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ABSTRACT
Objective: To analyze the hydrological response of the Malacate forest small catchment, based on rainfall and 
runoff event variables recorded between 2013 and 2016. 
Design/Methodology/Approach: Rainfall was recorded with digital rain gauges (0.2 mm accuracy), at 
a gauging station in the outlet of the small catchment. It was equipped with a long-throat gauger and an 
ultrasonic sensor. Runoff was recorded every 3 minutes. Linear and multiple regression analysis were used to 
study 11 characteristic rainfall and runoff variables. The aim was to identify those characteristics that influence 
the hydrological response of the small catchment.
Results: The highest correlation with surface runoff (R20.7657) was recorded by the following variables: total 
rainfall of the event (TRE), previous 2-day rainfall (P2DR), rainfall intensity in 30 minutes (RI30), and runoff 
time (ROT). Meanwhile, the correlation between the measured and estimated runoffs recorded R20.8558 
(1:1 ratio). TRE is the most influential variable in the behavior of surface runoff (R20.6706). 
Study Limitations/Implications: The role of rainfall variables and their influence in the runoff and 
hydrological response of the forest small catchment must be subjected to further studies. 
Findings/Conclusions: The results allow a first approximation to the hydrological response of a forest small 
catchment. In conclusion, the hydrological response depends on the moisture level of the small catchment and 
the characteristics of the rainfall.

Keywords: runoff, rainfall, hydrological response, forest small catchment, regression analysis.

INTRODUCTION
	 Currently, experimental basins are of interest for hydrological researches. These studies 
evaluate the effects and changes of soil use, as well as management actions implemented 
in the catchment. They can also relate and arrange the influence of the different factors 
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that take part in the hydrological cycle. Hydrological studies are frequently based on 
experimental basins, where inflow (rainfall) and outflow (water flow) can be quantified. In 
addition, the effect of different types of plant covers and the relationship between inflows 
and outflows can be evaluated in experimental basins (García and Gallart, 1997).
	 Brown et al. (2005) and Van Dijk et al. (2012) studied the hydrological response to forest 
change in <100 km2 basins and provided a deep insight about the impact of forest change 
of annual runoffs in small catchments. For their part, Beck et al. (2013) and Zhang et 
al. (2015) concluded in their researches about small catchments that deforestation, forest 
exploitation, urbanization, soil cover change, forest fires, and pests can increase annual 
runoff, while afforestation or the maintenance or improvement of forest covers has a 
positive impact on the flow of streams.
	 Other studies about small catchments reported that great variations in the hydrological 
response to forest change and in forest cover throughout time are a consequence of factors 
such as forest type, typology, climate, hydrological regimes, soil, geology, and landscape 
morphology (Zhang and Wei, 2014). In most cases, the inconsistent hydrological responses 
are just the consequences of the complex processes of basins and the heterogeneity of the 
landscape, weather, and geology (Stednick, 1996; Vose et al., 2011).
	 Therefore, the objective of this study was to evaluate the hydrological behavior of the 
Malacate forest small catchment, to establish the hydrological response to the intensity of 
rainfall events and to determine factors that provide a better explanation for the runoff 
response. This study has a double purpose: (i) to provide data about the hydrological 
functioning of a mountain area where plant cover has not been removed; and (ii) to provide 
data about a potential future trend of many basins of the Trans-Mexican Volcanic Belt, 
in order to strengthen the importance of maintaining forest covers in the basins of the 
mountains in Mexico and all over the world.

MATERIALS AND METHODS
Study area
	 The Malacate small catchment is located in the basin of Lake Patzcuaro and has an 
area of 149.24 ha. The soil use is divided as follows: 74.13% forest (pine-oak), 16.64% 
scrubland, 5.53% areas without plants, 2.51% eroded pasture-forest, and 1.19% rainfed 
agricultural lands (Figure 1). Small catchment tributaries directly discharge in the lake. It 
has a 576-m elevation gradient between the watershed (2,651 m) and the gauging station 
(2,075 m).

Instruments and equipment
	 The hydrological response of the outflow of a small catchment should be studied 
through the continuous recording of the runoffs. Hydrographs are developed using water 
expenditure. They show the constant behavior of water level rises and can be used to report 
the instant changes of water flow throughout time. These phenomena are the result of the 
different hydrological processes in the small catchment.
	 In order to carry out a comparative analysis of the hydrological response of the 
Malacate small catchment, a temporal scale (per event or water level rise) was used to 
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Figure 1. Location and soil use of the Malacate small catchment, Tzintzuntzan, Michoacán.

obtain the most reliable data. Water level rise is usually defined as a sudden increase 
in the water f low of a riverbed —i.e., it is a response to a high volume of rainfall in a 
catchment basin (Nadal-Romero et al., 2010). The bed of the Malacate small catchment 
is intermittent and it only has runoffs during the raining season. Consequently, no base-
runoff was recorded.
	 A gauging station was built in the lower part of the Malacate small catchment to 
monitor its activity during four years (2013-2016). The following measurement equipment 
and instruments installed in the small catchment were used to gather data from both the 
inflow (rainfall) and the outflow (water flow):

1) 	A HoBo rain gauge with a rocker connected to a data logger to measure rainfall (0.2 
mm accuracy). 

