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ABSTRACT

The Soil Conservation Service Curve Number (SCS-CN), one of the most commonly

used  methods  for  surface  runoff  prediction,  was  developed  by  the  United  States

Department of Agriculture (USDA). For many years, the direct application of the CN

look-up table derived from USDA in regions elsewhere with different characteristics

was  questionable,  because  it  could  lead  to  a  large  error  in  runoff  prediction.  To

eliminate this error, some studies suggested that  CN entries should be revised based

on measured data, whereas others indicated that major factors affecting runoff should

be considered for application in specified regions. In this study, the above-mentioned

CN revision approaches were compared to adjust CN values using a large amount of

rainfall-runoff observation data for 43 study sites across the Loess Plateau region. The

results  showed  that  the  average  CN values  of  each  watershed  obtained  from the

measured  rainfall-runoff  data are  quite  different  from  the  tabulated  CN2 values.

However,  the  calculated  average  CN values  produce  little  improvement  in  runoff

estimation  with the  SCS-CN method,  due to  large  CN value  variation.  Therefore,

three  factors—soil  moisture,  rainfall  depth,  and  intensity—were  identified  as

influencing the CN values under field conditions in the Loess Plateau, and a new CN

value  with a  CN2 value in the conventional  SCS-CN method was  developed. The

reliability of the proposed method was tested with data from three watersheds on the

Loess Plateau.  High Nash–Sutcliffe efficiency (NSE = 74.70%) and low root mean

square error (RMSE = 3.08 mm) indicated that the proposed method could accurately

estimate runoff and was more reliable than  the standard SCS-CN method (NSE =
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19.26%;  RMSE =  5.51  mm). Moreover,  the  factors  incorporated  in  the  proposed

method seem to more effectively reflect the large CN value variations than the revised

CN2 value based on measured dataset in the Loess Plateau region. 

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

Service Curve Number method; Runoff prediction
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1 Introduction

Runoff prediction is becoming an essential part of many hydrologic applications,

such  as  water  resource  management,  flood  control  design,  and  water  and  soil

conservation . Accordingly, multiple rainfall-runoff models have been developed to

predict runoff using readily available rainfall data. One of the most common methods

used for estimating runoff as a response to rainfall is the Soil Conservation Service

Curve Number (SCS-CN) method . This method has evolved well beyond its original

scope  of  storm  runoff  evaluation  and  expanded  to  other  areas,  such  as  rainfall-

infiltration, soil loss, and non-point source pollution (Shi et al., 2018b). Furthermore,

the  method  has  become  an  integral  part  of  more  complex,  long-term  simulation

models (Kaffas  et  al.,  2015)  including  SWAT (Soil  and  Water  Assessment  Tool)

(Neitsch  et  al.,  2011),  EPIC  (Environmental  Policy  Integrated  Climate)  (,  and

AnnAGNPS (Annualized Agricultural Non-Point Source Pollution Model) (Baginska

et al., 2003).

The CN method is simple and convenient and only has a single parameter,  CN,

making  it  the  most  widespread  and  accepted  method  for  estimating  runoff  in

ungauged watersheds.  The  CN value is  determined by the  CN value (CN2)  of the

average  moisture  condition  (AMC  2)—which  depends  on  land  cover,  land

management, and the hydrologic soil group, as per a table from the SCS handbook

(SCS, 1972)—and is converted to AMC 1 or AMC 3 based on 5-day prior rainfall

depth  .  Error  analysis  and sensitivity  calculations  indicated  that the  sensitivity  of

runoff calculated by the CN method to the CN value was greater than that to rainfall
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depth, with runoff changing from 45% to 55% when the  CN value varies by ±10%

(Hawkins, 1975). Numerous studies have shown that the CN method performs better

with the empirically calculated CN values obtained from observed rainfall-runoff data

as compared with  the  theoretical  CN values  as well as those  derived from the  CN

look-up table,  warranting a need for improvement  (Banasik and Woodward, 2010;

Ebrahimian et al., 2012; Lal et al., 2017; Soulis and Valiantzas, 2013; Walega and

Salata, 2019). 

The accuracy of the tabulated CN value of the CN method plays a vital role in

runoff prediction. Key factors that impact the tabulated CN value can be divided into

two parts, i.e.  AMC and CN2. The antecedent moisture condition (AMC) is a major

factor determining the initial abstraction of runoff.  The  AMC was defined in three

levels: dry (AMC 1), average (AMC 2), and wet (AMC 3), with 5-day antecedent

precipitation prior to an individual rainfall-runoff event in the traditional CN method.

