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Abstract: Rain is not uniform in time and space in semiarid areas and its distribution is very important for the runoff
process. Hydrological studies usually divide rainfall into events. However, defining rain events is complicated, and rain
characteristics vary depending on how the events are delimited. Choosing a minimum inter-event time (MIT) is a com-
monly used criterion. Our hypothesis is that there will be an optimal MIT that explains the maximum part of the variance
of the runoff, with time to runoff used as a surrogate. The objective is to establish a procedure in order to decide upon
this optimal MIT. We developed regressions between time to runoff (7,) and three descriptive variables of rain. Our re-
sults show that the optimum MIT is 1 hour, which seems to be the minimum period of time required for water in larger
macropores to drain and sufficiently modify the effect of antecedent soil moisture on the runoff generation process. Rain
events are classified into three significantly different groups: (1) large and intense rains, (2) light rains on wet soil, and
(3) light rains on dry soil. Intense rains produce most of the runoff, but there were significant differences between small
events in the runoff generated. Of rain events, 63.75% are single-tip events, and many could be dew.

Keywords: Rain events; Minimum inter-event time (MIT); Runoff; Macrochloa tenacissima (= Stipa tenacissima);

Semiarid.

INTRODUCTION

Rainfall in semi-arid areas is scarce and irregularly distribut-
ed over time and space (Bracken et al., 2008; Lazaro et al.,
2001; Puigdefabregas et al., 1999). This makes hydrological
studies difficult in these areas (Heydarpour, 1989). Runoff is a
fundamental process because it leads to water redistribution,
and it modulates soil water availability and plant functioning
(Huxman et al., 2004; Lazaro, 2004; Sanchez and Puigdefabre-
gas, 1994), especially in semiarid environments (Aguiar and
Sala, 1999; Calvo-Cases et al., 2003; Porporato et al., 2002;
Puigdefabregas, 2005); and is highly dependent on rainfall.

Understanding the characteristics of rain is essential for both
hydrological and climatic studies (Haile et al., 2011). Rain
depth, duration and intensity influence the amount of water that
plants intercept, as well as evaporation, infiltration, ponding
and horizontal flow (Hawke et al., 2006; Struthers et al., 2007).
In most cases, studies linking precipitation with hydrological or
ecological processes divide rainfall into events. It is not simple
to define what a rain event is because the rainfall distribution in
time is highly irregular. Although rainfall is a continuous pro-
cess, the tipping bucket raingauge, which is the most common
instrument for measuring rainfall, results in a discretization of
the process by the individual tips. This intermittency makes it
difficult to define the start and end of events and it directly
affects event properties. In the literature, the delimitation of
rain events is variable and depends greatly on the subject of
study and on the time resolution of the data. According to
Brown et al. (1985), rain events are a convenient way to dissect
a time series into a set of sections, which is useful for specific
applications such as the study of runoff (de Vos and Rientjes,
2008; Zhang et al., 2005), soil erosion (Angel et al., 2005),
interception losses (Zeng et al., 2000) and the modelling of
rainfall (Abdo et al., 2009; Woolhiser and Osborn, 1985). It

seems there is not a ‘natural’ way to separate events, and we
can always relate rainfall and runoff without separating events,
by comparing the totals of both series or, if available, the yearly
or monthly totals. However, by defining rain events, additional
information can be obtained, such as the effects of rain intensity
or the effect of antecedent rain. More research on the properties
of rain events is necessary and justified by changes in precipita-
tion that may be experienced due to global environmental
change (Dunkerley, 2008a).

According to Bonta and Rao (1988), there are several meth-
ods for delimitating independent rainfall events, such as choos-
ing a minimum inter-event time dry period (Dunkerley, 2008b),
either arbitrarily or based on some reasoned criteria, such as an
autocorrelation analysis (Asquith et al., 2005; Wenzel and
Voorhees, 1981), choosing a rank correlation coefficient (Grace
and Eagleson, 1967) or using the exponential method (Re-
strepo-Posada and Eagleson, 1982). The works that employ
autocorrelation choose a minimum period based on the lag time
at which the autocorrelation coefficient falls below a certain
threshold. The rank correlation method is similar but it analyses
the autocorrelation using the Spearman correlation coefficient
which has the advantage of being nonparametric. The exponen-
tial method finds the inter-event period that results in exponen-
tially distributed storm arrivals, which is the statistical distribu-
tion which would be expected from independent storms follow-
ing a Poisson process.

