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Abstract 13 

The lowest navigable water level (LNWL) is an important indicator used for navigation 14 

design to balance the relationship between navigation safety and economic benefits of a 15 

waterway. However, it is a challenge of accurately estimating LNWLs due to the 16 

nonstationary characteristics of observed water level data series. In this study, a 17 

comprehensive framework was developed for handling this issue. In this framework, inter-18 

annual variabilities in both the mean and variance of water level series were described by 19 

decomposing original series and were eliminated by composing new series. Intra-annual 20 

variability was determined by detecting indicators describing intra-annual water level 21 
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distributions. Considerations of inter- and intra-annual variabilities were combined by 22 

designing annual water level processes for the past and current environments. Shipping risks 23 

during both annual and multi-annual periods were considered in the framework as well. The 24 

framework was demonstrated in estimating LNWLs at the Gaodao and Shijiao stations in the 25 

North River basin, southern China. The recommended LNWLs at the Gaodao station were 26 

22.32 m for 95% guaranteed rate and 21.84 m for 98% guaranteed rate; LNWLs at the Shijiao 27 

station were 0.27 m for 95% guaranteed rate and 0.15 m for 98% guaranteed rate. The impact 28 

of variance variability on estimations of LNWLs was also evaluated. Results indicated that 29 

the recommended LNWLs would have errors of 0.11~0.48 m at the Gaodao station and 30 

0.03~0.04 m at the Shijiao station if the variance variability was not considered. The proposed 31 

framework was then compared with nonstationary synthetic duration curve (NSDC) method, 32 

and results illustrated that the duration curves plotted by NSDC method were unreasonable, 33 

leading to inaccurate design values. Overall, the developed framework is more reasonable 34 

and suitable for designing LNWLs of waterways where the variabilities of the water levels 35 

at different time scales are different or where the historical water level data contain various 36 

variations. 37 

Keywords: lowest navigable water level; water level processes; nonstationary hydrological 38 

design; intra-annual variability; inter-annual variability; variance variability 39 
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1. Introduction 42 

Inland waterways play an important role in the global transportation system, providing 43 

economic benefits with low-cost and environmentally friendly freight transportation modes 44 

(Oztanriseven and Nachtmann, 2017; Willems et al., 2018). However, inland waterways are 45 

vulnerable to climate variability (Jonkeren et al., 2011; Christodoulou et al., 2020) and human 46 

activities (e.g., dam operation and waterway modification) (Valle and Kaplan, 2019) as 47 

waterway capacities largely depend on the water levels of rivers (Wang et al., 2020). For 48 

example, in the dry period waterways are adversely affected by the resultant lowered water 49 

levels (Linde et al., 2017). Since the navigation safety is threatened in such situation, the load 50 

amounts must be restricted or shipping must be interrupted to wait for the water levels to rise 51 

again (Jonkeren et al., 2014), leading to increases in transport costs and decreases in shipping 52 

efficiency. 53 

To guarantee efficient inland navigation, concepts related to navigable depth/water level 54 

are adopted with which to define safe and effective channel bottom criteria. Among them, the 55 

lowest navigable water level (LNWL) has been used as an important navigation standard for 56 

inland waterways (Zhao et al., 2018; Yang et al., 2019), especially in China. However, the 57 

design of LNWLs requires long-term water level series, which usually show characteristics 58 

of nonstationarity under changing environments (Milly et al., 2008). These nonstationary 59 

characteristics appear not only in water levels at different timescales (e.g., annual, seasonal, 60 

dry or wet period, month, and day) but also in intra-annual distributions of water levels (Shiau 61 

and Wu, 2007; He et al., 2019; Yao et al., 2020). Under this circumstance, the LNWLs 62 
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designed in the past or based on stationary assumptions may be unreasonable. An 63 

overestimated LNWL can reduce economic benefits, as the potential of the waterway 64 

capacity is not fully exploited. If the LNWL is underestimated, the risks of ship grounding 65 

and the costs of dredging (Kling et al., 2003) will increase. Therefore, methods for designing 66 

reasonable LNWLs under conditions of nonstationarity are required.  67 

Presently, many approaches for nonstationary hydrological frequency analysis have 68 

been proposed, and they include two main types: direct estimation approaches using 69 

nonstationary probabilistic models, and indirect estimation approaches with reconstructions 70 

of original series (Liang et al., 2017; Zhao et al., 2018; Feng et al., 2020). Among them, 71 

mixed distribution models (e.g., Singh and Sinclair, 1972; Waylen and Woo, 1982; Yan et al., 72 

2016), time-varying moments models (e.g., Strupczewski et al., 2001a, 2001b; Strupczewski 73 

and Kaczmarek, 2001; Villarini et al., 2009; Cannon, 2009; Vogel et al., 2011; Jiang et al., 74 

2015; Liu et al., 2014; Ahn and Palmer, 2016; Li et al., 2019), and conditional probability 75 

distribution models (e.g., Singh et al., 2005) are typical models in the first type, and these 76 

models have been widely used and improved. However, previous studies (e.g., Montanari 77 

and Koutsoyiannis, 2014; Milly et al., 2015; Zheng et al., 2018; Jiang et al., 2019) have 78 

pointed out that these models may have too many parameters to estimate, resulting in 79 

estimation errors and uncertainties (especially when input data series are short). Additionally, 80 

the return periods and risk estimates for nonstationary conditions are different from those 81 

corresponding to stationary conditions, and the design values can thus be uncertain for a 82 

given exceedance probability (Salas and Obeysekera, 2014; Rosner et al., 2014; Jiang et al., 83 
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2015; Sarhadi et al., 2016). Although some risk-based nonstationary design strategies such 84 

as “expected waiting time” (Salas and Obeysekera, 2014), “design life level” (Rootzen and 85 

Katz, 2013) and “equivalent reliability” (Hu et al., 2018) have been proposed for estimation, 86 

the reliability of the final design values may need further improvement by considering 87 

uncertainties. 88 

The second type of approaches requires reconstructing the historical series to meet the 89 

requirement of “stationarity”. These approaches assume that a nonstationary time series is 90 

composed of nonstationary deterministic parts (Maidment, 1993) and a stationary stochastic 91 

part (Yevjevich, 1972; Guttman and Plantico, 1989; Milly et al., 2015; Stojković et al., 2017). 92 

Therefore, in these methods, the original series is first decomposed into different parts and 93 

then a new same-length stationary series is composed for estimations. For example, Gau et 94 

al. (2007) decomposed groundwater level series into three components by the additive model 95 

performed by STATISTICA (Statsoft Inc., 2003). Wavelet analysis is also used to decompose 96 

and reconstruct hydrological series by wavelet transform (Wang et al., 2015). Hu et al. (2015) 97 

proposed the concept of expected vibration center (EVC), separated the original series by a 98 

novel optimal segmentation technique, and used the EVC to reconstruct the original 99 

hydrological series. Gado and Nguyen (2016a, 2016b) removed trends in both the mean and 100 

standard deviation from the original series to obtain transformed “stationary” time series for 101 

subsequent calculations. Liang et al. (2017) proposed a modified reservoir index (MRI(t)) 102 

and reconstructed annual maximum flow series by multiplying the scalar factor 1/(1− MRI(t)). 103 