2) 	A long-throat gauger (Figure 2a), equipped with an ultrasonic sensor (Figure 
2b). This technology was developed by the Instituto Mexicano de Tecnología del 
Agua (IMTA) and records water level every 3 minutes and measures it as water 
expenditure.

Figure 2. long-throat gauge (a) and ultrasonic sensor equipment (b) used to record the runoffs.

a b
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Variable recording and data analysis
	 Thirty major superficial runoff events with a maximum water f low were selected to 
analyze the hydrological response of the small catchment from 2013 to 2016. Events 1-4, 
5-9, 10-21, and 22-30 took place in 2013, 2014, 2015, and 2016, respectively. Serrano 
et al. (2005) maintain that a hydrograph by itself is not enough to provide information 
about the runoffs and the processes that take part in their creation. Consequently, once 
the 30 events were established, the following variables were analyzed: total rainfall of 
the event (TRE; mm); previous 2-day rainfall (P2DR; mm); rainfall time (RT; min); 
rainfall intensity in 30 minutes (RI30; mm/h); runoff (RO; mm); runoff time (ROT; 
min); maximum runoff (MAXRO; l/s); average runoff (ARO; l/s); runoff response time 
(ROREST, min), from the beginning of the rainfall to the beginning of the runoff; 
discharge time (DIST; min), from the end of the rainfall to the end of the runoff; and 
time to peak runoff (TPRO; min), from the beginning of the rainfall to the peak of the 
runoff.
	 A database was developed to create a correlation matrix, in order to determine the 
relation between the variables. Meanwhile, a multiple regression analysis was conducted 
to identify and explain the relationship between the different variables and their 
inf luence in the hydrological response, as well as to appropriately evaluate the impact of 
the different parameters. A graphical analysis and the coefficient of determination (R2) 
were used for this purpose. These procedures were used to identify which variables have 
the best correlation to explain their inf luence on the superficial runoff of the Malacate 
small catchment. In addition, rainfall events were grouped in three ranges based on the 
total rainfall of the event, to analyze the average behavior of the variables with higher 
correlation with the rainfall.

RESULTS AND DISCUSSION
	 The runoff events recorded during the four-year evaluation were very diverse, ranging 
from 3.8 to 44.4 mm. Overall, the hydrological response was depended on the rainfall 
conditions, including the amount of rainfall in previous days. Data from 2 to 5 days before 
the runoff response were analyzed. The results indicated that the rainfalls of 2 previous 
days had a better response. This situation is a consequence of the shallow luvisols with clay 
present in the small catchment.
	 Figures 3 and 4 show the normalization of the values of the analyzed variables. Each 
of their values was divided between the maximum value for the 30-event data set, with the 
following results: 44.4 mm (TRE), 32.2 mm (P2DR), 292.2 min (RT), 86.0 mm/h (RI30), 
11.3 mm (RO), 567.0 min (ROT), 2,432.3 l/s (MAXRO), 486.4 l/s (ARO), 141.5 min 
(ROREST), 464.1 min (DIST), and 159.5 min (TPRO).
	 The first rains of the rainy season do not usually have a hydrological response, likely 
because the soil of the small catchment is dry, after several months without rain (November-
April). However, relatively intense rains will still cause runoffs.
	 The year-long relationship between rainfall and runoff is conditioned by constant 
rainfall events on previous days; therefore, prior moisture in the soil likely plays a 
major role in the hydrological response of the small catchment. Serrano et al. (2005), 
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Figure 3. Normalization of the values of the rainfall and runoff characteristics for events 1 to 15.

TRE: total rainfall of the event; P2DR: precipitation for 2-day rainfall; RT: rainfall time; RI30: rainfall intensity 
in 30 minutes; RO: runoff; ROT: runoff time; MAXRO: maximum runoff; ARO: average runoff; ROREST: 
runoff response time; DIST: discharge time; TPRO: time to peak runoff.
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Figure 4. Normalization of the values of the rainfall and runoff characteristics for events 16 to 30.

