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14ABSTRACT

15The Soil Conservation Service Curve Number (SCS-CN), one of the most commonly
16used methods for surface runoff prediction, was developed by the United States
17Department of Agriculture (USDA). For many years, the direct application of the CN
18look-up table derived from USDA in regions elsewhere with different characteristics
19was questionable, because it could lead to a large error in runoff prediction. To
20eliminate this error, some studies suggested that CN entries should be revised based
21on measured data, whereas others indicated that major factors affecting runoft should
22be considered for application in specified regions. In this study, the above-mentioned
23CN revision approaches were compared to adjust CN values using a large amount of
24rainfall-runoff observation data for 43 study sites across the Loess Plateau region. The
25results showed that the average CN values of each watershed obtained from the
26measured rainfall-runoff data are quite different from the tabulated CN, values.
27However, the calculated average CN values produce little improvement in runoff
28estimation with the SCS-CN method, due to large CN value variation. Therefore,
29three factors—soil moisture, rainfall depth, and intensity—were identified as
30influencing the CN values under field conditions in the Loess Plateau, and a new CN
31value with a CN, value in the conventional SCS-CN method was developed. The
32reliability of the proposed method was tested with data from three watersheds on the
33Loess Plateau. High Nash—Sutcliffe efficiency (NSE = 74.70%) and low root mean
34square error (RMSE = 3.08 mm) indicated that the proposed method could accurately

35estimate runoff and was more reliable than the standard SCS-CN method (NSE =


mailto:hmingbin@yahoo.comABSTRACT

3619.26%; RMSE = 5.51 mm). Moreover, the factors incorporated in the proposed
37method seem to more effectively reflect the large CN value variations than the revised

38CN.; value based on measured dataset in the Loess Plateau region.

39Key words: Soil moisture; Rainfall depth; Rainfall intensity; Soil Conservation

40Service Curve Number method; Runoff prediction



411 Introduction

42 Runoff prediction is becoming an essential part of many hydrologic applications,
43such as water resource management, flood control design, and water and soil
44conservation . Accordingly, multiple rainfall-runoff models have been developed to
45predict runoff using readily available rainfall data. One of the most common methods
46used for estimating runoff as a response to rainfall is the Soil Conservation Service
47Curve Number (SCS-CN) method . This method has evolved well beyond its original
48scope of storm runoff evaluation and expanded to other areas, such as rainfall-
49infiltration, soil loss, and non-point source pollution (Shi et al., 2018b). Furthermore,
50the method has become an integral part of more complex, long-term simulation
51models (Kaffas et al., 2015) including SWAT (Soil and Water Assessment Tool)
52(Neitsch et al., 2011), EPIC (Environmental Policy Integrated Climate) (, and
53AnnAGNPS (Annualized Agricultural Non-Point Source Pollution Model) (Baginska

54et al., 2003).

55 The CN method is simple and convenient and only has a single parameter, CN,
56making it the most widespread and accepted method for estimating runoff in
57ungauged watersheds. The CN value is determined by the CN value (CN:) of the
58average moisture condition (AMC 2)—which depends on land cover, land
59management, and the hydrologic soil group, as per a table from the SCS handbook
60(SCS, 1972)—and is converted to AMC 1 or AMC 3 based on 5-day prior rainfall
61depth . Error analysis and sensitivity calculations indicated that the sensitivity of

62runoff calculated by the CN method to the CN value was greater than that to rainfall



63depth, with runoff changing from 45% to 55% when the CN value varies by £10%
64(Hawkins, 1975). Numerous studies have shown that the CN method performs better
65with the empirically calculated CN values obtained from observed rainfall-runoff data
66as compared with the theoretical CN values as well as those derived from the CN
67look-up table, warranting a need for improvement (Banasik and Woodward, 2010;
68Ebrahimian et al., 2012; Lal et al., 2017; Soulis and Valiantzas, 2013; Walega and

69Salata, 2019).

70 The accuracy of the tabulated CN value of the CN method plays a vital role in
71runoff prediction. Key factors that impact the tabulated CN value can be divided into
72two parts, i.e. AMC and CN,. The antecedent moisture condition (AMC) is a major
73factor determining the initial abstraction of runoff. The AMC was defined in three
74levels: dry (AMC 1), average (AMC 2), and wet (AMC 3), with 5-day antecedent
75precipitation prior to an individual rainfall-runoff event in the traditional CN method.
76However, the definition of three discrete AMC levels will cause the CN value to
77suddenly shift from one level to another (Hawkins, 1978). Soil moisture proved to be
78a more appropriate indicator to define AMC values than the 5-day antecedent rainfall
79depth and strengthened knowledge of the relationship between soil moisture; the CN
80value greatly improved the runoff estimation of the SCS-CN method (Wood, 1976;
81Michele and Salvadori, 2002). The relationship between soil moisture and the CN
82value has been confirmed by many studies; several functions, such as the step
83function (Saxton,1992) and the linear function (Koelliker, 1994), which were

84developed using multi-source soil moisture data measured in situ (Huang et al., 2007),
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85modelled (Shi et al., 2017), and derived from satellites (Jacobs et al., 2003).