Ren et al. (2018) used seasonal-trend decomposition based on loess (STL) (Cleveland et al., 104 
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1990) to decompose the components of monthly streamflow series and then recombined them. 105 

Zhao et al. (2018) used several methods to detect abrupt changes, trends and periodicities in 106 

observed series, and then used an additive model to compose a new series with a time-107 

invariant mean.  108 

Compared to the first type, the second type of approaches has relatively fewer 109 

parameters for estimations. Another theoretical advantage is that identifying deterministic 110 

components of historical series allows for a better interpretation of the temporal variability 111 

present in the series and the physical causes of the nonstationarity. However, this type of 112 

approaches mainly concerns the variability in the mean, but lacks deep considerations of 113 

abrupt changes, trends and periodicities in the variance and high-order moments. Overall, 114 

both types of approaches have not been widely used to analyze nonstationary water levels, 115 

let alone to design LNWLs with nonstationary characteristics. 116 

The nonstationary synthetic duration curve (NSDC) method has been proposed for 117 

designing LNWLs (Zhao et al., 2018), which belongs to the second type described above. 118 

However, this method has some limitations. First, it only detects and deals with the inter-119 

annual variability in annual average water level series. However, water levels at different 120 

timescales during the year may respond differently to the changing environment (López-121 

Moreno et al., 2013; Palleiro et al., 2014), and therefore variabilities in low water levels can 122 

be exaggerated or overlooked during the design, leading to unreasonable LNWL estimations. 123 

Besides, the navigable guaranteed rate used in the NSDC method only reflects the daily 124 

average navigable probability during the multi-year period, lacking the consideration of 125 
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annual shipping risks. Furthermore, some studies (e.g., Tu et al., 2015; Ren et al. 2018; Cui 126 

et al., 2020) have evaluated indicators reflecting the characteristics of intra-annual flow 127 

regime alterations such as the complete accommodation coefficient (Cc), concentration 128 

degree (Cd) and non-uniformity coefficient (Cn), and have pointed out the existence of intra-129 

annual variability in streamflow. Whereas the variability in distributions of intra-annual water 130 

levels was not considered in the NSDC method either, leading to inappropriate duration 131 

curves and unreasonable estimations of LNWLs. Therefore, how to handle the intra-annual 132 

variability of water level and how to combine the considerations of inter- and intra-annual 133 

variabilities in the design process require further study. 134 

The objective of this paper is, therefore, to build a more comprehensive framework for 135 

designing the LNWL. This framework consists of the following improvements to the NSDC 136 

method. First, considering the advantages of the second type of approaches listed above, the 137 

idea of decomposition and composition is also employed in this study, and the deficiency of 138 

only handling mean variations in most previous studies is overcome. Thus, reconstructed 139 

series with time-invariant means and variances can be obtained for subsequent design. 140 

Second, the variabilities in annual water level process, including variabilities in low water 141 

levels and intra-annual water level distributions, are considered together. By considering 142 

these variations, the impact of nonstationarity on the estimations of LNWLs can be 143 

minimized. Another advantage of this framework is that it considers not only the annual 144 

shipping risks occurring in the multi-year duration (expressed by the “exceedance 145 

probability”), but also the guaranteed navigable days at annual scales (expressed by the 146 
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“annual navigable guaranteed rate”). The application of the framework is demonstrated in 147 

estimating the LNWLs at Gaodao and Shijiao hydrological stations located in the North River 148 

Basin, southern China. The daily water level data used from 1955 to 2016 at Gaodao station 149 

and from 1952 to 2017 at Shijiao station are used for this study. 150 

2. The proposed framework for designing LNWLs 151 

The proposed framework of designing LNWLs includes the following parts (see Fig. 1): 152 

(1) Water levels at multi-temporal scales are detected to identify the inter-annual variabilities 153 

in the means and variances, and each series is decomposed into abrupt changes, trends, 154 

periodic components, and stochastic remainders; (2) Each water level series is reconstructed 155 

under the assumed environment. Then, designed water levels at multiple time scales for a 156 

given “exceedance probability” are calculated based on the new series. (3) Annual series of 157 

Cd, Cn, Cc, and GI, which characterize the intra-annual water level variabilities, are calculated 158 

and detected. (4) All the change-points are used to split the time period, and the typical year 159 

of each sub-period is selected. (5) The designed intra-annual water level hydrograph under 160 

each environment is derived by scaling the benchmark water level hydrograph of the typical 161 

year. (6) The duration curve is drawn based on the designed intra-annual water level 162 

hydrograph, and the LNWL is estimated for a given annual navigable guaranteed rate. 163 

<Figure 1> 164 

2.1 Characterization of intra-annual water level distribution 165 

The concentration degree (Cd), non-uniformity coefficient (Cn), and complete 166 

accommodation coefficient (Cc) are the indicators commonly used for characterizing the 167 
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intra-annual flow regime alterations. In this section, these indicators along with the Gini 168 

coefficient (GI) are used to describe the characteristics of intra-annual water level 169 

distributions. The larger the Cd, Cn and Cc are, the more uneven the intra-annual water level 170 

process is. However, GI is negatively correlated with the non-uniformity. By detecting these 171 

indicators simultaneously, the intra-annual variability of water levels can be reliably obtained. 172 

Cd is calculated based on the premise that the daily water level is a vector with a unique 173 

direction and magnitude. The direction represents the corresponding circular date and the 174 

magnitude is the value of the water level (Gumbel, 1954; Magilligan and Graber, 1996; 175 

Magiligan and Nislow, 2005). Therefore, the calendar date (i) can be transformed into the 176 

circular date (θ), such that: 177 

°2 1 360

2
i

i

n



                                   (1) 178 

where n is the number of days in the year, i  is the circular date of the ith day, and i ranges 179 

from 1 to n. Cd is expressed as follows: 180 
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where Z is the module of the resultant vector of all daily water levels; and iZ   is the 183 

magnitude of the water level of the ith day.                                  184 

Cn can measure the dispersion of data points around the mean value and is calculated as: 185 
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where Z  is the annual average water level, and   is the standard deviation of the daily 189 

water level series. The formula of Cc is shown below: 190 
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GI has been widely used to analyze spatial-temporal variabilities in hydrological process 193 

(Jawitz and Mitchell, 2011; Shi et al., 2013; Masaki et al., 2014; Cai et al., 2018). Here, it is 194 

used to characterize the intra-annual water level distribution. The Lorentz curve is drawn by 195 

taking the cumulative percentage of days as the independent variable and the cumulative 196 

percentage of daily water levels as the dependent variable. GI is expressed as: 197 

