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ABSTRACT

The determination of the surface runoff depth in the microbasins of Mexico is carried out by estimation
methods whose degree of accuracy is unknown, due to the information about temporal evolution of the
precipitation and direct surface runoff is scarce. For this reason, it is necessary a revision of the accuracy
of the available methodologies to estimate surface runoff for ungauged basins in order to identify the
most appropriate for the mexican conditions. The aim of the present work was the evaluation of
the Mexican Official Standard (NOM) and the Soil Conservation Service Curve Number (SCS-CN)
methodologies to estimate the surface runoff depth in the microbasins Rio Chapingo and El Malacate,
which are located in the state of Mexico and Michoacan respectively, with the measured information
of precipitation and direct surface runoff of two recent years. With the SCS-CN method, the CN values
were extracted by two ways: (1) with the tables of National Engineering Handbook (SCS-CN-NEH);
and (2) with asymptotic functions (SCS-CN-AF) that associate the CN with precipitation, using
ordered pairs method. According to the values of the statistics measures AE (mm), RE, RMSE (mm)
and Nash-Sutcliffe index (NS), the best method in both basins was SCS-CN-AF (Rio Chapingo:
AE=0.002, RE=0.01, RMSE=0.14 and NS=0.23; El Malacate: AE=-0.004, RE=-0.004, RMSE=0.50
and NS=0.36), followed by the NOM method (Rio Chapingo: AE=0.56, RE=4.11, RMSE=0.70 and
NS=-17.94; El Malacate: AE=-0.06, RE=-0.07, RMSE=0.51 and NS=0.33) and finally by the SCS-CN
method (Rio Chapingo: AE=0.37, RE=2.73, RMSE=1.18 and NS=-53.15; El Malacate: AE=-0.41,
RE=-0.48, RMSE=0.99 and NS=-1.55). The results suggest establishing experimental basins in the
hydrological regions of Mexico to obtain asymptotic functions in order to estimate the CN values or
adjust the NOM surface runoff factors.

Keywords: direct runoff, curve number method, rainfall-runoff modeling, asymptotic function,
watershed.

1 INTRODUCTION

Knowledge of surface runoff in a basin is transcendent to properly manage the water
resource. An accurate estimate of its value can also result in an accurate estimate of the
water balance, thereby allowing a balanced allocation of water between the amount available
and demanded by users, avoiding for example the conflict over the resource between different
sectors and the aquifer depletetion.

Its knowledge is important to design storage and protection works for the towns, and to
implement management practices to minimize soil erosion and increase the infiltration of
water into the soil. A very useful method to estimate surface runoff is by applying a runoff
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coefficient to the rainfall depth. The experimental determination of this surface runoff
coefficient in the microbasins of Mexico is very difficult obtain because there is a little
information on precipitation and surface runoff. Continuous measurement of surface flow
implies a high cost caused by the acquisition, instalation, operation and maintenance of the
infrastructure and measuring devices. In most basins is difficult to implement the
measurement because of its remoteness, topographical conditions, insecurity or vandalism.
For this reason, it is essential to review the accuracy of the methodologies applied to estimate
surface runoff on ungauged basins and adapt them to the mexican basins conditions to
improve the estimation of the results.

The method proposed by the Mexican Official Standard NOM-011-CNA-2015 (NOM) to
estimate the surface runoff coefficient in Mexico is a function of a parameter K that depends
on the use and type of soil [1]. Curve Number method (CN) proposed by the Natural
Resources Conservation Service (NRCS), in the decade of the 1950 [2] it is also used to find
a relation between surface runoff and precipitation depth for a rain event; this is based on a
numerical curve value that depends on the type and use of soil, soil hydrological condition,
vegetation, management practices and the humidity conditions that precede the event in study
[3]- The K and Curve Number values can be consulted in tables, but they do not guarantee
the representation of Mexican basins characteristics because most are taken from information
generated in other countries, particularly from EE. UU., and therefore, strong estimation
errors of the runoff coefficient can be generated.