To separate events by a defined dry period, a minimum in-
ter-event time (MIT) or minimum dry period between rains is
the most used criterion to define rain events. Dunkerley (2008b)
showed the great variability of MITs used in the literature. He
also showed how many times the criterion for choosing one
MIT or another was not specified — a fact that limits the com-
parison between studies. For example, Bracken et al. (2008)
defined rain events as periods without gaps of more than 12
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hours without rain. They chose this MIT because this period is
sufficiently long for the soil surface in a semiarid basin to be-
come dry; thus, antecedent soil moisture will not influence the
runoff generation. Aryal et al. (2007) adopted an 8-hour MIT in
a study to model runoff, after considering that the water stores
near the surface were again available after 8 hours. A classic
example is that of Wischmeier and Smith (1978), who in their
work to predict erosion losses considered events to be separate
if there were at least six hours between rainfalls. Changing the
MIT alters the number of rainfall events that are created, the
characteristics of these events (i.e., the total event depth, mean
intensity and duration (Dunkerley, 2008b) and even the rela-
tionship that rain has with other ecological processes.

The MIT values usually employed in previous studies range
from three minutes to 24 hours (Dunkerley, 2008b). Some-
times, the choice of an MIT is not based on the properties of the
rain itself but on other considered processes. For example,
Lloyd (1990) adopted a three-hour MIT because this is how
long they estimated it would take for the foliage to dry. Bracken
et al. (2008) employed an MIT of 12 hours to study the runoff
in a southeastern Spanish area, in an attempt to reduce the
effect of antecedent moisture. Some studies have added addi-
tional criteria, such as specifying a volume (Ziegler et al., 2006)
or a minimum rainfall depth (Fornis et al., 2005), or a combina-
tion of several criteria (Balme et al., 2006). Other studies
(Dunkerley, 2010; Mayor et al., 2011; Usén and Ramos, 2001)
have employed an MIT of six hours without specifying the
reason for their choice.

Other criteria have also been used to define rain events. Cat-
tan et al. (2006) focussed on the relationship between rainfall
and runoff, and defined a rainfall event as a period of more than
15 minutes of continuous precipitation, in such a way that the
associated runoff was not interrupted for more than five
minutes. Asquith et al. (2005) used autocorrelation analyses for
a rainfall series with hourly data. They showed how the average
autocorrelations of different sites fell to values close to zero
when lags of eight hours are used, and adopted this period as
the MIT for their analysis.

Peters and Christensen (2002; 2006) used an alternative ap-
proach under which a rain event was defined as a continuous
uninterrupted sequence of wet periods (time steps); that is,
within a rain event, by definition, there are no periods of time
without rain. Peters and Christensen (2002) used this definition
based on remote sensing data, with a time resolution of one
minute. Rain events are considered to be relaxations, similar to
what occurs in other processes, such as the energy from earth-
quakes and avalanches. The power-law distribution of the num-
ber and intensity of rain events versus their size is equivalent to
the Gutenberg-Richter law for earthquakes and the power-law
distribution of avalanche size (Peters et al., 2002). This ap-
proach, although theoretically well founded, does not serve our
purpose because it results in many small events that are often
spaced very close together; thus, one event is highly dependent
on the preceding one and may be unrelated to the runoff. This
method is called adjacent wet intervals (AWI) and was studied
by Ignaccolo and de Michele (2010), who compared the MIT
and AWI approaches, and provided theoretical arguments to
show that both were equivalent in some cases and subject to
some arbitrariness. They proposed a point-based definition for
rain events, relying on properties of the time intervals between
drops. This is a dynamic and very complex definition based on
data from a disdrometer.

Our hypothesis is that, for many of the rainfall-dependent
processes, specifically for runoff, there will be an optimal MIT
that allows us to explain the maximum part of the variance of

the runoff process, specifically of the time to runoff (used here
as a surrogated variable). Since there is no widely accepted
criterion in the literature to identify events (Bonta and Rao,
1988; Dunkerley, 2008b), and to avoid arbitrariness in selecting
the MIT, our purpose here is to study the temporal distribution
of precipitation and analyse how the rain event definition af-
fects the relationship between precipitation and runoff, while
considering both processes at detailed scales (plot spatial scale
and min-hr timescale). The specific objectives are to establish a
criterion for deciding the most appropriate MIT in order to
optimise the explanation of the runoff at plot scale, as well as to
assess the effect of the choice of MIT on runoff.