B

A B
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S S



                              (9) 198 

where 
AS  and 

BS  are the areas of sections A and B (Fig. 2), respectively. 199 

<Figure 2> 200 

2.2 Comprehensive detection for hydrological variability 201 

The deterministic components in the water level series are first detected by using 202 

statistical methods. After subtracting the deterministic components of the mean from original 203 

series, we square each value in the residual series. Then, the same detection process is applied 204 
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to the squared residual series (Vinnikov and Robock, 2002) to detect the deterministic 205 

components of the variance. The detection/decomposition process is presented as follows. 206 

An initial judgment about the stationarity/nonstationarity of the series is made by the 207 

ranked version of the von Neumann’s ratio (RVN) test (Bartels, 1982) at the significance level 208 

of   (Machiwal and Jha, 2012). The RVN formula is given below: 209 
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where, 
1

1
=

n

i

i

R R
n 

 , iR  is the rank of the ith observation, and n is the length of the samples. 211 

If the series shows nonstationarity, its trend is detected by using the nonparametric 212 

Mann-Kendall test (Mann, 1945; Kendall, 1955) and is described using a linear equation: 213 

trendy a bt                               (11) 214 

where parameters a and b can be estimated using the least squares fitting method. 215 

After that, the Moving T test (Afifi and Azen, 1972), Brown-Forsythe test (Brown and 216 

Forsythe, 1974) and Lee-Heghinian (Lee and Heghinian, 1977) method are used to detect 217 

abrupt changes. Since the detected change-points are sometimes rather different due to the 218 

methods used (Li et al., 2016; Xie et al., 2018), the results of the three methods need to be 219 

considered comprehensively. If two (or all) of the three methods obtain the same change-220 

point, this change point is confirmed. If the change-points obtained by the three methods are 221 

completely different, then a comprehensive judgment should be made based on investigated 222 

physical causes. The detected abrupt change is expressed as: 223 
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where n1 and n2 are the lengths of sub-series before and after the change-point, respectively, 225 

1tnx and 2tnx are the means of the sub-series before and after the change-point, respectively. 226 

The significant trend or abrupt change should be subtracted from the original series. 227 

When both forms show significance, the R-squared value is introduced to determine the major 228 

form of variability, which is given as follows: 229 
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where ,obs iQ  is the observed hydrological series with the length n, obsQ  is the mean of the 231 

observed hydrological series, and ,sim iQ  is the sum of the assumed deterministic component 232 

and the stochastic component. The trend or the abrupt change with the larger R2 should be 233 

removed from the series in priority. 234 

Then, the RVN test is applied to the residual series. When the residual is nonstationary, 235 

then the test is continued to check if the series contains another trend or abrupt change. After 236 

all the trends and abrupt changes are subtracted, the Fourier series (Bras and Rodriguez-237 

Iturbe, 1993) is used to detect the periodic component (Machiwal and Jha, 2012) if the 238 

remainder still shows nonstationarity. 239 
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where 0A  is the population mean, l is the total number of harmonics (l=T/2 for even T and 241 

l=(T+1)/2 for odd T), T is the base period or period of the function, kA  and kB  are the sine 242 
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and cosine Fourier coefficients, respectively. 243 

2.3 Composing stationary water level series 244 

The deterministic components ty   (including 
trendy  , 

abrupty   and 
periodicityy  ) of each 245 

water level time series are identified by the methods described above. Then, the stochastic 246 

component 
ts  can be obtained as: 247 

t t
t t t

t

x a
s x y

b


  

                           (15) 
248 

where tx  is the original series, ta  and 
tb  are the deterministic components of the mean 249 

and standard deviation, respectively. 250 

The composed water level series 
0,t tx  is a combination of the stochastic component ts  251 

and deterministic component 
0t

y   under the environment of year 0t  . The composition 252 

formula is shown as follows: 253 

0

0 0 0 0, ( )
t

t t t t t t t t

t

b
x a b s a x a

b
    

                      (16) 
254 

where 
0,t tx  is the composed water level series under the environment of year 0t , constants 255 

0t
a   and 

0t
b   are deterministic components of the mean and standard deviation under the 256 

environment of year 0t  , respectively. Based on the reconstructed series, Pearson-III 257 

frequency curves are used to estimate annual 3-, 10-, 15-, 30-, 60-, 90-, 120-, 150-, 180-, 240-, 258 

300-day minimum water levels and annual average water level for a given exceedance 259 

probability.  260 

2.4 Design of intra-annual water level hydrograph and LNWLs 261 

First, the change-points of both inter- and intra-annual variabilities are used to split the 262 
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whole time period. The changing environment is therefore divided into several relatively 263 

stable stages, because the water level condition in each sub-period is relatively stable. It 264 

should be noted that there is no need to split the time period if no abrupt change is identified. 265 

Second, typical years in different sub-periods/environments are selected. Abnormal 266 

hydrological years should be excluded before this selection, because the water level process 267 

of the selected typical year should fully reflect the water level condition of the corresponding 268 

environment. During this selection, the worst water level situation for shipping is considered 269 

to ensure safe and continuous navigations. Specifically, the following principles are followed 270 

to obtain reasonable typical years and benchmark water level hydrographs: (1) The annual 271 

3-, 10-, 15-, 30-, 60-, 90-, 120-, 150-, 180-, 240-, 300-day minimum water level values of the 272 

typical year should be close to the corresponding designed water levels; (2) the duration for 273 

which the water levels are below the multi-year average water level should be long; and (3) 274 

when the chosen years follow the first two principles, the year with a relatively large Cn is 275 

preferentially chosen. 276 

The third step is to design the intra-annual water level process for assumed environment 277 

by scaling the benchmark water level hydrograph of the typical year. Different amplifiers are 278 

calculated by Eq. (17). This equation is sourced from a method for designing flood processes 279 

and ensures the water level values at different time scales in the designed water level process 280 

have the same exceedance probability. 281 
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where jK  is the amplifier for the jth time scale, 
,d jZ  and 

, -1d jZ  are the designed water 283 

levels for the jth and (j-1)th time scales, respectively, 
,t jZ  and 

, -1t jZ  are the actual water 284 

levels of the typical year for the jth and (j-1)th time scales, respectively.  285 

<Figure 3> 286 

In the fourth step, daily average water levels in the designed water level hydrograph are 287 

sorted from large to small, and then they are subdivided according to the percentages of time 288 

during which specific water levels are equaled or exceeded. After that, the relationship 289 

between the percentage of time (i.e., guaranteed rate) and water level is drawn as the water 290 

level duration curve. Finally, the designed LNWL can be obtained from the duration curve 291 

according to the annual navigable guaranteed rate.  292 

3. Study area and data 293 

The North River is the second largest tributary river in the Pearl River system in South 294 

China (Figure 4). It is a main waterway connecting the southern and northern parts of 295 

Guangdong Province and has a great significance in transportation and trading (Luo et al., 296 

2008; Li et al., 2019). However, various navigation standards for the river, including the 297 

LNWL, need to be redesigned. One reason is that the waterway is planned to upgrade from 298 

grade VI to grade III to satisfy the increasing demand of waterway capacity of the North 299 