However,  the  definition of  three discrete  AMC levels  will  cause the  CN value to

suddenly shift from one level to another (Hawkins, 1978). Soil moisture proved to be

a more appropriate indicator to define AMC values than the 5-day antecedent rainfall

depth and strengthened knowledge of the relationship between soil moisture; the CN

value greatly improved the runoff estimation of the SCS-CN method  (Wood, 1976;

Michele and Salvadori,  2002).  The relationship between soil  moisture and the  CN

value  has  been  confirmed  by  many  studies;  several  functions,  such  as  the  step

function  (Saxton,1992) and  the  linear  function  (Koelliker,  1994),  which  were

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

The CN2 value corresponds to the field conditions of the watershed (soil, slope,

and land use). The  CN look-up table was obtained and organised according to the

monitored rainfall-runoff events of 150 watersheds across a wide range of terrain,

soil,  land  use,  and  management  conditions  in  the  United  States.  However,  the

application of the  CN method to regions with different geographical characteristics,

land use, and soil infiltration ability produces a large error between CN values from

the look-up table and the measured values  (Lian et al., 2020). The CN2 values from

the handbook tables accurately predict runoff in traditional agricultural basins in the

United States, but may generate unreliable flood parameters  when applied to other

countries and regions (Walega et al., 2019).  Therefore, local application of the  CN

method must be verified to reduce the uncertainty of modelling results and promote a

more widespread use of this method. 

In addition to the tabulated  CN value,  rainfall  characteristics  such as  rainfall

depth and intensity also greatly impact runoff prediction; these are not considered in

the CN look-up table. In most watersheds, the CN value calculated based on measured

rainfall  runoff  events  eventually  approaches  a  constant  value as  the rainfall  depth

increases, which can be regarded as a characteristic of a specific watershed. In the

study of determining asymptotic CNs using measured rainfall-runoff events, Hawkins

(1993)  indicated the typical presence of a secondary systematic  between calculated

CN values  and  rainfall  depth  in  the  watersheds.  Soulis  and  Valiantzas  (2012)

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

measured runoff.

Rainfall intensity has an important influence on the rainfall-runoff process, and

thereby  on  the  runoff  estimation  .  However,  the  rainfall  intensity  factor  is  not

considered in the SCS-CN, method,  which will inevitably produce runoff prediction

uncertainty  due  to  spatiotemporal  variability  of  rainfall  .  Several  modified  CN

methods have been developed to compensate for neglecting rainfall intensity. Jain et

al.  (2006) proposed  a  modified  model  with  a  rainfall  intensity-based  rainfall

adjustment. Mishra et al. (2008) suggested a rainfall intensity-dependent procedure by

developing a new  CN value equation with an introduced minimum  CN and rainfall

duration.  Shi et al. (2017) introduced static infiltration into soil moisture accounting

(SMA)  based  on  the  SCS-CN method  to  improve runoff  prediction  in  the  Loess

Plateau.  However,  none of  these  methods have  contact  with  the CN value  of  the

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

The Loess Plateau, located in the middle reaches of the Yellow River, covers an

area of 620,000 km2 across five provinces of China; it is one of the most erodible

regions (Fu et al., 2004; Tian et al., 2016). The severe soil erosion and deposition in

this area is primarily due to heavy rainstorms occurring over a short duration, steep

slopes, and sparse vegetation  (Zhang and Liu, 2005). Since the 1970s, a number of

soil and water conservation measures, such as the Grain-for-Green project, have been

adopted  to  strengthen  vegetation  restoration,  control  soil  erosion,  and  improve

environmental  quality.  Current  research on the rainfall  erosion process  shows that
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runoff  is  one of the primary driving factors  in  soil  erosion modelling.  Thus,  it  is

necessary to develop an appropriate method for predicting surface runoff from the

design of soil and water conservation measures in this region.

 Verifying the applicability of the SCS-CN model under different hydrological

and climatic conditions on the Loess Plateau region is crucial to reduce modelling

uncertainty  and  promote  wider  application  in  the  engineering  practice. To  obtain

revised  CN values  that  better  reflect  actual  hydrological  conditions  on  the  Loess

Plateau, three objectives were defined: (i) to compare  CN values derived from SCS

handbook tables with the calculated CN values based on the monitored rainfall-runoff

data;  (ii)  to identify the key factors influencing  CN values under the hydrological

conditions of the  Loess Plateau;  and (iii) to  develop a revised  CN value with the

tabulated  CN2 value  to  identify  key  factors  influencing  the  CN values  in  the

conventional SCS-CN method.