Considering the antecedent, in this work the objective is to evaluate the NOM and CN
methodologies for surface runoff depth in two small basins of Mexico, with information of
rain-runoff events of two years. CN method was used in two ways depending on the
methodology used to assign the value of the curve number; in one way the values were
assigned from tables and in the other one they were adjusted with the functions proposed
by Hawkins in 1993 [4] and Kowalik and Walega in 2015 [5]. This is intended to know
the most appropriate methodology in the ungauged basins of Mexico, with similar
conditions to those studied, and propose this study as a reference to policy makers on
water management.

2 MATERIALS AND METHODS
This work was done in the microbasins Rio Chapingo and El Malacate located in Mexico and
Michoacan states, respectively, with information taken from runoff generated en 2014
and 2016 in the first microbasin and in 2013 and 2014 in the second one. The microbasin Rio
Chapingo has a surface of 1923.4 ha and El Malacate has 149.2 ha.

2.1 Considered rainfall-runoff events

In the microbasin Rio Chapingo, information of 20 rain events that produced runoff was used,
from one to five occurred in 2014 and the rest in 2016. In the microbasin El Malacate, 14
runoff events were used, from one to five corresponded to 2013 and the rest to 2014
(Table 1). The precipitation information was taken from a site near the microbasins exit.

To compare the annual results of the observed runoff with those estimated, the 2.7 mm
and 1.86 mm measured in microbasin Rio Chapingo in 2014 and 2016, respectively, were
considered. These values were obtained by dividing the runoff volume between the
microbasin area. The runoff volume was obtained from the total of the direct runoff
hydrographs, and it was registered at the exit of the microbasins with an automated
measurement system.
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Table 1: Characteristics of rainfall-runoff events analyzed.

Microbasin Rio Chapingo Microbasin El Malacate
Event P! Q? Antecedent rainfall P Q Antecedent rainfall
(mm) | (mm) depth® (mm) (mm) | (mm) depth (mm)
1 16.00 | 0.168 0.00 12.60 | 0.490 0.00
2 20.50 | 0.662 13.33 28.20 | 0.631 18.80
3 9.50 | 0.088 12.00 26.80 | 1.370 12.80
4 4.70 | 0.057 3.06 35.80 | 0.873 16.00
5 290 | 0.015 1.89 10.60 | 0.858 14.60
6 19.90 | 0.291 1.00 10.80 | 0.360 0.00
7 28.70 | 0.449 14.00 4.00 | 0.181 7.80
8 12.00 | 0.090 15.00 15.20 | 0.270 3.00
9 10.40 | 0.046 6.76 17.60 | 1.225 9.00
10 9.60 | 0.008 6.24 15.40 | 0.539 11.00
11 5.60 | 0.034 3.64 14.60 | 0.505 7.00
12 6.20 | 0.114 4.03 28.60 | 2.404 14.00
13 20.10 | 0.075 4.00 11.60 | 0.459 5.00
14 1.10 | 0.068 13.00 22.20 | 1.850 11.00
15 34.60 | 0.259 1.00
16 540 | 0.038 15.00
17 6.40 | 0.076 4.16
18 8.70 | 0.063 5.66
19 7.20 | 0.038 4.68
20 22.80 | 0.073 14.82

'Rainfall depth; *Surface runoff depth; *Accumulated rainfall depth of 5 days before the event.
2.2 Runoff depth with Mexican Official Standard method

The method proposed by the Mexican Official Standard NOM-011-CNA-2015 (NOM) [1],
is used to estimate the mean annual runoff depth using eqn (1):

Q =CeP, (1)

where C. is the mean annual runoff coefficient, Q is the runoff depth [L], and P is the mean
annual precipitation depth [L]. Surface runoff coefficient is a function of K parameter that
depends on the use and type of soil (permeability) and the mean annual precipitation. A
weighted K value was used for each study microbasin. This coefficient was calculated with
the eqns (2) or (3), according to the weighted K value

Co =2 for K < 0.15, ©)
€, =20 B2 for k> 0.15. 3)

Eqns (2) and (3) are valid for annual precipitations between 350 and 2150 mm.
2.3 Runoff depth with Curve Number method