METHODS

The study was conducted in the experimental area of Balsa
Blanca (BB), located in Cabo de Gata-Nijar Natural Park (Al-
meria), in the southeast of Spain. The climate is semi-arid Med-
iterranean with an annual average temperature of 18—19°C and
about 240 mm total rainfall per year. The rainfall shows strong
inter- and intra-annual variations, but there are 9—12 months in
which the rainfall is not enough to compensate for potential
evapotranspiration. The relative humidity is high due to prox-
imity to the sea, and dew is frequent. The topography is
smooth, with slopes of 3—10°. The soils are classified as Mol-
lic-Lithic Leptosols (Calcaric); they are shallow and stony, and
contain 16.1% clay, 22.8% silt and 61.1% sand (Rey et al.,
2011). There is a petrocalcic horizon that has frequent outcrops.
The vegetation is dominated by Macrochloa tenacissima, but
includes frequent shrubs, such as Phlomis purpurea and Ulex
parviflorus, as well as scattered late-successional bushes
(Chamaerops humilis L., Olea europaea L. var. sylvestris
Brot., Pistacia lentiscus L., Rhamnus lycioides L. and Quercus
coccifera L.) (Mora and Lazaro, 2013).

Precipitation was registered with a Davis rain gauge, model
7852, double tipping bucket, connected to an Onset HOBO
Event Data Logger H07-002-04, which was located 1.5 m from
the ground and has a resolution of 0.2386 mm per tip. Runoff
was registered in 16 open plots, each one with a double-tipping
bucket system similar to that of the rain gauges, which store
data on fixed volumes of runoff at varying times in a HOBO
Pendant Event Data Logger UA-003-64. All of the plots are in
the same hillslope but with different surface properties. There
are two main groups of plots: those dominated by vegetation
and by bare soil. Within the first group, we distinguished two
dominant species and two vegetation patch sizes; within the
second group, stonier soils were distinguished from less stony
soils. Because of this, the plots have different widths (i.e., the
collector channels have different lengths). The tipping buckets
of the plots have six sizes, with the water volume capacity in
each half being 0.05, 0.075, 0.15, 0.25, 0.3 and 0.35 L, respec-
tively. These sizes were distributed among the plots according
to two criteria: the length of the collector and the features of the
vegetation. Although we could not anticipate the volume of
runoff to be collected, the size of the tipping buckets was suffi-
cient to record runoff with a resolution in mm greater than that
of the rain gauge (0.224 mm) even for plots with high runoff
coefficients, avoiding to increase the natural delay between
rainfall and runoff, and keeping so the accuracy of 7;. The
available data set of rain and runoff came from April 2009 to
November 2012. In 2010 and 2011, total annual rainfalls of 372
and 300 mm were reached, respectively.

The rainfall time distribution was examined by plotting the
daily totals for each year, as well as with an autocorrelation
analysis of cumulative rainfall data every five minutes of the
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complete rainfall series (including zeros), with up to 1000 lags
(equivalent to 3.47 days) using SPSS v19 for Windows (SPSS
Inc., Chicago, IL, USA). We also studied the frequency distri-
bution of the lengths of the periods between tips, as it provides
information on the rainfall timing and intensity at any temporal
scale.

We have grouped the rainfall data according to six different
MITs, ranging from 24 hours to 30 minutes. To describe the
events generated in each case we calculated the following pa-
rameters: total rain depth, duration, mean intensity, maximum
intensities at 60 and 5 minutes (gomax and Isy,,), number of
single-tip events, total volume collected in single-tip events and
mean duration of dry periods between rainfalls, known as inter-
event time (IET) (Haile et al., 2011).