86 The CN, value corresponds to the field conditions of the watershed (soil, slope,
87and land use). The CN look-up table was obtained and organised according to the
88monitored rainfall-runoff events of 150 watersheds across a wide range of terrain,
89soil, land use, and management conditions in the United States. However, the
90application of the CN method to regions with different geographical characteristics,
91land use, and soil infiltration ability produces a large error between CN values from
92the look-up table and the measured values (Lian et al., 2020). The CN. values from
93the handbook tables accurately predict runoff in traditional agricultural basins in the
94United States, but may generate unreliable flood parameters when applied to other
95countries and regions (Walega et al., 2019). Therefore, local application of the CN
96method must be verified to reduce the uncertainty of modelling results and promote a

97more widespread use of this method.

98 In addition to the tabulated CN value, rainfall characteristics such as rainfall
99depth and intensity also greatly impact runoff prediction; these are not considered in
100the CN look-up table. In most watersheds, the CN value calculated based on measured
101rainfall runoff events eventually approaches a constant value as the rainfall depth
102increases, which can be regarded as a characteristic of a specific watershed. In the
103study of determining asymptotic CNs using measured rainfall-runoff events, Hawkins
104(1993) indicated the typical presence of a secondary systematic between calculated
105CN values and rainfall depth in the watersheds. Soulis and Valiantzas (2012)

106developed a two-CN heterogeneous system to calculate runoff in the watersheds
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107characterised by heterogeneous land use; the predicted results were very similar to the

108measured runoff.

109 Rainfall intensity has an important influence on the rainfall-runoff process, and
110thereby on the runoff estimation . However, the rainfall intensity factor is not
111considered in the SCS-CN, method, which will inevitably produce runoff prediction
112uncertainty due to spatiotemporal variability of rainfall . Several modified CN
113methods have been developed to compensate for neglecting rainfall intensity. Jain et
114al. (2006) proposed a modified model with a rainfall intensity-based rainfall
115adjustment. Mishra et al. (2008) suggested a rainfall intensity-dependent procedure by
116developing a new CN value equation with an introduced minimum CN and rainfall
117duration. Shi et al. (2017) introduced static infiltration into soil moisture accounting
118(SMA) based on the SCS-CN method to improve runoff prediction in the Loess
119Plateau. However, none of these methods have contact with the CN value of the

120original SCS-CN method, limiting the application of the models.

121 The Loess Plateau, located in the middle reaches of the Yellow River, covers an
122area of 620,000 km?* across five provinces of China; it is one of the most erodible
123regions (Fu et al., 2004; Tian et al., 2016). The severe soil erosion and deposition in
124this area is primarily due to heavy rainstorms occurring over a short duration, steep
125slopes, and sparse vegetation (Zhang and Liu, 2005). Since the 1970s, a number of
126so0il and water conservation measures, such as the Grain-for-Green project, have been
127adopted to strengthen vegetation restoration, control soil erosion, and improve

128environmental quality. Current research on the rainfall erosion process shows that
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129runoff is one of the primary driving factors in soil erosion modelling. Thus, it is
130necessary to develop an appropriate method for predicting surface runoff from the

131design of soil and water conservation measures in this region.

132 Verifying the applicability of the SCS-CN model under different hydrological
133and climatic conditions on the Loess Plateau region is crucial to reduce modelling
134uncertainty and promote wider application in the engineering practice. To obtain
135revised CN values that better reflect actual hydrological conditions on the Loess
136Plateau, three objectives were defined: (i) to compare CN values derived from SCS
137handbook tables with the calculated CN values based on the monitored rainfall-runoff
138data; (i1) to identify the key factors influencing CN values under the hydrological
139conditions of the Loess Plateau; and (iii) to develop a revised CN value with the
140tabulated CN, value to identify key factors influencing the CN values in the

141conventional SCS-CN method.

142

1432. Material and methods
1442.1 Overview of the SCS-CN method

145 The SCS-CN method was originally developed based on two fundamental

146hypotheses and one simple water balance equation; the general form is expressed as

147follows:
0 (P=0.25)
148 —
© (P-0.25)" (P>025s)’ M
(P+0.85) ’

149where P and Q are the depth of observed rainfall and direct runoff, respectively (mm);
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150S is the potential maximum retention (mm), which can be calculated by:

151 S - 25400

- 254 )

152where CN varies from 0 to 100 (dimensionless. The CN value is determined by the
153CN value (CN,) of AMC 2, which depends on land cover, soil group, and the
154hydrologic conditions from the SCS handbook table (SCS, 1972); this is then

155converted to the values for AMC 1 or AMC 3 based on the 5-day prior rainfall depth.