2. Material and methods

2.1 Overview of the SCS-CN method

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

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

follows:

, (1)

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

(2)

where  CN varies from 0 to 100 (dimensionless. The  CN value is determined by the

CN value  (CN2)  of  AMC  2,  which  depends  on  land  cover,  soil  group,  and  the

hydrologic  conditions  from  the  SCS  handbook  table  (SCS,  1972);  this  is then

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

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

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

(3)

2.2 Data Collection 

In this study, a total of 43 watersheds were selected using existing data from

monitoring  rainfall-runoff events in the Loess Plateau region; the distribution of

each study site is shown in Fig. 1. Data for 1479 monitored rainfall-runoff events

from the 43 experimental watersheds were collected to revise the  CN value. The

observed events,  period,  land use,  and other  attributes  for  these  watersheds  are

shown  in  Table  1.  The  meteorological  data  were  derived  from  the  China

Meteorological Data Service Center and provided by the Chinese Meteorological

Administration (http://data.cma.cn/). The land use and rainfall-runoff data used to

calculate  CN values were obtained from literature and Loess Plateau Data Center,

National  Earth System Science  Data Sharing  Infrastructure,  National  Science  &

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

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

expressed as follows: 

(4)

(5)

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

and are  the  ith observed  and  estimated  runoff,  respectively;  is  the  mean

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

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

3 Results 

3.1 Comparison of calculated and tabulated CN values

The CN values of the 43 study watersheds were calculated based on data for the

observed rainfall-runoff events. The calculated CN2 values were significantly different

from the CN2 values derived from the SCS handbook table CN entries (SCS, 1972) of

the study area (Fig. 2). The CN2 value calculated using the observed data has a larger

range of 63.7‒85.7, whereas the tabulated CN value of the study sites varies as 62.5‒
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75.1. The difference between the calculated and tabulated CN values ranges as -9.1‒

15.9, and only 13 of the 43 study sites (30%) had calculated  CN2 values that were

within -5–5% of the tabulated values. This result is consistent with that of Lian et al.

(2020), who adjusted CN values for 55 study sites in China with available observed

rainfall-runoff event data and concluded that only one-third of the study sites could

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

Comparing the average CN2 value and error for each study site revealed that the

CN2 value of different watersheds may be very different, which largely ignores the

study site characteristics. Moreover, the data for the SCS handbook table developed

by the USDA were obtained from a limited watershed observation dataset (Bartlett et

al., 2016; Ogden et al., 2017). Thus, some studies questioned the applicability of the

existing  CN look-up table for other areas that differ from the characteristics of the

original model, suggesting that CN values should be revised using monitored rainfall-

runoff data  (Lian et al., 2020; Walega et al., 2019). However, the SCS-CN method

using  the  calculated  CN2 value  performed  poorly  as  compared  to  that  using  the

tabulated CN2 value (Table 2). Figure 3a shows that 76.7 % of the latter points have a

lower  RMSE value than the former. The poor performance can be derived from the

large CN value variations in each watershed (Fig. 3b). Based on this result, we infer

that the performance of the original SCS-CN method cannot be improved by using

calculated  average  CN values  of  monitored  rainfall-runoff  data  instead  of  the

tabulated CN values for most of the study sites in the Loess Plateau region. Moreover,

other factors that influence runoff prediction should be considered to reflect the large
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CN value variations in each watershed.

3.2 Relationships between rainfall depth and CN value

Figure 4a shows the linear rainfall-runoff relationship for 1479 events, with  a

widely dispersed scatter  point  distribution. The  regression  line  slope  of  0.09  and

intercept of 8.11  reflect the runoff coefficient and the minimum rainfall  required to

produce runoff,  respectively.  Studies  show that  the SCS-CN model  exhibits  better

runoff prediction results for study areas with a  runoff coefficient greater than 0.5 as

compared  to  those  with  runoff  coefficients  less  than  0.5  (Peng  and  You,  2006).

However, almost all the data points lie under the Q = 0.5P line for the 43 study sites,

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

Figure 4b presents the relationships between runoff and  CN values at different

rainfall  depths.  According to  the  SCS-CN method,  the  same runoff  depth  can  be

obtained by the combination of different  CN values and rainfall,  and  different  CN

values for the same rainfall event and different rainfall depths for the same CN value

may generate the same runoff. Therefore, the relationship between thee CN value and

rainfall should be studied. 

The  relationship  between  rainfall  and  CN value  was  analysed by  Hawkins

(1993), who developed an asymptotic CN method that determines CN values for river

basins by monitoring  rainfall-runoff data.  The method shows an asymptotic  trend,

such that  as rainfall increases,  the CN value  decreases and approaches  a constant

value  at  large  rainfall  depths.  Our  study  verified that this  relationship  is  highly

correlated with a high coefficient of determination (R2 = 0.99; Fig. 5a). However, the
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CN values of the asymptotic CN method were identified with the ordered rainfall and

runoff depths  that were sorted independently in  the  descending order instead of  as

measured  rainfall  and  runoff  pairs,  which  may  overemphasise the  relationship

between rainfall and CN value and ignore the influence of other factors on CN, thus

failing  to  reflect  the  true  relationship  between  rainfall  and  runoff.  Therefore,  a

relationship between actual rainfall and  CN based on measured rainfall-runoff pairs

was  also  developed  that still  shows a good  correlation  with  a  coefficient  of

determination R2 of 0.76 (Fig. 5b).