River. Another reason is that human activities have changed the streamflow characteristics in 300 

the North River (Du et al., 2020). For example, the construction and operation of the Feilaixia 301 

hydroelectric project (see Figure 4) have caused the upstream area to be affected by the 302 

backwater since March 1999 (Wu et al., 2014), and the navigation condition in the upper 303 
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river has improved significantly. The water level in the downstream area also changed due to 304 

dam closure and reservoir regulations. Additionally, Lu et al. (2007) have measured annual 305 

channel cross-sections at Sanshui hydrological station in the lower North River, and pointed 306 

out that extensive sand mining in the lower North River has caused rapid channel incision 307 

and water level reduction. Dai et al. (2008) analyzed temporal variations in sediment load at 308 

Shijiao station in the North River and found that the sediment flux of the station has reduced. 309 

The reduction of sediment load is due to effective soil and water conservation projects, dam 310 

constructions and regular channel dredging in upstream areas, and such human activities are 311 

likely to contributed to bed downcutting to some extent as well (Lu et al., 2007). Overall, the 312 

LNWL used in the past cannot satisfy the current conditions anymore. 313 

<Figure 4> 314 

In this study, the observed daily average water level series at Gaodao station from 1955 315 

to 2016 and at Shijiao station from 1952 to 2017 are used to illustrate the proposed framework. 316 

The two stations comply with the highest hydrological monitoring standards in China, and 317 

are located in the middle and low reaches of the North River, respectively. Although the 318 

distance between the two stations is not far (xx km), the water level variations of the two 319 

stations are quite different. It should be noted that the disruptions of navigation in the area 320 

are caused by low water levels. The navigation disruptions caused by ice formation do not 321 

exist in this study area, due to its subtropical warm climate conditions. 322 
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4. Results 323 

4.1 Inter- and intra-annual variability in the water level 324 

Hydrological year in this region starts from April 1st and lasts until March 31st of the 325 

following year. The annual minimum water levels at multiple scales and different indicators 326 

are calculated under the hydrological year. Then, the annual 3-, 10-, 15-, 30-, 60-, 90-, 120-, 327 

150-, 180-, 240-, 300-day minimum water level time series and annual average water level 328 

time series are detected, and the results are shown in Table 1 (More details can be found in 329 

Appendix A). 330 

<Table 1> 331 

<Figure 5> 332 

<Figure 6> 333 

On the whole, the water level variations at different time scales are roughly similar, but 334 

some change-points and the degrees of variations are different. In terms of the variability in 335 

the first-order moments, all the water level series at Gaodao station have abrupt upward 336 

changes, and the change-points in extremely low (the 3-, 10- and 15-day minimum) water 337 

level series occur in 1999. While all the water level series at Shijiao station have abrupt 338 

downward changes, and the change-points in the low water level series occur in 2006. With 339 

regard to the variability in the second-order moments, only the 3-, 10-, and 15-day minimum 340 

water level series at Gaodao station contain change-points. The change-point of 3-day 341 

minimum water level series occurs in 1999, and the change-points of 10- and 15-day 342 

minimum water level series both occur in 2002. At Shijiao station, almost all the water level 343 
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series have two change-points in their second-order moments, occurring in 2003 (abrupt 344 

upward changes) and 2007 (abrupt downward changes). Among the series, the 3-, 15-, 120-345 

day minimum water level series and annual average water level series are taken as examples 346 

(Figs. 5-6) to intuitively display the inter-annual water-level variabilities at Gaodao and 347 

Shijiao stations. 348 

For Gaodao station, the construction and operation of the Feilaixia water conservancy 349 

project on the main stream of the North River are regarded as the main causes of variabilities. 350 

The river closure work was started in 1998 and the whole Feilaixia project was completed in 351 

1999, and these two time-nodes are consistent with most of the change-points above. In 352 

addition, the abrupt upward changes of various water level series are consistent with the fact 353 

that the river water level at Gaodao station sharply increased due to the retaining effect of the 354 

dam. Moreover, the relationship between low water levels and low flows has become 355 

complicated and irregular, which corresponds to the abrupt upward changes in the variances 356 

of low water level series. In terms of Shijiao station, the water level was affected by 357 

regulations of upstream Feilaixia reservoir, high flows in downstream confluence stream, and 358 

local excessive sand mining. These factors made the water-level variability complicated. 359 

Caused by excessive sand mining, the annual average water level and low water levels of 360 

Shijiao station continually dropped significantly from 2003 to 2010, which was similar to the 361 

detection results. 362 

To detect the variability in intra-annual water level distribution, annual Cd, Cn, Cc and 363 

GI are calculated and their series are used for detection. The detection results of intra-annual 364 
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variability are shown in Table 2.  365 

<Table 2> 366 

The intra-annual water level variabilities at Gaodao and Shijiao stations differ greatly 367 

due to their different positions in the North River basin. All the indicators of Gaodao station 368 

have abrupt changes (Cd↓, Cn↓, Cc↓ and GI↑) in 1998. It means that the intra-annual water 369 

level process became more homogeneous (Fig. 7(a)) after 1998, which is in accordance with 370 

the retaining effect of dam after 1998. The series of Cn (↑), Cc (↑) and GI (↓)at Shijiao station 371 

have abrupt changes in 2007, and the change-point in the series of Cd (↑) is 2006. Accordingly, 372 

the intra-annual water level hydrograph at Shijiao station is more uneven than that in the past 373 

(Fig. 7(b)). According to the investigation, the water level in the flood season could be lifted 374 

more obviously by backwater flooding because of the riverbed downcutting at Shijiao station, 375 

resulting in sharper and multi-peak water level processes. 376 

<Figure 7> 377 

4.2 Design of the LNWLs 378 

There are three types of change-points related to the intra-annual variability, to the inter-379 

annual variability in the mean and to the inter-annual variability in the variance, respectively. 380 

After excluding recurring change-points, all the change-points that appear at Gaodao station 381 

occur in 1998, 1999, and 2002. However, since 1998 and 1999 are rather close, they should 382 

be merged into one point when splitting the time series. Here we choose 1998 when the 383 

Feilaixia project started as the merged change-point. As a consequence, three sub-periods, 384 

i.e., 1955 to 1998, 1999 to 2002 and 2003 to 2016 are obtained. The first sub-period 385 
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represents the past environment in which there is no human-induced water level variation; 386 

the transition period from 1999 to 2002 contains a variety of water level variations due to 387 

external impacts; and the post-impact period from 2003 to 2016 stands for the current 388 

environment where all kinds of water level variations have already happened. At Shijiao 389 

station, the change-points occur in 2003, 2005, 2006 and 2007. Similarly to the sub-periods 390 

created for Gaodao station, the entire time period at Shijiao station is also divided into three 391 

parts: the pre-impact period from 1953 to 2003, the transition period from 2004 to 2007 and 392 

the post-impact period from 2008 to 2017.  393 

Then, water level series are reconstructed for the pre- and post-impact periods, and the 394 

water levels Zd,j are estimated based on reconstructed series by using Pearson-III frequency 395 

curves. The estimated parameters are shown in Table 3, and the fitting efficiency of each 396 

water level series is higher than 95%. 397 

<Table 3>  398 

<Table 4> 399 

Since the North River is a grade-III waterway, the return period for the disruption of 400 

shipping should be 4 years or 5 years according to the national navigation standard 401 