156 CN values can be derived from Equation (2) after S is calculated from Equation

157(1) using available observed rainfall and runoff data (Hawkins, 1973):

158

S =5|(P+20)- /OGO +5P)| 3)

159
1602.2 Data Collection

161 In this study, a total of 43 watersheds were selected using existing data from
162 monitoring rainfall-runoff events in the Loess Plateau region; the distribution of
163 each study site is shown in Fig. 1. Data for 1479 monitored rainfall-runoff events
164 from the 43 experimental watersheds were collected to revise the CN value. The
165 observed events, period, land use, and other attributes for these watersheds are
166 shown in Table 1. The meteorological data were derived from the China
167 Meteorological Data Service Center and provided by the Chinese Meteorological
168 Administration (http://data.cma.cn/). The land use and rainfall-runoff data used to
169 calculate CN values were obtained from literature and Loess Plateau Data Center,
170 National Earth System Science Data Sharing Infrastructure, National Science &

171 Technology Infrastructure of China (http://loess.geodata.cn).
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1722.3 Data Analyses

173 The two statistical indices used to test the performance of the methods are

174expressed as follows:

0-0f
175 NSE = |1- 5 ——— |x100% @
A (Ql i
176 1 & 2 (5)
RMSE = Jﬁ >lo,-0/)

177where NSE is the Nash—Sutcliffe efficiency , and RMSE is the root mean square error;

178 O, and O; are the i” observed and estimated runoff, respectively; Ois the mean

1790bserved runoff of events, and N is the total number of events. Higher NSE and lower

180RMSE values indicate that the model exhibits better agreement with the observations.
181

1823 Results

1833.1 Comparison of calculated and tabulated CN values

184 The CN values of the 43 study watersheds were calculated based on data for the
1850bserved rainfall-runoff events. The calculated CN, values were significantly different
186from the CN, values derived from the SCS handbook table CN entries (SCS, 1972) of
187the study area (Fig. 2). The CN, value calculated using the observed data has a larger

188range of 63.7-85.7, whereas the tabulated CN value of the study sites varies as 62.5—
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18975.1. The difference between the calculated and tabulated CN values ranges as -9.1—
19015.9, and only 13 of the 43 study sites (30%) had calculated CN- values that were
191within -5-5% of the tabulated values. This result is consistent with that of Lian et al.
192(2020), who adjusted CN values for 55 study sites in China with available observed
193rainfall-runoff event data and concluded that only one-third of the study sites could

194use the SCS handbook table to achieve a satisfactory (£5%) CN value.

195 Comparing the average CN, value and error for each study site revealed that the
196CN; value of different watersheds may be very different, which largely ignores the
197study site characteristics. Moreover, the data for the SCS handbook table developed
198by the USDA were obtained from a limited watershed observation dataset (Bartlett et
199al., 2016; Ogden et al., 2017). Thus, some studies questioned the applicability of the
200existing CN look-up table for other areas that differ from the characteristics of the
201original model, suggesting that CN values should be revised using monitored rainfall-
202runoff data (Lian et al., 2020; Walega et al., 2019). However, the SCS-CN method
203using the calculated CN, value performed poorly as compared to that using the
204tabulated CN, value (Table 2). Figure 3a shows that 76.7 % of the latter points have a
205lower RMSE value than the former. The poor performance can be derived from the
206large CN value variations in each watershed (Fig. 3b). Based on this result, we infer
207that the performance of the original SCS-CN method cannot be improved by using
208calculated average CN values of monitored rainfall-runoff data instead of the
209tabulated CN values for most of the study sites in the Loess Plateau region. Moreover,

210other factors that influence runoff prediction should be considered to reflect the large
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211CN value variations in each watershed.
2123.2 Relationships between rainfall depth and CN value

213 Figure 4a shows the linear rainfall-runoff relationship for 1479 events, with a
214widely dispersed scatter point distribution. The regression line slope of 0.09 and
215intercept of 8.11 reflect the runoff coefficient and the minimum rainfall required to
216produce runoff, respectively. Studies show that the SCS-CN model exhibits better
217runoff prediction results for study areas with a runoff coefficient greater than 0.5 as
218compared to those with runoff coefficients less than 0.5 (Peng and You, 2006).
219However, almost all the data points lie under the Q = 0.5P line for the 43 study sites,

220indicating that the original SCS-CN performed poorly in the Loess Plateau region.