3.3 Relationship between rainfall intensity and the CN value

Figure 6a shows the relationships between the potential maximum retention (S)

and  the  product  of  rainfall  (P)  and  potential  maximum  retention  of  the  average

moisture condition (S2) under different rainfall  intensities. Storm  intensity  partially

reflects the variation of the relationship between the product of rainfall and the mean

potential  maximum retention  with  the S value.  Fig. 6a shows  that lower  rainfall

intensity  corresponds with higher  S, while lower  CN values under the same rainfall

event can generate large runoff. Moreover, as rainfall intensity increases, the trend of

the product of P and S2 increases as S gradually decreases.

An exponential relationship between the product of P and S2 and the measured S

value  was  developed,  and  the  exponent  was further  expressed  as  an  exponential

function based on rainfall intensity. The comparison of measured  CN and estimated

CN based on  the  abovementioned function are shown in  Fig. 6b. The coefficient of

determination R2 between the estimated and measured CN value was increased from
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0.76 to 0.83 when only accounting for rainfall depth.

3.4 Relationships between AMC and the CN value

Figure 7a presents the comparison of measured and tabulated  CN values as a

function of the 5-day antecedent precipitation. The measured and tabulated CN values

have no significant relationship with the 5-day AMC, and tabulated  CN values are

almost always lower than measured ones, confirming the runoff underprediction. The

SCS-CN method using the tabulated CN value with 5-day AMC (M3) has an RMSE

value 62.5 % lower than that  without  the 5-day AMC (M1) (Fig. 7b). However, the

SCS-CN method, accounting for the 5-day AMC, improved the prediction accuracy of

some watersheds and reduced that of others with the same number of study sites,

where the  NSE value is  greater than zero (compared to  M1;  Fig. 7c).  The results

indicated  that  a  new indicator  of  soil  moisture  condition,  such  as  the  actual  soil

moisture, is more correlated with the CN values than antecedent 5-day rainfall when

considering CN in the calculation (Huang et al., 2007; Shi et al., 2017; Shi and Wang,

2020b).

3.5 Proposed method

A modified SCS-CN method incorporating rainfall depth, rainfall intensity, and

soil moisture factors was proposed, and the  S and  CN values can be calculated as

follows:

(6)
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(7)

(8)

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

retention (mm); V0 is the antecedent or initial soil moisture (mm);Ｉ  is the rainfall

intensity (mm h-1); S0 is the potential maximum retention in completely dry conditions

(mm); CN1 is the tabulated CN value corresponding to AMC 1; and μ, ω, a, and b are

coefficients (dimensionless).

Because  soil  moisture  data  are  not  easily  available  for  all  study  sites,  three

watersheds  (Nanyaogou,  Jiuyuangou, and  Peijiamaogou)  with  available  rainfall,

rainfall intensity, and soil water content data were selected to test the applicability of

the proposed method. The hydrologic characteristics and the optimised parameters of

the three watersheds for the proposed method are listed in  Table 3. To simplify the

model,  only  parameter  μ was  optimised in  the  proposed  method,  whereas for

parameters  a and  b, the values obtained from Fig. 6b  based on 1479 rainfall-runoff

events  were  adopted. Table  4 presents  the  performance  between  the  original  and

proposed SCS-CN methods with statistical indexes.

Using  the  original  SCS-CN  and  the  proposed  method,  the  estimated  runoff

against the corresponding measured values of the three watersheds are plotted in Fig.

8. The original SCS-CN method consistently under- and over-predicts small storm-
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runoff  events.  On  the  other  hand,  the  proposed  method  presented  a  superior

performance, yielding a larger NSE value of 74.70% and a lower RMSE value of 3.08

mm for  all  the  three  watersheds,  as  compared with  the  original  SCS-CN method

(Table 4);  most data points were quite close to the perfect line (Fig. 8a). Therefore,

according  to  the  results  of  the  experimental  sites,  the  proposed  method  is  more

suitable for runoff estimation with the SCS-CN method in the Loess Plateau. 

3.6. Sensitivity analyses

The above results show that the new method predicts runoff more accurately than

the  original  SCS-CN  method. A  sensitivity  analysis can  identify  the  primary

importance  parameters  that  affect  model performance. To  conduct  the  sensitivity

analysis, the complete dataset of the three tested watersheds was used to calibrate the

variables (μ, a, and b), and the effect of the variation of the calibrated parameter on

the runoff prediction in terms of NSE was observed.

Figure 9 presents the sensitivity of various parameters of the proposed method in

terms of  runoff  prediction.  Sensitive variables  are  those parameters  that  change

significantly in terms of NSE when the parameter fluctuates around the calibration

value.  Figure 9  shows that  for parameter  a ranging from 110% to  90% of  the

optimised value,  NSE decreased dramatically from 81.30% to  31.10%, indicating

that  parameter  a is the most  sensitive  to  variation.  However,  the  initial  ratio  μ

appears to be the least sensitive. Model parameters are ranked by sensitivity as: a >

b > μ. 