Curve Number method (CN) proposed by the Natural Resources Conservation Service was
used [1], [6]. Surface runoff depth was calculated with eqns (4), (5) and (6):
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I, =28, -
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where Q is the generated runoff depth (mm) by the precipitated depth P (mm) by rain event,
I, is the initial abstraction (mm), S is the maximum soil moisture retention potential (mm), A
is the initial abstraction radius, assumed as 0.2 for this study (dimensionless) as indicated by
National Resources Conservation Service [6] and Woodward et al. [7], and CN is the
numerical curve value obtained from tables (CNup) [6], corrected by the antecedent rain
condition, being able to take the value of CN;, CNyy or CNiy as explained below.

Antecedent rain condition was defined with the accumulated precipitated depth of 5 days
before the runoff. A dry condition (CN;) was considered if the antecedent accumulated depth
was less than 12.7 mm, moderate condition (CNy) if it was between 12.7 and 38.1 mm, and
wet condition (CNyy) if it was higher than 38.1 mm. Correction for antecedent precipitation
conditions was made with eqns (7), (8) and (9) [8]

[4.2CN¢ap]

CN, = 10—0.058CNy,p’ ™

CNyp = CNegp, ®
[23CNqap]

CNp = 2 )

1040.13CNap
2.4 Runoff depth with asymptotic functions (SCS-CN-AF)

This methodology consisted of applying NC method, but using curve number values adjusted
with the asymptotic functions (AF) proposed by Hawkins [4] in 1993 and Kowalik and
Walega [5] in 2015. First, curve numbers observed by rain event (CNps) were calculated,
corresponding to the observed precipitated (P) and runoff depths (Q) of the event, ordered as
suggested by Hawkins [9] in 2002, applying eqns (10) and (11) [10]
25400

(S+254)

CNyps = (10)

g=P, oun_ 1

~+ 2 - Q31 — )2 + 4APQl. (11)

Then, the observed curve number values were analyzed together with the observed
precipitated depths (P-CNgps) with the TABLE CURVE 2D software [11], to obtain the
adjustment parameters of the Hawkins standard function (eqn (12)) and Kowalik and Walega
function (eqn (13)):

CN(P)y; = CNy, + (100 — CN,,) x e(kiP), (12)

1
CN(P)g_w = CNy, + [b?™% + ¢ x P(d — 1)]*-9, (13)

where CN(P)n is the curve number value of the Hawkins function, CN(P)x.w is the curve
number value of the Kowalik and Walega function, CN,, is the value that the curve number
acquires when the precipitated depth tends to infinity, CNy, is the curve number value when
the precipitated depth acquires a large value, k4, ¢, b and d are adjustment parameters, and P
is the precipitation of the event (mm).
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2.5 Characteristics of the study microbasins

Microbasin Rio Chapingo presented a mean annual precipitation of 598.6 mm, in the period
1981 to 2010, according to the records of Chapingo weather station located in Texcoco. In
the years 2014 and 2016, 932.4 and 619.3 mm were registered, respectively. It has an average
height of 2520 m, average slopes of the basin and main channel of 18.5 and 6.7%,
respectively, and a length of currents of 38.33 km. The microbasin is very long since its shape
index is 0.07.

Microbasin El Malacate registered a mean annual precipitation of 920.3 mm between 1969
and 2007 [12]; in 2013 and 2014, 769.6 and 841.0 mm were registered, respectively, with a
HOBO RG3-M ® pluviograph. It has an average height of 2351.5 m, average slope of 28.8%;
main channel average slope of 18.6%, shape index of 0.29 and 4.29 km of surface currents.

According to the hydraulic conductivity to saturation of the soils, associated with the
texture [13] obtained from 18 sites sampled in the microbasin Rio Chapingo and from 7
sites in the microbasin El Malacate, types of soil were defined: A (greater than 8 mm h!),
B (4to 8 mmh™)and C (1 to 4 mm h).

The hydrological condition of the soil was defined according to the vegetation cover: good
for greater than 75%, regular for 50 to 75% coverage and bad for a cover lower than 50%.
With the uses, hydrological conditions and soil type, the curve number values and parameter
K of NC and NOM methods were defined (Tables 2 and 3). For calculations, values weighted
by the area of the curve number and K were used, assigning a proportional value to the area
covered by each land use.