221 Figure 4b presents the relationships between runoff and CN values at different
222rainfall depths. According to the SCS-CN method, the same runoff depth can be
223obtained by the combination of different CN values and rainfall, and different CN
224values for the same rainfall event and different rainfall depths for the same CN value
225may generate the same runoff. Therefore, the relationship between thee CN value and

226rainfall should be studied.

227 The relationship between rainfall and CN value was analysed by Hawkins
228(1993), who developed an asymptotic CN method that determines CN values for river
229basins by monitoring rainfall-runoff data. The method shows an asymptotic trend,
230such that as rainfall increases, the CN value decreases and approaches a constant
231value at large rainfall depths. Our study verified that this relationship is highly

232correlated with a high coefficient of determination (R’ = 0.99; Fig. 5a). However, the
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233CN values of the asymptotic CN method were identified with the ordered rainfall and
234runoff depths that were sorted independently in the descending order instead of as
235measured rainfall and runoff pairs, which may overemphasise the relationship
236between rainfall and CN value and ignore the influence of other factors on CN, thus
237failing to reflect the true relationship between rainfall and runoff. Therefore, a
238relationship between actual rainfall and CN based on measured rainfall-runoff pairs
239was also developed that still shows a good correlation with a coefficient of

240determination R’ of 0.76 (Fig. 5b).
2413.3 Relationship between rainfall intensity and the CN value

242 Figure 6a shows the relationships between the potential maximum retention (.S)
243and the product of rainfall (P) and potential maximum retention of the average
244moisture condition (S;) under different rainfall intensities. Storm intensity partially
245reflects the variation of the relationship between the product of rainfall and the mean
246potential maximum retention with the S value. Fig. 6a shows that lower rainfall
247intensity corresponds with higher S, while lower CN values under the same rainfall
248event can generate large runoff. Moreover, as rainfall intensity increases, the trend of

249the product of P and S: increases as S gradually decreases.

250 An exponential relationship between the product of P and S, and the measured S
251value was developed, and the exponent was further expressed as an exponential
252function based on rainfall intensity. The comparison of measured CN and estimated
253CN based on the abovementioned function are shown in Fig. 6b. The coefficient of

254determination R’ between the estimated and measured CN value was increased from
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2550.76 to 0.83 when only accounting for rainfall depth.
2563.4 Relationships between AMC and the CN value

257 Figure 7a presents the comparison of measured and tabulated CN values as a
258function of the 5-day antecedent precipitation. The measured and tabulated CN values
259%have no significant relationship with the 5-day AMC, and tabulated CN values are
260almost always lower than measured ones, confirming the runoff underprediction. The
261SCS-CN method using the tabulated CN value with 5-day AMC (M3) has an RMSE
262value 62.5 % lower than that without the 5-day AMC (M1) (Fig. 7b). However, the
263SCS-CN method, accounting for the 5-day AMC, improved the prediction accuracy of
264some watersheds and reduced that of others with the same number of study sites,
265where the NSE value is greater than zero (compared to M1; Fig. 7c). The results
266indicated that a new indicator of soil moisture condition, such as the actual soil
267moisture, is more correlated with the CN values than antecedent 5-day rainfall when
268considering CN in the calculation (Huang et al., 2007; Shi et al., 2017; Shi and Wang,
2692020b).

2703.5 Proposed method

271 A modified SCS-CN method incorporating rainfall depth, rainfall intensity, and
272s0il moisture factors was proposed, and the S and CN values can be calculated as

273follows:

27 S = u[P(S, - V)] ©6)
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- o o 25400
w| PP osa_py| w254 (7)
CN,
276 )
w=al (8)

277where P is the amount of observed rainfall (mm); S is the potential maximum

278retention (mm); V) is the antecedent or initial soil moisture (mm); / is the rainfall

279intensity (mm h); Sy is the potential maximum retention in completely dry conditions
280(mm); CN; is the tabulated CN value corresponding to AMC 1; and u, w, a, and b are

281coefficients (dimensionless).

282  Because soil moisture data are not easily available for all study sites, three
283watersheds (Nanyaogou, Jiuyuangou, and Peijiamaogou) with available rainfall,
284rainfall intensity, and soil water content data were selected to test the applicability of
285the proposed method. The hydrologic characteristics and the optimised parameters of
286the three watersheds for the proposed method are listed in Table 3. To simplify the
287model, only parameter u was optimised in the proposed method, whereas for
288parameters a and b, the values obtained from Fig. 6b based on 1479 rainfall-runoff
289events were adopted. Table 4 presents the performance between the original and

290proposed SCS-CN methods with statistical indexes.

291 Using the original SCS-CN and the proposed method, the estimated runoff
292against the corresponding measured values of the three watersheds are plotted in Fig.