4 Discussion
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4.1. Impact factors of the revised CN

4.1.1. Effect of rainfall depth

Rainfall is one of the primary driving forces of runoff generation, and different

rainfall  characteristics lead to varying runoff generation capacity in the watershed.

The dominant  behaviour of the CN values in response to rainfall depth is of great

significance to the runoff calculation  (Muche et al., 2019; Soulis et al., 2009). The

specific behaviour of the CN value calculated from the measured rainfall runoff data

systematically varies with rainfall size. A single asymptotic CN value at a very high

rainfall  depth was  determined to  reflect  the  runoff  response  of  the  watersheds

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

However, the CN values of the asymptotic  CN method were identified with the

ranking  of  rainfall  depth, and  runoff  depth  was  conducted  independently  in

descending  order.  This  may  potentially  overemphasise the  relationship  between

rainfall and the  CN value, while ignoring the influence of other factors on the  CN

value and thus, fail to reflect the relationship between measured rainfall and runoff.

Therefore, a relationship based on measured rainfall-runoff pairs was developed to

reflect the actual rainfall and CN value in our study. Although it appears scattered as

compared  with  the  asymptotic  CN method,  the  new  relationship  is explained  by

temporal variability variables, such as rainfall intensity and soil moisture conditions.

This conclusion is consistent with that of  Soulis and Valiantzas (2012), who stated

that the produced effect of the CN and rainfall depth relationship should be considered

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

4.1.2. Effect of rainfall intensity

The SCS-CN method only accounts for the rainfall amount but  ignores rainfall

intensity.  The runoff, predicted  by the conventional  SCS-CN method,  and rainfall

intensity  increased as the rainfall amount increased; therefore, the measured runoff

did  not  increase  monotonously with  rainfall  amount  or  negatively  affect  the

performance  of the  SCS-CN  method (Shi  and  Wang,  2020a).  However,  when

incorporating  the  rainfall  intensity  in  the  CN calculation,  most  of  the  data  points

between estimated and measured  CN values lie close to 1:1, compared  to the CN-P

relationship (Fig. 6b). The better performance indicated that rainfall intensity plays a

vital  role  in  runoff  production  and  estimation.  Another study  also  confirmed  that

rainfall intensity greatly influences runoff generation and prediction, which should be

considered to reflect the large variations in the CN value for each watershed (Fang et

al., 2008; Reaney et al., 2010). 

4.1.3. Effect of soil moisture 

AMC is one of the primary factors  affecting runoff. The conventional SCS-CN

method uses the 5-day antecedent precipitation prior to  an  individual rainfall-runoff

event to define AMC at three discrete levels, causing the CN value to suddenly shift

from one level to another. Our study indicated that the measured CN values have no

significant relationship with the 5-day AMC and that tabulated CN values are almost

always lower than measured ones; this confirms the runoff underprediction  (Fig. 7).

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

and Wang, 2020b).

 Soil moisture has an important impact on runoff generation.  During a certain

rainfall period, the runoff capacity  increases as the soil water content increases, and

the  CN value  of  the  CN method should  be increased  accordingly  (Thorndahl  and

Willems, 2008). Thus, detailed observations of actual soil moisture are a more reliable

alternative to the  use of antecedent rainfall—the most important factor defining the

initial  abstraction  of  the  SCS-CN  method  and  the  study  sites—for  characterising

AMC. Strengthening the understanding of antecedent moisture significantly improves

the runoff estimation of the CN method (Wood, 1976; Michele and Salvadori, 2002).

The results of the proposed method incorporating the antecedent soil moisture factor

performed better than  the  standard SCS-CN method, which also indicated that soil

moisture is more suitable for AMC determination than the antecedent 5-day rainfall.

4.2. Differences in CN values between the United States and China

The difference between calculated and looked-up CN values ranges from -12.2 to

23.6%  (Fig. 2).  However,  the  SCS-CN  method  using  the  calculated  CN value

performed more poorly than the tabulated CN value due to large CN value variations

in each watershed (Fig. 3b). Based on this result, we infer that the performance of the

original  SCS-CN method  cannot  be  improved when  using  calculated  average  CN

values of the monitored rainfall-runoff data instead of the tabulated CN value for most

of the study sites in the Loess Plateau region. 

Therefore,  the  predominant  controlling  factors that  influence  the  runoff
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prediction  should  be  considered  to  reflect  the  large  CN value  variations  in  each

watershed  to  improve  the  applicability  of  the  SCS-CN method. The results  show

significant  spatiotemporal  variability  in  soil  moisture  content  and  rainfall

characteristics, which are proven to be related to the CN value in our study (Ponce and

Hawkins, 1996; Tramblay et al., 2010; Wang, 2018; Zeng et al., 2017). Table 4 shows

that the proposed method incorporating soil  moisture,  rainfall  depth, and intensity

factors  with  tabulated  CN value  suggests  an  accurate runoff  prediction  using  the

optimised parameter for the three watersheds. The original SCS-CN method did not

exhibit  good  performances  for  the  test  watersheds  and underestimated  multiple

rainfall-runoff events. 