Table 2: Characteristics and land uses of the microbasin Rio Chapingo.

Land use 1?1:2)21 Slg/foa)ce I_cl(})lt(licrici)tli(c))icoafl Soiltype | CNw | K
the soil

Irrigation agriculture | 95.75 4.98 Bad C 84 0.24
Rainfed agriculture | 719.77 | 37.42 Bad C 88 0.24
Oak forest 214.19| 11.14 Regular A 73 0.07
Fir forest 179.88 | 9.35 Regular A 73 0.07
Pine forest 64.75 3.37 Regular A 73 0.07
Pine-oak forest 204.75| 10.65 Regular A 73 0.12
Water bodies 2.94 0.15 Bad C 100 | 0.30
Bare soil 42.47 221 Bad C 91 0.27
Urban zone 398.92 | 20.74 Bad C 91 0.26
Weighted value 83.3 | 0.19
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Table 3: Characteristics and land uses of the microbasin El Malacate.

Hydrological
Land use z?éz;l Slzzfz;ce condition of Soil type CNw | K
° the soil

Rainfed agriculture 1.77 1.19% Bad C 88 0.30
é;;:fagég“’“t 737 | 4.94% Bad C 91 |030
Ef;’i?fnﬁ”e“ 274 | 1.84% Bad B 86 | 030
Forest 91.31 | 61.18% Good A 70 0.24
Forest-grassland 19.39 | 12.99% Regular A 77 0.28
Grassland-forest 24.86 | 16.66% Regular B 79 0.30
};ch‘l’égsg‘;"s“ of 180 | 120% | Regular C 91 | 030
Weighted value 74.2 | 0.11

2.6 Evaluation of the methods for estimating runoff

The goodness of precision of the models to estimate the considered surface runoff was done
with the mean error (AE), relative error (RE) the root mean square error (RMSE) and the
Nash-Sutcliffe coefficient (NS), with eqns (14) to (17)

AE = 2:i=1(QSi‘rr;L,i_ Qobs,i)’ (14)
Y1 Qsimi—2f=1 Qobs,i
RE - 2?:1 Qobs,i ’ (15)
n S N2
RMSE = Zt=1(051m+obm), (16)
n . AL
NS=1-— Zl=1(QObS,l—QSLm,L) (17)

571 (Qobsi-Qobs)”
where Qobs.iis the i-th observed value, Qsim, i is the i-th simulated value and Q,,,, is the average
value of the n observed values.
3 RESULTS AND DISCUSSION

3.1 Asymptotic functions to estimate the value of the curve number

The functions of Hawkins and Kowalik and Walega resulted with an excellent fit in the two
microbasins, slightly better in the microbasin Rio Chapingo. In the two microbasins, the
two models resulted with the same value of R?; of 0.997 in the microbasin Rio Chapingo and
0.993 in El Malacate (Table 4).
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Table 4: Asymptotic functions of Hawkins (1993) [4] and Kowalik and Walega (2015) [5].

Model Microbasin Rio Chapingo Microbasin El Malacate
CN, =51.82; k;=-0.034 CNy =62.72; k; =-0.038
CN(P)x =51.82 + (48.19) x e(:0034P) =62.72 + (37.28) x e(:0:038P)
R?=0.997 R?=0.993
CNL=51.40; b=48.78;c=0.033; d |CNL=54.48; b=46.54; ¢ =0.0065; d
=1.0073 =1.42
=51.40 = 54.48 + [0.199
CNPew| [0.972 +0.0065
+0.033 x P(0.0073)]~136:986 X P(0.42)]2364
R?=0.997 R?=0.993