(GB50139-2014) of inland waterways in China (Table 4). Here, the return period is assumed 402 

to be 5 years (i.e., exceedance probability is 80%). Therefore, the 3-, 10-, 15-, 30-, 60-, 90-, 403 

120-, 150-, 180-, 240-, 300-day minimum water levels and annual average water levels 404 

designed at the exceedance probability of 80% (Table 5) are used for the subsequent design. 405 

<Table 5> 406 
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Next, some years are selected as candidate for typical years (Appendix B) according to 407 

the principles mentioned in Section 2.4. Considering them comprehensively, 1983 and 2004 408 

are selected as typical years of Gaodao station, and their water level hydrographs represent 409 

the benchmark water level processes of pre- and post-impact periods, respectively. The years 410 

1987 and 2013 are selected as typical years for the pre- and post-impact periods at Shijiao 411 

station, respectively. Then the designed intra-annual water level processes for both periods 412 

(Figs. 8(a) and (b)) are obtained by scaling the corresponding benchmark hydrographs (Table 413 

5). Based on the designed water level processes, water level duration curves of the pre- and 414 

post-impact periods (Figs. 8(c) and (d)) are drawn. Finally, the LNWLs at the annual 415 

navigable guaranteed rates of 95% and 98% are obtained from the duration curves. The 416 

recommended LNWLs at Gaodao station for the current environment are 22.32 m for 95% 417 

guaranteed rate and 21.84 m for 98% guaranteed rate; LNWLs at Shijiao station for the 418 

current environment are 0.27 m for 95% guaranteed rate and 0.15 m for 98% guaranteed rate.  419 

The designed water level hydrograph of Gaodao station for the post-impact period (i.e., 420 

current environment) is more uniform than the hydrograph for the pre-impact period (i.e., 421 

past environment). Compared to the past, the designed water level hydrograph of Shijiao 422 

station for the current environment contains more obvious seasonal changes. Both 423 

conclusions are consistent with the detected results of intra-annual variabilities. It can also 424 

be seen in Fig. 8(c) that the tail of the duration curve of the post-impact period has a larger 425 

slope than that of the pre-impact period, implying that the intra-annual fluctuation of low 426 

water levels in the current environment is more intense than that in the past environment at 427 
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Gaodao station. However, at Shijiao station, the intra-annual fluctuation of low water levels 428 

in the current environment is similar to that in the past, because the tails of the two duration 429 

curves are approximately parallel (Fig. 8(d)). Besides, the differences in the LNWL for the 430 

same guaranteed rate between the past and current environments are 2.48 m (for 95% 431 

guaranteed rate) and 2.05 m (for 98% guaranteed rate) at Gaodao station, -4.14 m (for 95% 432 

guaranteed rate) and -4.21 m (for 98% guaranteed rate) at Shijiao station, respectively. These 433 

differences indicate the necessity of considering nonstationarity when designing the LNWL. 434 

<Figure 8> 435 

5. Discussion 436 

5.1 Impact of variance variability on estimating LNWLs 437 

The LNWLs estimated by the proposed framework without considering the variability 438 

in variance are used for comparison, and the differences between the LNWLs estimated under 439 

different considerations are used to evaluate the impact of variance variability on LNWLs. 440 

The LNWLs estimated under different considerations are shown in Table 6.  441 

For Gaodao station, differences in the LNWLs caused by considering and not 442 

considering the variance variability are 0.03 m (for 95% guaranteed rate) and 0.02 m (for 98% 443 

guaranteed rate) in the past environment. In the current environment, the differences are 0.11 444 

m when the guaranteed rate is 95% and 0.48 m when the guaranteed rate is 98%, accounting 445 

for approximately 6%~30% of the ship draft of standard ships in the North River. If the 446 

variance variability is not considered, the designed value will be overestimated. A higher 447 

LNWL means a smaller capacity of the waterway. In that case, the LNWL supposed to have 448 
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95% guaranteed rate actually has 93% guaranteed rate due to the impact of variance 449 

variability, and the LNWL supposed to have 98% guaranteed rate actually has 95% 450 

guaranteed rate. Therefore, the guaranteed rate for navigation at Gaodao station will be 451 

artificially reduced, the waterway will not be fully exploited and the shipping benefits will 452 

be reduced. 453 

For Shijiao station, differences between the LNWLs estimated with and without 454 

consideration of the variability in variance are -0.17 m (for 95% guaranteed rate) and -0.19 455 

m (for 98% guaranteed rate) in the past environment. Differences in the LNWLs of the 456 

current environment are 0.04 m when the guaranteed rate is 95% and 0.03 m when the 457 

guaranteed rate is 98%, accounting for 14.8% and 20% of the corresponding recommended 458 

LNWLs, respectively. At Shijiao station, if the variance variability is not considered, the 459 

designed value will be underestimated. To prevent ships from bottoming out, there should be 460 

a certain under keel clearance (UKC) in the channel. Therefore, there will have a greater risk 461 

of ship grounding. The underestimation seems not significant in the current environment, 462 

however, since the water level itself at Shijiao station is relatively low, a few centimeters of 463 

estimation error equals to 15%~20% of the design result. In that case, the increased shipping 464 

risk should not be ignored. 465 

<Table 6>  466 

<Figure 9> 467 

As shown in Fig. 9, there are obvious differences between the reconstructed low water 468 

level series (the 3-, 10-, and 15-day minimum water level series) with and without 469 
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consideration of the variance variability. These differences can affect the designed water 470 

levels ,d jZ and the amplifiers for the design of water level processes, so as to influence the 471 

estimation of the LNWL. At Gaodao station, the designed 3-, 10-, and 15-day minimum water 472 

levels in the current environment are 21.52, 21.79 and 21.82 m (Table 5). When the variance 473 

variability is not considered, the corresponding designed values change to 21.89, 22.25 and 474 

22.32 m. At Shijiao station, the designed 3-, 10-, and 15-day minimum water levels in the 475 

current environment are 0.13, 0.24 and 0.32 m (Table 5). The corresponding designed values 476 

are 0.17, 0.28 and 0.34 m when the variance variability is not considered. Obviously, at 477 

Shijiao station, the differences of the designed water levels with different considerations are 478 

relatively small, which explains why the impact of variance variability on LNWLs at Shijiao 479 

station is not significant. 480 

For further analysis, the tails (guaranteed rate is larger than 80%) of water level duration 481 

curves under different considerations are compared using Tukey-boxplots (Sheskin, 2011). 482 