2938. The original SCS-CN method consistently under- and over-predicts small storm-
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294runoff events. On the other hand, the proposed method presented a superior
295performance, yielding a larger NSE value of 74.70% and a lower RMSE value of 3.08
296mm for all the three watersheds, as compared with the original SCS-CN method
297(Table 4); most data points were quite close to the perfect line (Fig. 8a). Therefore,
298according to the results of the experimental sites, the proposed method is more

299suitable for runoff estimation with the SCS-CN method in the Loess Plateau.
3003.6. Sensitivity analyses

301  The above results show that the new method predicts runoff more accurately than
302the original SCS-CN method. A sensitivity analysis can identify the primary
303importance parameters that affect model performance. To conduct the sensitivity
304analysis, the complete dataset of the three tested watersheds was used to calibrate the
305variables (u, a, and b), and the effect of the variation of the calibrated parameter on

306the runoff prediction in terms of NSE was observed.

307 Figure 9 presents the sensitivity of various parameters of the proposed method in
308 terms of runoff prediction. Sensitive variables are those parameters that change
309 significantly in terms of NSE when the parameter fluctuates around the calibration
310 wvalue. Figure 9 shows that for parameter a ranging from 110% to 90% of the
311 optimised value, NSE decreased dramatically from 81.30% to 31.10%, indicating
312 that parameter a is the most sensitive to variation. However, the initial ratio u
313 appears to be the least sensitive. Model parameters are ranked by sensitivity as: a >
314 b>pu.

3154 Discussion
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3164.1. Impact factors of the revised CN
3174.1.1. Effect of rainfall depth

318 Rainfall is one of the primary driving forces of runoff generation, and different
319rainfall characteristics lead to varying runoff generation capacity in the watershed.
320The dominant behaviour of the CN values in response to rainfall depth is of great
321significance to the runoff calculation (Muche et al., 2019; Soulis et al., 2009). The
322specific behaviour of the CN value calculated from the measured rainfall runoff data
323systematically varies with rainfall size. A single asymptotic CN value at a very high
324rainfall depth was determined to reflect the runoff response of the watersheds

325(Hawkins, 1975, 1993; Soulis and Valiantzas, 2012).

326 However, the CN values of the asymptotic CN method were identified with the
327ranking of rainfall depth, and runoff depth was conducted independently in
328descending order. This may potentially overemphasise the relationship between
329rainfall and the CN value, while ignoring the influence of other factors on the CN
330value and thus, fail to reflect the relationship between measured rainfall and runoff.
331Therefore, a relationship based on measured rainfall-runoff pairs was developed to
332reflect the actual rainfall and CN value in our study. Although it appears scattered as
333compared with the asymptotic CN method, the new relationship is explained by
334temporal variability variables, such as rainfall intensity and soil moisture conditions.
335This conclusion is consistent with that of Soulis and Valiantzas (2012), who stated
336that the produced effect of the CN and rainfall depth relationship should be considered

337as part of a deterministic analysis, whereas other temporal variables can describe the
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338remaining scatter points on the primary CN-P correlation curve.
3394.1.2. Effect of rainfall intensity

340 The SCS-CN method only accounts for the rainfall amount but ignores rainfall
341lintensity. The runoff, predicted by the conventional SCS-CN method, and rainfall
342intensity increased as the rainfall amount increased; therefore, the measured runoff
343did not increase monotonously with rainfall amount or negatively affect the
344performance of the SCS-CN method (Shi and Wang, 2020a). However, when
345incorporating the rainfall intensity in the CN calculation, most of the data points
346between estimated and measured CN values lie close to 1:1, compared to the CN-P
347relationship (Fig. 6b). The better performance indicated that rainfall intensity plays a
348vital role in runoff production and estimation. Another study also confirmed that
349rainfall intensity greatly influences runoff generation and prediction, which should be
350considered to reflect the large variations in the CN value for each watershed (Fang et

351al., 2008; Reaney et al., 2010).
3524.1.3. Effect of soil moisture

353 AMC is one of the primary factors affecting runoff. The conventional SCS-CN
354method uses the 5-day antecedent precipitation prior to an individual rainfall-runoff
355event to define AMC at three discrete levels, causing the CN value to suddenly shift
356from one level to another. Our study indicated that the measured CN values have no
357significant relationship with the 5-day AMC and that tabulated CN values are almost
358always lower than measured ones; this confirms the runoff underprediction (Fig. 7).

359Therefore, the traditional CN method using 5-day AMC adopted is unreasonable; this
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360has also been proven by other researchers (Huang et al., 2007; Shi et al., 2017; Shi

361and Wang, 2020b).