In both basins, it is observed that as the precipitated depth increases, the curve number
decreases with an asymptotic tendency for large precipitations as observed [5] (Fig. 1). In the
microbasin Rio Chapingo the CN,, and CNy values were very similar (51.82 and 51.40) but
lower than the value of the dry antecedent condition (CN;= 67.74), a condition presented in
14 of the 20 analyzed events. In the microbasin El Malacate, CN,, value (62.72) was higher
than the most frequent antecedent condition (CN;= 54.72), whereas CNi, was very similar
(54.48) to the value of that condition.
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Figure 1:  Pairs of observed and estimated CN values and rainfall depth. (a) Microbasin
Rio Chapingo; (b) Microbasin El Malacate.
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3.2 Annual runoff with NOM method

Annual runoff calculated with NOM method overestimated those observed in the two years
of study of the two microbasins (Fig. 2). In the microbasin Rio Chapingo the differences were
3059.6 and 1951.6% in 2014 and 2016, respectively. the differences were much smaller in
microbasin El Malacate, with values of 258.7 and 32.1% in 2013 and 2014, respectively.
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Figure 2:  Annual runoff depths observed and estimated with the NOM method.
(a) Microbasin Rio Chapingo; (b) Microbasin El Malacate.

3.3 Evaluation of the methods

In the two studied microbasins, CN method was the least accurate in the estimation of runoff
depths. In both microbasins, the methods based on the functions of Hawkins and Kowalik
and Walega were the best with very similar results, slightly better the second of them. It is
important to note that the estimates per rain event made with the NOM method in the
Malacate microbasin results very close to those obtained with the Hawkins and Kowalik and
Walega functions, although it is recommended for annual estimates (Tables 5 and 6). In the
microbasin Rio Chapingo, CN method produced runoff events in only five of the rain events
with a total depth of 10.11 mm, while in the 20 events studied 2.71 mm were observed. This
method drastically overestimated the runoff depth observed in the events that resulted in
runoff. NOM, Hawkins and Kowalik and Walega methods showed runoff in the 20 studied
events with values of 13.87, 2.57 and 2.75 mm, respectively (Fig. 3).

Table 5:  Statistics of the quality of adjustment of the models to estimate the runoff depths
by event in the microbasin Rio Chapingo.

Model AE (mm) RE RMSE (mm) NS
CN 0.37 2.73 1.18 -53.15
NOM 0.56 4.11 0.70 -17.94
Hawkins (1993) -0.007 -0.05 0.14 0.22
Kowalik and Walega (2015) 0.002 0.01 0.14 0.23
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Table 6:  Statistics of the quality of adjustment of the models to estimate the runoff depths
by event in the microbasin El Malacate.
Model AE (mm) RE RMSE (mm) NS
CN -0.41 -0.48 0.99 -1.55
NOM -0.06 -0.07 0.51 0.33
Hawkins (1993) -0.08 -0.09 0.50 0.34
Kowalik and Walega (2015) -0.004 -0.004 0.50 0.36
5.0
m Observed
4.0 + ONOM
@CN
— 30 i
g
g g
S a
20+ i
7 g
) V ‘ ‘ |
i , ‘
! § g
7 g
0.0 I g I [1,0 I I I [ ] o |l I I
1 23 45 6 7 8 910111213 14151617 18 1920
Event number
(a)
0.7
r W Observed
0.6 + ; A
Hawkins (1993) ;\
0.5 + SKowalik y Walega (2015) §§
o 03
0.0 JARIAR s AR IAE AL
1 2 3 45 6 7 8 9 10111213 14151617 18 19 20
Event number
(b)
Figure 3: Runoff depths observed and estimated in the microbasin Rio Chapingo.

(a) NC and NOM methods; (b) Methods based on the functions of Hawkins
(1993) and Kowalik and Walega (2015).
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It is observed that the Hawkins and Kowalik and Walega methods compensated for the
errors of the events since the sum of the estimated runoff depths from the total of events
contemplated was very close to that observed with errors of -5.2 and 1.5%, respectively.

In the microbasin El Malacate, CN method produced runoff events in only four of the rain
events with a total depth of 6.29 mm, while in the 14 studied events, 12.02 mm were
observed. NOM, Hawkins and Kowalik and Walega methods showed runoff in the 14 studied
events with values of 11.20, 10.94 and 11.97 mm, respectively (Fig. 4). NOM, Hawkins and
Kowalik and Walega methods compensated for the errors of the events since the sum of the
runoff depths estimated from the total of events contemplated resulted in differences of -6.8,
-9.0 and -0.4%, with respect to the observed.