The minimum values and lower quartiles of low water levels from two duration curves have 483 

clear differences in Figs. 10(b) and (c), and the differences between the LNWLs in both cases 484 

are also significant. Whereas in Figs. 10(a) and (d), the minima (including the outliers 485 

denoted in red points) and lower quartiles under the two considerations are relatively close, 486 

and in the past environment of Gaodao station and the current environment of Shijiao station, 487 

the differences between the LNWLs are not very significant either. Therefore, the influence 488 

of variance variability on LNWLs basically depends on its influence on low water levels 489 

when reconstructing the series.  490 
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<Figure 10> 491 

For Gaodao station, the pre-impact period is 30 years longer than post-impact period. 492 

When the variance variability is considered in the reconstruction of the series for the past 493 

environment, a relatively small number of low water levels are corrected. When the series 494 

before the change-point is modified to the current environment, a relatively large number of 495 

water level values become lower due to the variance variability, and therefore the low water 496 

level part of the whole series becomes lower. However, for Shijiao station, although the pre-497 

impact period is 41 years longer than the post-impact period, when reconstructing the series 498 

for the past environment, many low water level values in the transition and post-impact 499 

periods which far away from the mean are corrected, resulting in a big impact on the low 500 

water level part of the whole series. Conversely, in the current environment, whether the 501 

variance variability is considered or not has less influence on the low water level part. 502 

5.2 Comparison with the NSDC method 503 

In this section, the proposed design framework for LNWLs considering both the inter-504 

and intra-annual variabilities in water levels is compared with the NSDC method mentioned 505 

above. In the NSDC method, the annual average water level is used to represent the overall 506 

water level condition each year. Thus, only the annual average water level series is 507 

reconstructed for the past and current environments. Because the form and extent of the 508 

variability on each day of the year are regarded as the same, stationary daily water level 509 

series for each year are obtained by multiplying the observed daily water level series with 510 

the corresponding annual scaling ratio. Finally, all the daily water level values are combined 511 
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to plot a multi-year synthetic duration curve (Figs.11 (a) and (b)), and the LNWL is 512 

estimated according to the multi-year guaranteed rate. 513 

<Figure 11> 514 

<Table 7> 515 

As shown in Table 7, LNWLs of the current environment at Gaodao station estimated 516 

by the NSDC method are 22.25 m for the guaranteed rate of 95% and 22.08 m for the 517 

guaranteed rate of 98%. The differences in the LNWLs between two methods at Gaodao 518 

station are -0.07 m (95% guaranteed rate) and 0.24 m (98% guaranteed rate). LNWL of 519 

Shijiao station estimated by the NSDC method under the current environment is 0.59 m for 520 

the guaranteed rate of 95%, which is 0.32 m (accounting for 118.5%) difference from the 521 

LNWL estimated by the proposed framework. When the guaranteed rate is 98%, the LNWL 522 

obtained using the NSDC method is 0.16 m at Shijiao station, which is close to the LNWL 523 

designed by our framework. The differences of the values are resulted from the ways to 524 

consider the guaranteed rate and the steps of designing. In practical hydrological design, it is 525 

contradictory that there are different LNWLs in the same river section. Therefore, it is 526 

necessary to identify the advantages and limitations of each method, and select the suitable 527 

method for practical design. 528 

The NSDC method is simple in calculation, but it does not consider whether the water 529 

level process of the current is more uniform/uneven than that of the past. In theory, this lack 530 

of consideration would make the LNWLs estimated by the NSDC method inaccurate. 531 

According to the design principles, the variance variabilities in low water level series (the 3-, 532 
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10- and 15-day minimum water level series) of Gaodao station are overlooked, since the 533 

annual average water level series does not contain the variability of variance. Meanwhile, the 534 

abrupt changes of water levels at different time scales are unreasonably regarded as the same 535 

at both stations.  536 

To compare the water level duration curves designed by the two methods, the violin 537 

plots are used to display their distributions. For Gaodao station, the shapes of the distributions 538 

in the past and current are very similar (Fig.11(c)) in NSDC method, indicating that the 539 

uniformity of water level process hardly changes over time. However, by using our 540 

comprehensive framework, the water level distribution of the past environment has a longer 541 

upper tail (Fig. 11 (d)), indicating that the past water level process has a number of high water 542 

levels far from the average. In other words, the water level process in the past is more uneven 543 

than that in the current. Therefore, only the duration curves designed by comprehensive 544 

framework are match with the detection results of intra-annual variability. For Shijiao station, 545 

because the distribution of the past has both long upper and lower tails, the synthetic duration 546 

curve designed by NSDC method for the past environment is more uneven than that of the 547 

current environment (Fig. 11 (e)). This indication is contrary to the detection results. However, 548 

the duration curves designed by our comprehensive framework show that the water level 549 

process in the current is more uneven (Fig. 11 (f)), which is match with the detection results. 550 

To sum up, in NSDC method, the variabilities in the annual water level process are 551 

generalized by the variability of annual average water level. When the annual average water 552 

level series has variance variability, it is easy to cause some water levels (especially high 553 
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water levels and low water levels) to be over enlarged or reduced when reconstructing the 554 

series, resulting in unreasonable duration curves for estimations. However, if the water level 555 

variabilities are consistent across the timescales and the intra-annual variability is not 556 

significant, the NSDC method is more convenient than the developed framework, and the 557 

design results are similar. In our comprehensive framework, the variabilities are considered 558 

comprehensively, therefore, the estimated LNWLs are more reliable when the waterway is 559 

faced with complex multi-scale variabilities and prominent intra-annual variability. As for 560 

the future LNWLs, according to the expressions of deterministic components and the 561 

formulas for “decomposition and composition”, the framework can compose the “stationary” 562 

series under any year 
0t  of the future. Then, the LNWLs can be estimated according to the 563 

original steps. Since the forms of variabilities in the case study are all abrupt changes, the 564 

LNWLs in the current environment can be taken as the LNWLs of the future. However, with 565 

the extension of water level series, the deterministic components are variable. Therefore, the 566 

LNWLs estimated in this way only have the significance when the external environment 567 

remains relatively stable (e.g., the operating mode of the reservoir remains unchanged, the 568 

riverbed has no obvious undercutting). 569 

6. Conclusion 570 

In this paper, we proposed a comprehensive framework for designing LNWLs by 571 

considering the intra- and inter-annual variabilities in water levels, as well as the shipping 572 

risks during the annual and multi-annual periods. Since the hydrological variability has 573 

extended to higher-order moments, the variability in variance is also described when 574 
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decomposing the observed series and is eliminated when composing the new series. 575 

