trends (as shown in Region B).
Similarly, most of the gauges in the upper part of the Second Songhua River also show non-significant drying trends (as shown in the
Region C). As for 3-month SRI, 71.77% of the gauges show significant drying trends, and 16.13% of the gauges show non-significant
drying trends. In total, 87.90% (71.77%+16.13%) of the gauges show drying 3-month SRI. Similarly, in terms of 6-month, 9-month
and 12-month SRI, at least 91.94% (84.68%+7.26% shown in Fig. 6e) of the gauges show drying SRI, and at least 79.03% (Fig. 6c) of
the gauges show significant drying SRI. Overall, at least 87.90% of the gauges show drying trends, and at least 47.58% show significant
drying trends in terms of mean discharge, 3-month, 6-month, 9-month and 12-month SRI.
The Songhua River is the largest tributary of the Heilongjiang River. We find that the discharge in the Songhua River is decreasing
generally, which could be the combined effects of climate change and human activity influence (Wang et al., 2015). The studies by

Fig. 2. Slopes and significance of the linear trends of flood peak, 3-day, 7-day and 15-day flood volumes. Sig = Significant.
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Alkama et al. (2011) and Gedney et al. (2014) suggest that the observed discharge is increasing based on hydrological gauge data in the
downstream of the Heilongjiang River. On the one hand, this difference may be because the time period studied is different. On the
other hand, the difference may be due to the location of the Songhua River Basin which is in the middle reach of the Heilongjiang River
Basin. Compared to the studies by Alkama et al. (2011) and Gedney et al. (2014), we studied the much larger tributary of the Hei
longjiang River Basin based on hundreds of hydrological gauge data, and our results show a reversing changing trend. Therefore, our
study advances the knowledge on discharge trends in the region studied, and provides new information on the hydrological changes in
the Heilongjiang (Amur) River Basin.
4.5. Trend of hydrological drought probability
Fig. 7 shows trends of severe and extreme drought probability under 3-month, 6-month, 9-month and 12-month accumulation
periods. More hydrological gauges show decreasing trends than increasing trends, i.e., more gauges show the number of drought
events is reducing. The percentage is at least 52.8% for severe drought (Fig. 7c), and at least 51.9% for extreme drought (Fig. 7f).
Currently, there is no agricultural drought insurance in Northeast China. Because discharge is a comprehensive indicator for water
resources availability for agriculture production, the spatial distribution of the trends of hydrological drought probability can provide
useful information for developing drought insurance policies in this region in the future.
4.6. Discussion
In hydraulic infrastructure design, extreme flood peak discharge and volume are commonly considered together. There are two
methods to estimate design flood peak discharge and flood volume. The first one is using traditional flood frequency analysis approach,
i.e., either flood peak discharge or flood volume is fitted to a probability distribution (Merz and Blöschl, 2008; Qi et al., 2016).
Specifically, in China, annual maximum flood peak discharge and flood volume are fitted to the Pearson type III probability distri
bution individually, and then the fitted distributions are used to estimate a design flood value with a return period of interest. The
second one is considering the correlation between flood peak discharge and flood volume, i.e., multi-variable designs (Salvadori et al.,
2016; Vahedifard et al., 2017; Qi and Liu, 2018; Jiang et al., 2019). Copula functions are commonly used to represent the correlation
(Salvadori et al., 2011; Salvadori et al., 2016). According to the China’s Regulation for calculating design flood of water resources and

Fig. 3. Dependence between flood peak discharge and flood volume. Dependence is represented by correlation coefficient.
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Fig. 4. Linear trends of the dependence between flood peak discharge and volume.

hydropower projects (2006), the Pearson type III distribution is officially recommended and non-stationarity is not considered. The
regulation does not include specific information on mutil-variable design flood estimation considering the correlation between flood
variables. Differently, the results in our study suggest that multi-variable probability distributions should be used to estimate design
hydrograph when multiple design flood variables are of interest, given that all the gauges show flood peak discharge and flood volume
are significantly dependent. In addition, the results also suggest that non-stationary multi-variable probability distributions should be
used in design flood variable estimation, given that the correlation changes in many gauges. Currently, there is no official regulation
about the use of copula functions in hydraulic infrastructure design, which is the main challenge to apply the multi-variable approach,
motivating more studies combining hydrological extreme studies with policy making.
Many frequency distribution models have been proposed in the past, e.g. the Gamma distribution, the Weibull distribution, the
Generalized Pareto distribution and the Gumbel distribution. In several countries, national standardization of probability distribution
is enforced in deign flood estimation for hydraulic infrastructure design. In the USA, the Log-Pearson III distribution is the official
model since 1967. In the UK, the Generalized Logistic distribution has been endorsed as the official distribution. In China, the Pearson
type III distribution was officially selected since several decades ago. The standardized use of a single model can be interesting from the
administrative point of view. However, extreme flood data were not enough to clarify the theoretical basis due to limited number of
hydrological gauges and limited length of observed discharge data at that time. In this study, we used hundreds of gauge observed
flood data to test the fitness of the Pearson type III distribution in Northeast China following the non-stationarity method in the China’s
Regulation for calculating design flood of water resources and hydropower projects (2006). The results show that the Pearson type III
distribution is not the best probability distribution in many gauges. This phenomenon may be caused by the complex mechanism of
floods. There are many factors that can influence floods, such as snow melt, storm, land use management, and human activities (Qi and
Liu, 2019; Yang et al., 2020). The result highlights that there may be a need to shift the standardized use of a single model to the
‘non-rejectable’ idea (Qi et al., 2016). The ‘non-rejectable’ idea recognizes that the best probability distribution may not exist because
of imprecise, incomplete and/or imperfect information (term as epistemic uncertainty) (Fu et al., 2011; Fu and Kapelan, 2011). When
considering the epistemic uncertainty, probability distribution that cannot be rejected should be used.
Fig. 6 reveals the changes of hydrological drought severity, and Fig. 7 shows the number variations of hydrological drought events.
Given the results of Figs. 6 and 7, the results suggest that the number of drought events is decreasing, but the severity of drought events
is intensifying in most of the gauges, i.e., less drought events but more severe. One common holding belief is that drought would
become more frequent and severe under climate change (Spinoni et al., 2018). Our finding is different from this belief. The result may
7
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Fig. 5. L-moment plots of observed extreme flood data in Northeast China. Different colours of the filled dots indicate length of the time series.