30 + m Observed
ONOM

25 1 BCN
204 BHawkins (1993)
= SKowalik y Walega (2015)
& 1.5 +
o

1.0 +

0.5

rrirsr et Y
ASIISIISEFIIIIIILE

PO
= ooeerrorroooooony

Event number

Figure 4:  Runoff depths observed and estimated with NOM, CN methods and with the
methods based on the functions of Hawkins (1993) [4] and Kowalik and Walega
(2015) [5] in the microbasin El Malacate.

The methods were more accurate in the microbasin El Malacate than in the microbasin
Rio Chapingo, and it is attributed to the fact that the precipitated depths used were more
representative of the entire runoff area in the first case. This is explained by the fact that the
precipitated depths registered at the exit of the microbasin Rio Chapingo may not have
occurred at other sites of the microbasin due to their elongated shape, while those registered
in the microbasin El Malacate probably occurred over their entire surface because it is small
and has a pear shape. Consequently, it should be measured in more places inside the
microbasin Rio Chapingo, at least in the middle and upper part.

The poor accuracy of CN method, without the adjustment with the functions of Hawkins
and Kowalik and Walega, is due to the fact that the antecedent rain condition does not
adequately represent the initial states of soil moisture or water storage by the foliage of the
vegetation. In the microbasin Rio Chapingo. 15 of the 20 events corresponded to the dry
condition of antecedent rain (CN;) and six to the moderate condition (CNy); however, the
observed runoff indicates that the antecedent conditions should be dry for large
precipitations, moderate for intermediate ones and wet for small ones (Fig. 5(a)). With this,
there would be smaller depths in the events that estimated runoff different to zero and would
produce runoff in those where it was null, since four of the five event that produced runoff
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corresponded to the moderate condition and three of them registered high precipitated depths
(from 20.5 to 28.7 mm).

In the microbasin El Malacate, 9 of the 14 events resulted in the dry antecedent condition
and five in the moderate one. In this microbasin the results were better than in the microbasin
Rio Chapingo, because four of the moderate antecedent conditions corresponded to four of
the five events that estimated a runoff different from zero and corresponded to the four
highest precipitations (Fig. 5(b)). However, the precipitation events with precipitated depths
less than 20 mm should correspond to the condition of wet antecedent precipitation,
generating non-null runoff.
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Figure 5:  Runoff depths observed and estimated for dry (CNj), moderate (CNy;) and humid
(CN) condition. (a) Microbasin Rio Chapingo; (b) Microbasin El Malacate.

Although the functions of Hawkins and Kowalik and Walega were excellently fitted, NC
method based on them resulted in inaccuracies in some rain-runoff events because the
estimated runoff depth is very sensitive to the value of the curve number. Curve number value
is difficult to assign because this parameter depends on several aspects and even experienced
people may have difficulties, especially in microbasins where information is scarce. The
method does not consider the dynamic of water infiltration in the soil or the initial condition
of humidity [14], [15] and the retention by foliage of the vegetation is integrated in the
abstractions which can vary according to water depth retained by the canopy and shaft at
the beginning of the rain and its saturation conditions [16]-[18].

4 CONCLUSIONS
CN method based on asymptotic functions of Hawkins (1993) [4] and Kowalik and Walega
(2015) [5] (SCS-CN-AF) was the most appropriate to estimate the runoff depths in the two
studied microbasins. CN method was the least accurate to estimate the runoff depths in the
two studied microbasins. In 70% of the events the runoff was null, and in the rest the observed
values were drastically overestimated.

NOM method was better to estimate the runoff depths per event despite being a suggested
method for annual estimates. Estimation methods of analyzed runoff depths were more
efficient in the microbasin El Malacate than in the microbasin Rio Chapingo because the
precipitated depths were more representative of the entire runoff area.

Policy makers for the water resources management in watersheds must rethink the
methodology for carrying out water balances in Mexico, supported by research such as
the one presented in this paper.
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