Moreover, we found that the error between the calculated and tabulated CN value

of the three watersheds ranged from 6.3% to 15.4%. However, the performance of the

original SCS-CN method using the calculated average the CN value of each watershed

did  not  improve,  whereas the  proposed  method  showed superior  performance,

indicating that the factors  influencing runoff prediction more effectively reflect the

large CN value variations than the average CN value calculated based on the measured

dataset in the Loess Plateau region.

4.3. Shortcomings and future perspectives

The largest potential error source of the SCS-CN method is that runoff prediction

results are sensitive to CN values. Our study found that incorporating factors to reflect

the large CN value variations is more effective for runoff prediction than the use of

the  modified  CN2 lookup  table based  on  measured  datasets  in  the  Loess  Plateau
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region. However, several issues require further investigation. First, because actual soil

moisture is more correlated with the CN parameters than with antecedent precipitation

in the SCS-CN method, and these data are difficult to obtain in situ, multi-source soil

moisture data—including satellite and model derived data—should be introduced to

demonstrate  applicability  to  the  model.  Second,  higher resolution  CN values  will

result  in  good runoff  predictions,  which  require long-term  and  high-resolution

monitoring  data.  High resolution  CN values  are effectively  generated  by mapping

global CN values based on moderate resolution imaging Spectroradiometer (MODIS)

and normalised Difference vegetation Index (NDVI) datasets (Lin et al., 2017; Zeng

et al.,  2017).  Third,  The proposed method provides validation that  when the error

between the calculated and tabulated CN values is within 15%, incorporating factors

to reflect the large CN value variations is more effective than the use of the revised

CN value based on measured datasets in the runoff prediction of the model. However,

the  effectiveness  needs  to  be  tested  for  errors greater  than  15%.  Moreover,  the

proposed method can be applied to similar  sub-humid, semi-arid, and arid regions

with the optimised parameters but may need adjustment for humid regions, because of

soil moisture and rainfall characteristics may be different from the test results in this

study. 

5 Conclusions

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

sites in the Loess Plateau region were determined to be considerably different from
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the  CN2 values  obtained  from  the  USDA-SCS  handbook  table.  However,  the

calculated average CN values showed little improvement in terms of runoff estimation

using  the  SCS-CN method  because  of  large  CN value  variation.  Therefore,  three

factors—soil moisture, rainfall depth, and intensity—were identified as influencing

the CN values under field conditions of the Loess Plateau,  and a new CN value was

developed  with  the  CN2 value  used  in  the  conventional  SCS-CN method. The

proposed method with optimised parameters was used to test the reliability of data

from three watersheds on the Loess Plateau.  The large  NSE values and low  RMSE

values of the proposed method indicated that it could accurately predict runoff for the

tested  watersheds  and  had  greater  reliability  than  the  original  SCS-CN  method.

Moreover,  the  factors  incorporated  in  the  proposed  method  seemed  to  more

effectively reflect the large variations of the  CN value than the revised  CN2 value

based on measured datasets in the Loess Plateau region. 
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Table 1 
Main characteristics of all the 43 study watersheds.

I

D

 

Watershed

Area

(km2

)

Observe

d period

Even

ts

Land use（%）

Lon LatCropla

nd

Fore

st

Pastu

re

Wastela

nd

Othe

rs

1 Liudaogou 6.89 
2004–

2009
17 12.8 28.3 26.6 25.5 6.9 38°48′ 110°22′

2 Xiangtagou 0.45 
1958–

1961
11 75.5 3.5 0.0 6.0 6.3 37°33′ 110°16′

3 Donggou
13.5

0 

1958–

1959
24 64.9 4.5 1.3 27.5 2.0 

 35°02

'
107°30'

4 Nanyaogou 0.73 
1954–

1961
72 80.2 6.6 11.3 1.9 0.0 37°21′ 110°17′

5 Yangdaogou 0.21 
1956–

1970
97 58.0 0.0 0.0 42.0 0.0 

 37°33

'
111°09'

6 Yangyagou 1.88 
1960–

1961
15 34.4 32.5 0.0 22.4 10.7 38°51′ 110°30′

7
Peijiamaogo

u

41.5

0 

1959–

1969
111 68.8 12.5 0.0 16.7 2.0 37°29′ 110°17′

8
Wangdonggo

u
8.30 

1996–

1997
7 42.5 29.7 14.2 6.8 6.8 

 35°

14'
107°41'