362 Soil moisture has an important impact on runoff generation. During a certain
363rainfall period, the runoff capacity increases as the soil water content increases, and
364the CN value of the CN method should be increased accordingly (Thorndahl and
365Willems, 2008). Thus, detailed observations of actual soil moisture are a more reliable
366alternative to the use of antecedent rainfall—the most important factor defining the
367initial abstraction of the SCS-CN method and the study sites—for characterising
368AMC. Strengthening the understanding of antecedent moisture significantly improves
369the runoff estimation of the CN method (Wood, 1976; Michele and Salvadori, 2002).
370The results of the proposed method incorporating the antecedent soil moisture factor
371performed better than the standard SCS-CN method, which also indicated that soil

372moisture is more suitable for AMC determination than the antecedent 5-day rainfall.
3734.2. Differences in CN values between the United States and China

374 The difference between calculated and looked-up CN values ranges from -12.2 to
37523.6% (Fig. 2). However, the SCS-CN method using the calculated CN value
376performed more poorly than the tabulated CN value due to large CN value variations
3771in each watershed (Fig. 3b). Based on this result, we infer that the performance of the
378original SCS-CN method cannot be improved when using calculated average CN
379values of the monitored rainfall-runoff data instead of the tabulated CN value for most

3800f the study sites in the Loess Plateau region.

381 Therefore, the predominant controlling factors that influence the runoff
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382prediction should be considered to reflect the large CN value variations in each
383watershed to improve the applicability of the SCS-CN method. The results show
384significant spatiotemporal variability in soil moisture content and rainfall
385characteristics, which are proven to be related to the CN value in our study (Ponce and
386Hawkins, 1996; Tramblay et al., 2010; Wang, 2018; Zeng et al., 2017). Table 4 shows
387that the proposed method incorporating soil moisture, rainfall depth, and intensity
388factors with tabulated CN value suggests an accurate runoff prediction using the
389optimised parameter for the three watersheds. The original SCS-CN method did not
390exhibit good performances for the test watersheds and underestimated multiple

391rainfall-runoff events.

392 Moreover, we found that the error between the calculated and tabulated CN value
3930f the three watersheds ranged from 6.3% to 15.4%. However, the performance of the
394original SCS-CN method using the calculated average the CN value of each watershed
395did not improve, whereas the proposed method showed superior performance,
396indicating that the factors influencing runoff prediction more effectively reflect the
397large CN value variations than the average CN value calculated based on the measured

398dataset in the Loess Plateau region.
3994.3. Shortcomings and future perspectives

400 The largest potential error source of the SCS-CN method is that runoff prediction
401results are sensitive to CN values. Our study found that incorporating factors to reflect
402the large CN value variations is more effective for runoff prediction than the use of

403the modified CN: lookup table based on measured datasets in the Loess Plateau
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404region. However, several issues require further investigation. First, because actual soil
405moisture is more correlated with the CN parameters than with antecedent precipitation
406in the SCS-CN method, and these data are difficult to obtain in situ, multi-source soil
407moisture data—including satellite and model derived data—should be introduced to
408demonstrate applicability to the model. Second, higher resolution CN values will
409result in good runoff predictions, which require long-term and high-resolution
410monitoring data. High resolution CN values are effectively generated by mapping
411global CN values based on moderate resolution imaging Spectroradiometer (MODIS)
412and normalised Difference vegetation Index (NDVI) datasets (Lin et al., 2017; Zeng
413et al., 2017). Third, The proposed method provides validation that when the error
414between the calculated and tabulated CN values is within 15%, incorporating factors
415to reflect the large CN value variations is more effective than the use of the revised
416CN value based on measured datasets in the runoff prediction of the model. However,
417the effectiveness needs to be tested for errors greater than 15%. Moreover, the
418proposed method can be applied to similar sub-humid, semi-arid, and arid regions
419with the optimised parameters but may need adjustment for humid regions, because of
420so0il moisture and rainfall characteristics may be different from the test results in this

421study.
422
4235 Conclusions

424 In this study, CN values calculated using observed rainfall-runoff data from 43

425sites in the Loess Plateau region were determined to be considerably different from
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426the CN, values obtained from the USDA-SCS handbook table. However, the
427calculated average CN values showed little improvement in terms of runoff estimation
428using the SCS-CN method because of large CN value variation. Therefore, three
429factors—soil moisture, rainfall depth, and intensity—were identified as influencing
430the CN values under field conditions of the Loess Plateau, and a new CN value was
431developed with the CN, value used in the conventional SCS-CN method. The
432proposed method with optimised parameters was used to test the reliability of data
433from three watersheds on the Loess Plateau. The large NSE values and low RMSE
434values of the proposed method indicated that it could accurately predict runoff for the
435tested watersheds and had greater reliability than the original SCS-CN method.
436Moreover, the factors incorporated in the proposed method seemed to more
437effectively reflect the large variations of the CN value than the revised CN; value
438based on measured datasets in the Loess Plateau region.