TRE: total rainfall of the event; P2DR: precipitation for 2-day rainfall; RT: rainfall time; RI30: rainfall intensity 
in 30 minutes; RO: runoff; ROT: runoff time; MAXRO: maximum runoff; ARO: average runoff; ROREST: 
runoff response time; DIST: discharge time; TPRO: time to peak runoff.
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Nadal-Romero et al. (2008), Latron and Gallart (2008), Bart and Hope (2010), and 
Penna et al. (2011) reported similar trends. Additionally, the role of rainfall intensity 
is fundamental for the hydrological response in the Malacate small catchment, with 
different intensities and similar rainfall volume, but with different prior moisture 
conditions, resulting from previous rainfalls (Ares, 2014; Nadal-Romero et al., 2010; 
Nunes et al., 2011).
	 Zabaleta et al. (2007), Latron and Gallart (2008), Nunes et al. (2011), and Yao et al. 
(2021) have reported that even soils with a dry hydrological condition can record greater 
runoff, as a result of the more intense rainfall.
	 The results provide an overview of the complex operation of the hydrological response 
of the small catchment: as rainfall increases, the runoff does not increase, because similar 
rainfall values can have very different responses. Therefore, in face of a given volume of 
rainfall in the small catchment, the hydrological response is conditioned by other factors 
beyond rainfall itself (Boulet et al., 2021; Ares, 2014).
	 Runoff usually increases as the rainfall volume increases, although the same total 
rainfall can also quantify different runoffs. Therefore, the response to this variable is 
conditioned by other factors, including rainfall intensity and rainfall time —which are in 
turn dependent on the rainfall volume accumulated in previous days. This phenomenon is 
reflected in the response time before the runoff starts and is recorded at the outflow of the 
small catchment, as well as in the discharge time and the time to peak runoff.
	 In the case of the Malacate small catchment, a higher maximum runoff is expected 
with a more intense rainfall in a 30-minute period (Nu Fang et al., 2011; Yao et al., 2021). 
Meanwhile, a greater rainfall intensity decreases the response time —i.e., a shorter time 
elapses between the beginning of the rainfall and the first runoff at the outflow of the small 
catchment.
	 Discharge time is defined as the time that elapses from the moment it stops raining to 
the moment when the runoff ends. Therefore, with a higher maximum runoff, the time it 
takes for the runoff to exit the small catchment increases. Meanwhile, a greater maximum 
runoff rate results in a shorter response time before the runoff exits the area.
	 The multiple regression analysis identified the variables that have the best correlation 
and weighed up their influence on runoff: total rainfall of the event (TRE), the previous 
2-day rainfall (P2DR), rainfall intensity in 30 minutes (RI30), and runoff time (ROT). The 
resulting equation has a R2 of 0.7657 and is set forth as:

RO 2.8725  0.1376TRE  0.0727P2DR  0.0345RI30  0.0032ROT

where RO, TRE and P2DR are measured in mm, while RI30 and ROT are measured in 
mm/h and min, respectively.

	 Figure 5 shows the graphical representation of the results from the multiple 
regression model, including the measurements for the runoff and their estimations 
(R20.8558; ratio 1:1). Overall, the multiple regression model underestimates the 
runoff by 14.42%.
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	 The total rainfall of the event (TRE) by itself is the analyzed variable with the best 
correlation with the runoff (RO), with an R2 of 0.6706. When the runoff values are 
estimated based on a multiple regression analysis, R2 reaches 0.8608 (Figure 6), proving 
that the four identified variables are correlated and provide a better explanation of the 
runoff behavior in the Malacate small catchment. Rodríguez-Blanco et al. (2010) and 
Nu Fang et al. (2011) reached similar conclusions. However, just like Nadal-Romero 
et al. (2008), this study concluded that the model is more accurate when it is used to 
estimate the runoff for 10 mm rainfall events; however, it is inaccurate with lower 
rainfalls.
	 Meanwhile, the results were analyzed and the average values for seven variables were 
correlated with the total rainfall of the event (TRE). Table 3 shows how the events were 
grouped into three rainfall ranges: 10 to 15 mm, 15 to 20 mm, and 20 mm.
	 As the total rainfall of the event (TRE) increases, the following characteristics likewise 
increase: rainfall intensity in 30 minutes; runoff; maximum and average runoffs; runoff 
length; and discharge time. Evidently, the runoff response time decreases as rainfall 
increases.
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Figure 5. Ratio between the runoff measured and estimated using the multiple regression model on four 
variables from the Malacate small catchment.

Figure 6. Relation between the measured and estimated runoffs, based on the multiple regression model used 
to determine the total rainfall of the event in the Malacate small catchment.
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Table 3. Average characteristics of the rain and runoff per range of the total rainfall of the events (TRE) 
recorded from 2013 to 2016 in the Malacate small catchment.

Range of total 
event rainfall 
(TRE) (mm)

RI30
(mm/h)

RO
(mm)

MAXRO
(l/s)

ARO
(l/s)

ROT
(min)

ROREST
(min)

DIST
(min)

10 a 15 16.13 0.84 338.47 86.97 207.67 69.33 202.52

15 a 20 31.00 1.52 495.31 141.45 273.08 68.53 221.26

20 40.73 4.34 1101.51 260.23 366.00 46.92 299.48

RI30: Rainfall intensity in 30 minutes; RO: Runoff; MAXRO: Maximum runoff; ARO: Average runoff; 
ROT: Runoff time; ROREST: Response time; DIST: Discharge time.

CONCLUSIONS
	 The data recorded in the Malacate small catchment during four water years have 
enabled a first approach to its hydrological response and the following conclusions have 
been reached:

(i) 	Some rainfall variables play a major role in hydrological response, including the 
total rainfall of the event, the rainfall of the 2 previous days, and the rainfall intensity 
in the first 30 minutes.

(ii)	In most cases, the catchment can absorb even the most intense rainfall; nevertheless, 
the higher soil moisture resulting from rains in the previous days will cause surface 
runoffs —i.e., the hydrological response of the small catchment depends on the 
previous rainfall, as well as the characteristics of the rainfall.
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