be the combined effects of climate change and human activities. The changing trends of hydrological drought severity are generally
consistent with climate change, and human water use may also contribute to the changes (Gudmundsson et al., 2021). In the past
decades, hundreds of reservoirs have been built in Northeast China. According to the water resources report of Songliao River Water
Resources Commission, Ministry of Water Resources, the People’s Republic of China (www.mwr.gov.cn/english/), the numbers of
large and moderate reservoirs are 38 and 179 in 1988, 72 and 271 in 2008, 81 and 298 in 2015, 86 and 310 in 2017; the number of
small reservoirs is 2019 in 1988, and the number is not available for other years but would increase with time. One of the primary aims
of the reservoirs is to ameliorate hydrological drought events. The increasing reservoirs may lead to the decreasing number of severe
and extreme drought events, motivating more reservoir constructions to fight against hydrological droughts and then putting into
question the largest potential of water resources management to ameliorate hydrological droughts under climate change. The effects of
reservoir amelioration on drought can only be captured by discharge, and meteorological drought indexes cannot reflect the effects.
Therefore, meteorological drought studies would be misleading in regions with strong human activities influence. This is not unique to
Northeast China and likely to be widespread elsewhere on the globe, highlighting the importance of drought change studies based on
comprehensive and large coverage hydrological gauge data.
We have presented three new findings in this study compared to previous studies in the region. First, we find that flood peak
discharge, flood volume, mean discharge and standardized discharge are decreasing in most of the observations (about 80%). This
finding is complementary to the study by Gudmundsson et al. (2021), in which 7250 hydrological gauges were used to study changes of
hydrological extremes on the globe but no gauges are from Northeast China. Second, we find that correlation between flood peak
discharge and flood volume is increasing in most of the gauges used (over 53%). This result suggests that the flood risk regime is
changing, and no similar results have been reported before in the region. Third, we find that the severity of hydrological drought events
is intensifying, but the number of hydrological drought events is decreasing in most of the gauges (over 51%). Although the study by
Gudmundsson et al. (2021) found that hydrological drought severity is intensifying, they did not investigate changes of drought
probability. Similar results have not been reported before in the region.
Both climate changes and human activity could influence changes of extreme floods and droughts. Currently, a compressive
database containing the dam construction time, operational rules, design details and location information is lacking in Northeast
8
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Fig. 6. Linear trends of annual mean discharge (a) and SRI (b, c, d, e). SRI = Standardized Runoff Index; Sig = Significant. ‘Region A’ refers to the
Liao River Basin. ‘Region B’ refers to the Nenjiang Basin. ‘Region C’ refers to the Second Songhua River Basin.

China. The dam operational rules could also be changed with time because dams are commonly designed with multiple working tasks,
such as flood control, hydropower production and water supply. The dam operational rules are commonly optimized to gain the
maximum profile, which further complicates the dam influence on extreme floods and droughts. Detailed information on the spatial
and temporal changes of the operational rules is lacking. These difficulties prevent us from a more detailed analysis on the changes in
floods and droughts induced by climate change and human activity. The dam issue is challenging not only for us but also for all of other
studies in the region at the moment. Future studies are encouraged when the detailed information is available.
In this study, we used hydrological gauge data with at least 27 years of observations. A recent study used hydrological gauge data
with at least 28 years of observations ranging from 1971 to 2010 (Gudmundsson et al., 2021). The data used by Gudmundsson et al.
(2021) cover different periods. The method used in this study is similar to the study by Gudmundsson et al. (2021). As suggested by
Gudmundsson et al. (2021), the different periods would have minor influence on the overall results. The study by Gudmundsson et al.
(2021) used an 80 gauge threshold to represent regional/continental situations of hydrological extreme changes. In this study, we used
78 gauges, which is similar to the methodology used by Gudmundsson et al. (2021).
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Fig. 7. Linear trends of severe and extreme drought probability under 3-month, 6-month, 9-month and 12-month accumulation periods.
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5. Conclusions
We studied several aspects of observed hydrological extremes, including both flood and drought events, based on hydrological
gauge comprehensive and large coverage observations in Northeast China for the first time. This study represents a significant progress
in hydrological extreme studies in the region, and provides information that the previous studies cannot present. Following main
conclusions are presented on the basis of this study.
First, flood peak discharge, flood volume, mean discharge and standardized discharge are decreasing in most of the hydrological
gauges (about 80%).
Second, all the gauges show flood peak discharge and flood volume are significantly correlated, and the correlation is increasing in
most of the gauges used (over 53%).
Third, the severity of hydrological drought events is intensifying in most of the gauges (over 87%), but the number of hydrological
drought events is decreasing in most of the gauges (over 51%): less drought events but more severe.
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