439
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624

625Table 1

626Main characteristics of all the 43 study watersheds.

56

I Area Land use ( % )
Observe  Even
D Watershed (km? ) Cropla Fore Pastu Wastela Othe Lon Lat
d period ts
) nd st re nd s
2004—
1 Liudaogou 6.89 17 12.8 283  26.6 25.5 6.9  38°48 110°22'
2009
1958—
2 Xiangtagou 0.45 1961 11 75.5 35 0.0 6.0 6.3 37°33" 110°16'
13.5 1958— 35°02
3 Donggou 24 64.9 4.5 1.3 27.5 2.0 107°30'
0 1959 '
1954—
4  Nanyaogou 0.73 1961 72 80.2 6.6 11.3 1.9 0.0 37°21" 110°17
1956— 37°33
5 Yangdaogou  0.21 97 58.0 0.0 0.0 42.0 0.0 111°09'
1970 '
1960—
6  Yangyagou 1.88 1961 15 344 32.5 0.0 224 10.7  38°51" 110°30’
Peijiamaogo 41.5 1959
7 111 68.8 12.5 0.0 16.7 2.0  37°29" 110°17
u 0 1969
Wangdonggo 1996— 35°
8 8.30 7 42.5 29.7 142 6.8 6.8 107°41'
u 1997 14'
1958—
9  Qingcaogou 0.37 1059 10 54.2 14.0 28.8 3.1 0.0  38°08" 109°51
1 19.1 1960—
Yujiaguagou 11 19.3 31.7 0.0 329 159 37°34" 108°47
0 7 1961
1 1959~
Mengjiagou 2.03 25 28.5 9.4 17.0 45.2 0.0  38°51" 110°30'
1 1961
1 20.1 1959~ 36°03
Gangou 22 40.0 2.5 4.5 43.2 9.8 107°05'
2 0 1960 '
1 1959~
Sigou 4.37 82 2.7 67.7 0.0 28.7 0.9  35°44" 109°34'
3 1967
1 37.5 2004— 36°16
Caijiachuan 19 6.1 78.1 0.0 14.7 1.2 110°43'
4 7 2006 !
1 ] 1958— 36°40
Xiaoyanggou  0.47 12 25.2 0.6 0.0 64.2 10.0 107°11'
5 1960 '
1 1959~
Tiaogou 0.86 18 42.6 2.2 4.6 40.9 9.7  38°11" 109°47
6 1961
1 1959~
Beilougou 0.33 14 66.4 27.1 0.0 6.5 0.0  35°11" 109°55'
7 1961
1 1959~
Wangjiagoul  0.43 25 79.4 0.0 3.7 17.0 0.0  38°08" 109°51'
8 1960
1 Tuanyuango 0.49 1958— 18 79.2 8.5 0.0 6.0 6.3 37°33" 110°16'
28
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627

628Table 2

629Performance statistics of the SCS-CN method used different CN values for the 43
630studied watersheds

CN value RMSE (mm) SD

ID Watershed Calculate (mm)

Tabulated M1 M2 M3 M4
1 Liudaogou 83.6 67.7 6.0 7.7 - - 4.8
2 Xiangtagou 80.7 68.3 4.2 42 6.3 5.5 5.2
3 Donggou 85.7 73.4 49 54 6.9 4.9 6.2
4  Nanyaogou 80.7 70.0 4.1 6.0 6.1 39 3.9
5 Yangdaogou 84.2 73.1 4.7 8.0 8.6 11.0 8.0
6  Yangyagou 79.1 69.0 6.2 11.2 2.1 4.1 1.3
7  Peijiamaogou 83.3 72.8 8.8 12.9 6.9 10.0 4.1
8  Wangdonggou 78.7 69.6 1.9 1.4 - - 1.5
9  Qingcaogou 80.2 71.5 1.9 4.7 5.0 7.6 3.6
10 Yujiaguagou 76.1 68.1 2.3 4.6 0.3 0.7 0.2
11  Mengjiagou 78.4 70.1 9.6 14.9 23 6.2 5.6
12 Gangou 80.3 72.1 1.7 4.1 1.6 0.9 0.5
13 Sigou 70.0 63.1 9.0 11.8 3.6 6.2 0.6
14 Caijiachuan 69.1 62.5 3.6 6.2 0.5 0.7 0.3
15 Xiaoyanggou 78.5 71.2 4.0 6.0 2.5 2.6 3.5
16 Tiaogou 79.4 72.3 44 6.9 23 3.0 2.7
17 Beilougou 77.9 71.2 1.4 34 2.5 1.9 2.1
18 Wangjiagou' 81.3 74.6 43 6.3 14 2.9 4.5
19 Tuanyuangou 80.7 74.1 5.6 9.8 11.5 13.6 55
20 Chacaizhugou 80.1 73.6 5.6 9.8 11.5 13.6 4.2
21 Jiuyuangou 79.8 73.5 7.7 10.3 59 59 10.2
22 Yangwangou 73.9 68.2 4.8 7.8 2.0 1.3 2.1
23 Mingyuchigou 74.9 69.5 6.5 8.8 7.8 9.0 0.3
24 Xiaobiangou 78.3 72.9 54 7.4 7.5 9.1 2.5
25 Lvergou 74.1 69.2 5.0 16.9 11.7 17.1 7.5
26 Erdaogou 77.0 71.9 55 7.2 7.1 6.2 2.5
Yuanguzhuanggo 0.7
27 u 78.0 73.5 0.7 0.8 0.9 0.9