9 Qingcaogou 0.37 
1958–

1959
10 54.2 14.0 28.8 3.1 0.0 38°08′ 109°51′

1

0
Yujiaguagou

19.1

7 

1960–

1961
11 19.3 31.7 0.0 32.9 15.9 37°34′ 108°47′

1

1
Mengjiagou 2.03 

1959–

1961
25 28.5 9.4 17.0 45.2 0.0 38°51′ 110°30′

1

2
Gangou

20.1

0 

1959–

1960
22 40.0 2.5 4.5 43.2 9.8 

 36°03

'
107°05'

1

3
Sigou 4.37 

1959–

1967
82 2.7 67.7 0.0 28.7 0.9 35°44′ 109°34′

1

4
Caijiachuan

37.5

7 

2004–

2006
19 6.1 78.1 0.0 14.7 1.2 

 36°16

'
110°43'

1

5
Xiaoyanggou 0.47 

1958–

1960
12 25.2 0.6 0.0 64.2 10.0 

 36°40

'
107°11'

1

6
Tiaogou 0.86 

1959–

1961
18 42.6 2.2 4.6 40.9 9.7 38°11′ 109°47′

1

7
Beilougou 0.33 

1959–

1961
14 66.4 27.1 0.0 6.5 0.0 35°11′ 109°55′

1

8
Wangjiagou1 0.43 

1959–

1960
25 79.4 0.0 3.7 17.0 0.0 38°08′ 109°51′

1 Tuanyuango 0.49 1958– 18 79.2 8.5 0.0 6.0 6.3 37°33′ 110°16′
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9 u 1961

2

0

Chacaizhugo

u
0.19 

1956–

1970
80 65.2 0.0 0.0 34.8 0.0 

 37°33

'
111°09'

2

1
Jiuyuangou

70.1

0 

1956–

1976
169 49.5 7.2 0.0 33.1 11.7 37°33′ 110°16′

2

2
Yangwangou 0.90 

1959–

1961
8 21.5 28.5 2.0 43.3 4.8 37°34′ 108°47′

2

3

Mingyuchigo

u
3.83 

1958–

1964
50 49.0 35.9 0.0 8.4 6.7 35°01′ 108°06′

2

4
Xiaobiangou 4.05 

1961–

1967
69 48.2 0.0 0.0 41.8 10.0 36°36′ 109°26′

2

5
Lvergou

12.0

1 

1964–

1980
13 23.3 26.3 0.0 32.8 17.7 

 34°34

'
105°43'

2

6
Erdaogou 0.41 

1959–

1961
10 45.3 12.0 0.0 25.7 17.0 34°41′ 108°08′

2

7

Yuanguzhua

ng
2.82 

1959–

1960
5 69.7 5.0 0.0 24.6 0.7 34°00′ 109°08′

2

8
Nangou 5.11 

1964–

1967
39 18.4 2.7 0.0 76.1 2.8 35°44′ 109°34′

2

9
Dabiangou 3.70 

1959–

1967
59 45.4 9.7 0.0 31.2 13.7 36°35′ 109°27′

3

0
Dicungou 4.40 

1960–

1961
26 86.6 3.2 0.0 7.3 3.0 34°11′ 109°8′

3

1
lijiazhai 5.45 

1962–

1963
15 57.3 0.3 0.0 15.2 27.2 37°33′ 110°16′

3

2
Wangjiagou2 9.10 

1955–

1980
107 60.0 0.0 0.0 40.0 0.0 

 37°33

'
111°09'

3

3
Yanwachuan

329.

00 

1976–

1980
26 54.0 4.5 1.3 27.5 13.0 

 35°35

'
107°52'

3

4

Wangmaogo

u
5.97 

1960–

1965
22 45.9 2.6 0.0 32.1 19.5 37°33′ 110°16′

3

5

Guanzhuang

gou
3.39 

1959–

1960
6 69.0 10.3 0.0 18.9 1.8 34°00′ 109°08′

3

6
Beiyazhigou

145.

79 

1959–

1961
6 5.3 64.4 0.0 30.3 0.0 35°44′ 109°34′

3

7
Fengyugou 1.18 

1958–

1960
36 61.9 1.8 5.1 10.5 20.7 35°01′ 108°06′

3

8
Lijiagou 0.87 

1959–

1961
13 50.7 6.0 3.7 29.9 9.8 38°11′ 109°47′

3

9
Xingshugou 0.52 

1958–

1959
9 80.2 0.0 0.0 19.8 0.0 35°11′ 109°55′

4

0
Buzigou 2.86 

1957–

1962
21 27.2 46.6 0.0 26.2 0.0 

 36°04

'
108°17'

4 Nanxiaohego 36.3 1965– 57 49.7 4.5 1.3 27.5 17.0  35°42 107°37'
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1 u 0 1980 '

4

2
Qiaozixigou 1.09 

1988–

2006
12 57.1 0.0 5.9 30.5 6.5 

 34°34

'
105°43'