The proposed framework was illustrated by case studies of Gaodao and Shijiao 576 

monitoring stations in the North River basin, South China. The results showed that water 577 

levels at multiple timescales at Gaodao and Shijiao stations had different degrees of abrupt 578 

changes in their means and variances. Meanwhile, the abrupt changes in Cd, Cn, Cc and GI 579 

indicated that the shape of annual water level process changed with time. By taking the inter- 580 

and intra-annual variability into consideration, the LNWLs of Gaodao station were 581 

recommended as 22.32 m (for 95% guaranteed rate) and 21.84 m (for 98% guaranteed rate), 582 

and the LNWLs of Shijiao station were recommended as 0.27 m (for 95% guaranteed rate) 583 

and 0.15 m (for 98% guaranteed rate). 584 

To evaluate the impact of variance variability on the LNWL, the LNWLs estimated by 585 

the proposed framework without considering any variability in variance were used for 586 

comparison. Results indicated that the variability in variance had impact on the estimation of 587 

LNWLs, so this variability should not be ignored. Additionally, the magnitude of the impacts 588 

mainly depended on the extent of variance variability and the difference between the water 589 

level values of the two reconstructed series at assumed exceedance probability. 590 

To understand the differences in the estimated LNWLs caused by different design 591 

methods, LNWLs designed by the NSDC method (adding the consideration of variance 592 

variability) were compared with the recommended LNWLs of the proposed framework. The 593 

differences in the LNWLs between the two methods at Gaodao station were -0.07 m (95% 594 

guaranteed rate) and 0.24 m (98% guaranteed rate); at Shijiao station, the differences in the 595 
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LNWLs were 0.32 m (95% guaranteed rate) and 0.01 m (98% guaranteed rate). In theory, 596 

some daily water levels (especially high- and low-water levels) could be over enlarged or 597 

reduced when reconstructing the pre- and post-impact series, resulting in unreasonable 598 

duration curves for estimations. Evidence also showed that the reconstructed series as well 599 

as the duration curves calculated by the NSDC method did not match the detected intra-600 

annual variabilities. 601 

In summary, our comprehensive framework is suitable for waterways faced with 602 

complicated water level variabilities, especially where the variabilities of water levels at 603 

different time scales are different or where the historical data contain various kinds of 604 

variations. In future research, this framework can be applied in more sites, and the uncertainty 605 

of estimated LNWLs caused by the selection of typical years can be further studied. 606 
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 893 

Six Tables submitted 894 

Table 1 Detection results of inter-annual variability 895 

Gaodao station 3-day 10-day 15-day 30-day  60-day  90-day  

Mean Form of variability 
Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Mean Position of change points 1999↑ 1999↑ 1999↑ 1998↑ 1998↑ 1998↑ 

Variance Form of variability 
Abrupt  

change 

Abrupt  

change 

Abrupt  

change 
- - - 

Variance Position of change points 1999↑ 2002↑ 2002↑ - - - 

Gaodao station 120-day 150-day 180-day 240-day  300-day  
Annual 

average   

Mean Form of variability 
Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Mean Position of change points 1998↑ 1998↑ 1998↑ 1998↑ 1998↑ 1998↑ 

Variance Form of variability - - - - - - 

Variance Position of change points - - - - - - 

Shijiao station 3-day 10-day 15-day 30-day  60-day  90-day  

Mean Form of variability 
Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Mean Position of change points 2006↓ 2006↓ 2006↓ 2006↓ 2005↓ 2005↓ 

Variance Form of variability 
Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Variance Position of change points 
2003↑;  

2007↓ 

2003↑;  

2007↓ 

2003↑;  

2007↓ 

2003↑;  

2007↓ 

2003↑;  

2007↓ 

2003↑;  

2007↓ 

Shijiao station 120-day 150-day 180-day 240-day  300-day  
Annual 

average   

Mean Form of variability 
Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Mean Position of change points 2005↓ 2005↓ 2005↓ 2005↓ 2007↓ 2007↓ 

Variance Form of variability 
Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Variance Position of change points 2003↑;  2003↑;  2003↑;  2003↑ 2003↑;  2003↑;  
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2007↓ 2007↓ 2007↓ 2007↓ 2007↓ 

Note: The test is taken under the significance level of α = 0.05; “-” means there is no significant variability; “↑” or “↓” 896 

means that the abrupt change is upward or downward. 897 

 898 

 899 

Table 2 Detection results of intra-annual variability 900 

Station Indicator Cd Cn Cc GI 

Gaodao 
Form of variability 

Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Position of change points 1998↓ 1998↓ 1998↓ 1998↑ 

Shijiao 
Form of variability 

Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Abrupt  

change 

Position of change points 2006↑ 2007↑ 2007↑ 2007↓ 

Note: The test is taken under the significance level of α = 0.05; “↑” represents the abrupt change is upward, “↓” represents 901 

the abrupt change is downward. 902 

 903 

 904 

 905 

 906 

 907 

 908 

 909 

 910 

 911 

 912 
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 913 

 914 

 915 

 916 

 917 

Table 3 Estimated parameters for pre- and post-impact periods 918 

Gaodao station 3-day 10-day 15-day 30-day  60-day  90-day  

EX/m 
Pre-impact 19.98 20.04 20.05 20.08 20.15 20.22 

Post-impact 22.23 22.55 22.59 22.88 23.19 23.33 

Cv 
Pre-impact 0.011 0.011 0.011 0.013 0.011 0.012 

Post-impact 0.037 0.040 0.040 0.013 0.011 0.011 

Cs 
Pre-impact 0.392 0.065 0.265 0.652 0.620 0.519 

Post-impact 0.392 0.065 0.265 0.652 0.620 0.519 

Gaodao station 120-day 150-day 180-day 240-day  300-day  
Annual 

average   

EX/m 
Pre-impact 20.28 20.34 20.42 20.65 20.96 21.20 

Post-impact 23.38 23.43 23.47 23.53 23.59 23.63 

Cv 
Pre-impact 0.012 0.012 0.012 0.013 0.014 0.013 

Post-impact 0.011 0.011 0.011 0.012 0.012 0.012 

Cs 
Pre-impact 0.625 0.454 0.317 0.097 0.401 0.364 

Post-impact 0.625 0.454 0.317 0.097 0.401 0.364 

Shijiao station 3-day 10-day 15-day 30-day  60-day  90-day  

EX/m 
Pre-impact 4.48 4.55 4.58 4.65 4.75 4.84 

Post-impact 0.66 0.76 0.832 0.89 1.16 1.22 

Cv 
Pre-impact 0.058 0.059 0.060 0.065 0.059 0.064 

Post-impact 0.941 0.803 0.718 0.723 0.613 0.596 

Cs 
Pre-impact 0.164 0.229 0.389 0.385 0.708 0.772 

Post-impact 0.184 0.246 0.389 0.385 0.708 0.772 

Shijiao station 120-day 150-day 180-day 240-day  300-day  
Annual 

average   

EX/m 
Pre-impact 4.93 5.02 5.12 5.44 5.77 6.03 

Post-impact 1.32 1.40 1.49 1.79 2.15 2.42 

Cv 
Pre-impact 0.066 0.068 0.068 0.066 0.066 0.062 

Post-impact 0.556 0.540 0.534 0.638 0.442 0.382 

Cs 
Pre-impact 0.638 0.658 0.538 0.546 0.820 0.770 

Post-impact 0.638 0.658 0.538 0.546 0.820 0.770 
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Note: the statistical parameter EX represents the mean value, CV represents the non-uniformity coefficient, and CS represents 919 

the coefficient of skewness. 920 

 921 

 922 

 923 

Table 4 Standards of designing LNWLs 924 

Grade of channel  I~II III~IV V~VII 

Annual guaranteed rate/% 99~98 98~95 95~90 

Return period/year 10~5 5~4 4~2 

Allowable carrying weight of a vessel/tons 2000 1000~500 300~50 

 925 

 926 

 927 

 928 

 929 

 930 

 931 

 932 

 933 

 934 

 935 

 936 

 937 
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 938 

 939 

 940 

 941 

 942 

Table 5 Designed water levels (in average) and amplifiers for scaling benchmark hydrographs 943 