28 Nangou 74.3 70.2 2.8 4.2 2.0 2.6 1.0
29 Dabiangou 75.5 72.0 6.0 7.6 6.0 6.9 32
30 Dicungou 78.4 74.9 2.7 24 4.2 3.7 0.1
31 lijiazhai 77.6 74.3 4.6 59 0.6 1.0 0.8
32 Wangjiagou® 76.1 73.2 6.4 7.7 43 4.8 7.0
33 Yanwachuangou 75.2 73.2 18.0 19.7 7.6 8.9 22
34 Wangmaogou 73.3 73.0 12.3 12.5 39 4.1 7.9
35 Guanzhuanggou 73.2 73.0 0.9 0.9 0.9 0.9 0.9

62 31
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36 Beiyazhigou 63.7 63.6 3.2 33 0.2 0.2 0.5
37 Fengyugou 72.6 74.2 10.9 9.8 24 1.9 0.8
38 Lijiagou 70.5 72.5 7.6 8.7 2.7 3.0 2.5
39 Xingshugou 72.3 74.6 34 2.7 0.3 04 0.3
40 Buzigou 64.4 66.7 7.5 6.4 9.1 8.5 0.1
41 Nanxiaohegou 69.7 72.9 10.6 8.9 9.0 7.9 1.1
42 Qiaozixigou 68.6 73.3 2.1 2.0 - - 9.4
43 Yaojiagou 65.9 75.1 6.6 2.7 1.7 0.8 0.1

631Note: M1: Original SCS-CN method using tabulated CN, values;

632M2: Original SCS-CN method using calculated CN values;

633M3: Original SCS-CN method using tabulated CN values and accounting for AMC with 5-day
634antecedent precipitation;

635M4: Original SCS-CN method using calculated CN values and accounting for AMC with 5-day
636antecedent precipitation;

637RMSE: root mean square error; SD: standard deviation.
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638Table 3
639Hydrologic characteristics and optimised parameters of the proposed method in
640Nanyaogou, Jiuyuangou, and Peijiamaogou watersheds.

Watershed Nanyaogou Jiuyuangou Peijiamaogou All
Precipitation (mm) 20.33+15.15 25.25+26.79 20.69+19.65 22.16+21.15
Rainfall intensity (mm h™') ~ 8.72+9.01 6.03+5.85 4.87+£5.04 6.33+6.73
Soil moisture (cm* cm™) 23.27+6.73 19.29+7.25 18.35+6.34 20.03+6.97
Runoff depth (mm) 1.68+3.96 2.80+9.15 1.86+£3.98 2.13+6.14
Measured CN value 80.74+10.73 80.82+11.64 83.25+11.20 81.72+11.38
Tabulated CN value 69.97 73.50 72.80 -

u 0.053 0.052 0.056 0.054
Parameter a 0.876 0.876 0.876 0.876
b -0.043 -0.043 -0.043 -0.043

66 33



67

641Table 4
642Performance of the original SCS-CN and proposed method for the three tested
643watersheds
Method Variable Watershed
Nanyaogou Jiuyuangou  Peijiamaogou All
SCS-CN Slope 0.87 0.47 0.45 0.51
method Interception 1.30 0.41 1.92 1.33
R 0.25 0.57 0.16 0.32
NSE (%) -142.32 53.69 33.70 19.26
RMSE (mm) 6.12 5.94 2.82 5.51
Proposed Slope 0.55 0.67 0.85 0.67
method Interception 0.91 1.40 0.06 0.83
R 0.68 0.77 0.82 0.82
NSE (%) 65.23 75.00 85.14 74.70
RMSE (mm) 232 4.55 1.47 3.08

644R’: coefficient of determination; NSE: model efficiency; RMSE: root mean square error.
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689Fig. 9. Sensitivity analysis of the three proposed model parameters.
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