4

3
Yaojiagou 7.82 

1960–

1961
11 80.8 2.3 0.0 4.3 12.5 34°11′ 109°50′
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Table 2 
Performance statistics of the SCS-CN method used different CN values for the 43
studied watersheds

ID Watershed

CN value RMSE (mm) SD

(mm)Calculate

d
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 4.2 6.3 5.5 5.2

3 Donggou 85.7 73.4 4.9 5.4 6.9 4.9 6.2

4 Nanyaogou 80.7 70.0 4.1 6.0 6.1 3.9 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 2.3 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 4.4 6.9 2.3 3.0 2.7

17 Beilougou 77.9 71.2 1.4 3.4 2.5 1.9 2.1

18 Wangjiagou1 81.3 74.6 4.3 6.3 1.4 2.9 4.5

19 Tuanyuangou 80.7 74.1 5.6 9.8 11.5 13.6 5.5

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 5.9 5.9 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 5.4 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 5.5 7.2 7.1 6.2 2.5

27
Yuanguzhuanggo

u
78.0 73.5 0.7 0.8 0.9 0.9 

0.7

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 3.2

30 Dicungou 78.4 74.9 2.7 2.4 4.2 3.7 0.1

31 lijiazhai 77.6 74.3 4.6 5.9 0.6 1.0 0.8

32 Wangjiagou2 76.1 73.2 6.4 7.7 4.3 4.8 7.0

33 Yanwachuangou 75.2 73.2 18.0 19.7 7.6 8.9 2.2

34 Wangmaogou 73.3 73.0 12.3 12.5 3.9 4.1 7.9

35 Guanzhuanggou 73.2 73.0 0.9 0.9 0.9 0.9 0.9
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36 Beiyazhigou 63.7 63.6 3.2 3.3 0.2 0.2 0.5

37 Fengyugou 72.6 74.2 10.9 9.8 2.4 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 3.4 2.7 0.3 0.4 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

Note: M1: Original SCS-CN method using tabulated CN2 values; 

M2: Original SCS-CN method using calculated CN2 values; 

M3: Original SCS-CN method using tabulated CN values and accounting for AMC with 5-day

antecedent precipitation; 

M4: Original SCS-CN method using calculated CN values and accounting for AMC with 5-day

antecedent precipitation;

RMSE: root mean square error; SD: standard deviation.
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Table 3 
Hydrologic  characteristics  and  optimised  parameters  of  the  proposed  method  in
Nanyaogou, 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-1) 8.72±9.01 6.03±5.85 4.87±5.04 6.33±6.73
Soil moisture (cm3 cm-3) 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 -

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

33

65

638
639
640

66



Table 4
Performance  of  the  original  SCS-CN  and  proposed  method  for  the  three  tested
watersheds

Method Variable Watershed

Nanyaogou Jiuyuangou Peijiamaogou All

SCS-CN 
method

Slope 0.87 0.47 0.45 0.51

Interception 1.30 0.41 1.92 1.33

R2 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 
method

Slope 0.55 0.67 0.85 0.67
Interception 0.91 1.40 0.06 0.83

R2 0.68 0.77 0.82 0.82
NSE (%) 65.23 75.00 85.14 74.70

RMSE (mm) 2.32 4.55 1.47 3.08

R2: coefficient of determination; NSE: model efficiency; RMSE: root mean square error.
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Fig. 1. Location of monitoring sites for rainfall and runoff.
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Fig. 2. Calculated CN value and looked-up CN value for 43 study sites.
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Fig. 3. (a) Comparison of M1 and M2 with the root mean square error (RMSE)and (b)

variation of the measured CN values for the 43 study sites.  M1: The original SCS-CN

method  using  tabulated  CN2 values;  M2:  the  original  SCS-CN  method  using

calculated CN2 values.
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Fig. 4. Runoff versus (a) rainfall (P) and (b) CN values under different rainfall depths

at  all  monitoring sites.  A total  of  1479 rainfall  events  were considered across the

Loess Plateau region.
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Fig. 5. The relationship between (a) rainfall (P) and CN value for the ordered rainfall

and runoff pairs and (b) rainfall (P) and observed CN value for a total of 1479 rainfall

events. 
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Fig. 6. The relationship between (a) the product of rainfall (P) and average potential

maximum  retention  (S2)  and  measured  potential  maximum  retention  (S),  and  (b)

measured versus estimated CN values under different rainfall intensities for a total of

1479 rainfall events. Se and CNe denote the calculated S and CN values, respectively.
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Fig. 7.  (a) Measured and tabulated CNs versus 5-day AMC and comparison of the

SCS-CN method with (M3) and without 5-day AMC (M1) using the (b) root mean

square error (RMSE) and (c) Nash–Sutcliffe efficiency (NSE)
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Fig. 8. Measured versus estimated runoff depths for (a) the proposed method and (b)

the original SCS-CN method in the three tested watersheds.
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Fig. 9. Sensitivity analysis of the three proposed model parameters.
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