Water levels 
Pre-impact period Post-impact period  

,d jZ /m ,t jZ /m Amplifier ,d jZ /m ,t jZ /m Amplifier 

Gaodao 

station 

Annual 

average 
20.96 21.01 0.992 23.38 23.41 0.992 

3-day min 19.79 19.84 0.997 21.52 21.79  0.987 

10-day min 19.85 19.93 0.996 21.79 21.89 0.999 

15-day min 19.86 19.96 0.992 21.82 22.03 0.981 

30-day min 19.87 19.96 0.996 22.63 22.61 1.010 

60-day min 19.96 20.01 0.999 22.97 22.89 1.006 

90-day min 20.01 20.04 1.001 23.11 23.13 0.990 

120-day min 20.07 20.12 0.995 23.16 23.17 1.002 

150-day min 20.13 20.18 0.996 23.20 23.25 0.991 

180-day min 20.21 20.28 0.994 23.24 23.27 1.003 

240-day min 20.43 20.43 1.010 23.30 23.28 1.007 

300-day min 20.71 20.73 0.994 23.34 23.34 0.997 

Shijiao 

station 

Annual 

average 
5.71 5.73 1.027 1.63 1.38 1.161 

3-day min 4.26 4.25 1.004 0.13 0.05 2.822 

10-day min 4.33 4.32 1.000 0.24 0.20 1.052 

15-day min 4.35 4.35 0.998 0.32 0.26 1.305 

30-day min 4.39 4.37 1.008 0.34 0.26 1.376 

60-day min 4.51 4.46 1.018 0.55 0.26 2.915 

90-day min 4.58 4.52 1.014 0.60 0.32 1.567 

120-day min 4.65 4.60 1.011 0.69 0.50 0.924 

150-day min 4.73 4.69 0.997 0.75 0.52 1.661 

180-day min 4.82 4.71 1.094 0.81 0.54 1.778 

240-day min 5.13 5.04 1.005 0.81 0.71 0.669 

300-day min 5.45 5.52 0.902 1.33 1.12 1.239 

 944 

 945 

 946 

 947 
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 948 

 949 

 950 

 951 

 952 

Table 6 Designed LNWLs under different considerations 953 

Station 
Considered 

variability 

Annual guaranteed 

rate /% 

Designed LNWLs/m 

Past  Current 

Gaodao 

Mean and variance 
95 19.84 22.32 

98 19.79 21.84 

Mean only 
95 19.87 22.43 

98 19.81 22.32 

Difference between 

the two considerations 

95 0.03 0.11 

98 0.02 0.48 

Shijiao 

Mean and variance 
95 4.41 0.27 

98 4.36 0.15 

Mean only 
95 4.24 0.31 

98 4.17 0.18 

Difference between 

the two considerations 

95 -0.17 0.04 

98 -0.19 0.03 

 954 

 955 

 956 

 957 

 958 

 959 

 960 

 961 
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 963 

 964 

 965 

 966 

Table 7 Designed LNWLs by NSDC method 967 

Methods Considered variabilities 
Guaranteed 

rate /% 

Designed LNWLs/m 

Past Current 

Gaodao 

NSDC 
Inter-annual variability (mean and 

variance)  

95 19.99 22.25 

98 19.83 22.08 

Proposed 

framework 

Inter-annual variability (mean and 

variance) and intra-annual variability 

95 19.84 22.32 

98 19.79 21.84 

Differences between two methods/m 
95 0.15 -0.07 

98 0.04 0.24 

Shijiao 

NSDC 
Inter-annual variability (mean and 

variance)  

95 3.04 0.59 

98 1.63 0.16 

Proposed 

framework 

Inter-annual variability (mean and 

variance) and intra-annual variability 

95 4.41 0.27 

98 4.36 0.15 

Differences between two methods/m 
95 -1.37 0.32 

98 -2.73 0.01 

 968 

 969 

 970 

 971 

 972 

 973 

 974 

 975 
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 976 

 977 

 978 

 979 

 980 

Figure captions 981 

Fig. 1 Framework for designing the LNWL 982 

Fig. 2 The schematic diagram of Lorentz curve, section A and section B 983 

Fig. 3 Different time scales of intra-annual water level process 984 

Fig. 4 The North River basin in Guangdong Province, China 985 

Fig. 5 (a) Variabilities in annual 3-, 15-, 120-day minimum water level series and annual 986 

average water level series at Gaodao station (mean); (b) Variabilities in annual 3-, 15-, 987 

120-day minimum water level series and annual average water level series at Shijiao 988 

station (mean). 989 

Fig. 6 (a) Variabilities in annual 3-, 15-, 120-day minimum water level series and annual 990 

average water level series at Gaodao station (variance); (b) Variabilities in annual 3-, 991 

15-, 120-day minimum water level series and annual average water level series at Shijiao 992 

station (variance). 993 

Fig. 7 (a) Monthly average water levels at Gaodao station; (b) Monthly average water levels 994 

at Shijiao station. 995 

Fig. 8 (a) Designed intra-annual water level processes at Gaodao station; (b) Designed intra-996 
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annual water level processes at Shijiao station; (c) Water level duration curves at Gaodao 997 

station; (d) Water level duration curves at Shijiao station. 998 

Fig. 9 Reconstructed annual 3-, 10- and 15-day minimum water level series: (a) Under the 999 

past environment at Gaodao station; (b) Under the current environment at Gaodao 1000 

station; (c) Under the past environment at Shijiao station; (d) Under the current 1001 

environment at Shijiao station. 1002 

Fig. 10 Comparisons of low water levels estimated under different considerations: (a) Under 1003 

the past environment at Gaodao station; (b) Under the current environment at Gaodao 1004 

station; (c) Under the past environment at Shijiao station; (d) Under the current 1005 

environment at Shijiao station. 1006 

Fig. 11 (a) Duration curves at Gaodao station (by NSDC method); (b) Duration curves at 1007 

Shijiao station (by NSDC method); (c) Violin plots of duration curves at Gaodao station 1008 

(by NSDC method); (d) Violin plots of duration curves at Gaodao station (by proposed 1009 

framework); (e) Violin plots of duration curves at Shijiao station (by NSDC method); 1010 

(f) Violin plots of duration curves at Shijiao station (by proposed framework). 1011 