To choose an MIT that optimised the relationship between
rainfall and runoff, we created a database of rainfall and runoff
for each MIT considered. We have associated the runoff tips
that occur between the first tip of rain and a maximum of 30
minutes after the last tip within each rain event. For each event,
different rainfall parameters were calculated: the IET, the
amount of precipitation for the runoff to start (P,), the mean
intensity of the rain fallen down from rain starts until P, is
reached (/p) and a parameter representative of runoff and time
to runoff (7). We used mean rainfall intensity rather than max-
imum intensity because the intensities were quite low in our
events in general. The maximum intensities were not always
relevant for runoff, because most of them had short or very
short durations. The mean intensity was much more closely
related with T; than the maximum intensity (for example, R* for
the mean intensity was 0.719 and 0.807 for plots 2 and 6, re-
spectively, whereas for the maximum intensity, it was 0.004
and 0.102 for the same plots). Runoff is a sporadic process in
semiarid environments; many rainfall events produce zero
runoff volume. Because of this, the statistical distributions of
rainfall and runoff are not normal, which hinders the study of
the direct relationship between rainfall and runoff. However,
the surrogate variables mentioned above fulfil the parametric
assumptions. The study of IET allows the indirect consideration
of antecedent soil moisture, which is an important factor for
runoff, and at the same time, helps to avoid selecting a very
large MIT in order to ensure that the antecedent conditions are
not important, which is advisable because, when using very
large MITs, the internal complexity of the rainfall events tends
to increase, while the number of events and the time resolution
decrease. For calculating the IET, we have not taken rain events
into account with volumes < 0.71 mm (three tips) because they
have a negligible effect on the antecedent soil moisture and,
therefore, on the next event. Firstly, the relationship between
the IET and 7|, was analysed to see how it varied according to
antecedent soil moisture and how this relationship varies for
different MITs. Secondly, the mean intensity of P, (/) — anoth-
er factor that strongly influences the runoff — was included in
the regression analysis. Finally, the rainfall to runoff relation-
ship was also added, and a multiple regression was performed
for each MIT between T, and the three descriptive variables of
rain (Py, Iy and /ET). We assumed that the most appropriate
MIT would be the model that explained the largest variance of
T 0-

Once the optimal MIT was determined, the rain events for
this MIT were classified. We used K-means clustering to per-
form an agglomerative classification and maximise the initial
distances between clusters, using the following characteristics
of rainfall as variables: total event depth (Volumm), duration
(Duraho); three intensities (Zgomax> [30max and T1omax); and cumula-
tive rainfall one, five and ten days before the event (L/u0Id,

Llu05d and Llul0Od). The distinctive characteristics of each
group resulting from the classification have also been de-
scribed. The differences in runoff volume among the rainfall
groups were examined using Kruskal-Wallis tests. Regression
and cluster analyses were performed with StatSoft, Inc. (2005)
STATISTICA software (data analysis software system), version
7.1 (www.statsoft.com). To assess the overall effect of selecting
one MIT or another on runoff, the average runoff in mm for
every MIT was calculated, for a representative series of six
plots.

RESULTS
Temporal rainfall distribution

The rains are irregularly distributed throughout the year, but
they are more frequent in the first and last months of the year
(Figure 1), resulting in very dry summers. The autocorrelation
coefficient of the rainfall time series (Figure 2) decreases expo-
nentially as the delay (number of lags) increases. The first time
the coefficient fell below the threshold of significance was at 23
hours (277 lags), which could indicate that the rainfalls of con-
secutive days are different.

The different lengths of time periods between consecutive
tips of rain have been grouped into 40 classes, which range,
from values close to zero up to 38 days (Figure 3). The most
abundant rainless periods are of less than 24 hours, and 90% are
less than 1 hour; only 6% of the gap sizes were greater than 24
hours.

Table 1 shows how the characteristics of rain events vary
depending on the MIT elected to define events. Using a 24-hour
MIT reduced the number of rain events, in relation to a 30-
minute MIT, to less than one-third. The mean rain event depth
increased by three times, and the event duration decreased
exponentially. For the maximum intensities, the changes were
not large, but were slightly more marked in the case of Ispy.

However, contrarily, the mean intensities decreased when
the MIT increased. Events with a single tip represented 40.96%
of all events for the 24-hour MIT but only 1.98% of the total
rainfall amount (mm), whereas the single-tip events reached
66.45% of the events and 12.33% of the total mm for the case
of the 30-minute MIT. The largest IET was 38 days (between
03/05/2012 and 10/06/2012) — between two single-tip events. If
we ignore the events with only one and two tips, the largest IET
was 91.7 days (between 02/06/2011 and 01/09/2011) for the 24-
hour MIT and 128.55 days (between 10/05/2009 and 15/09/09)
for the 30-minute MIT.

For all of the MITs studied, the largest event, in terms of the
recorded rain depth, occurred in late September 2009. The
depth accumulated at this time varied from 92 mm for the 24-
hour MIT to 55.8 mm for the 30-minute MIT. The longer rain
durations occurred between December and February for any
MIT, and ranged from 7.5 days for the 24-hour MIT to 11 hours
for the 30-minute MIT.

Identifying the best MIT to define rainfall events,
considering the associated runoff

The relationship between IET and 7, was studied for the dif-
ferent runoff plots (Figure 4) using three series of regressions,
the first one being a simple linear regression. For this simple
expression of Tj as a function of IET, the fitting lines are shown
in Fig. 4 to illustrate the positive relationship between 7, and
IET. Due to the effect of antecedent conditions, the more
separated the rainfall events are, the more time is required for
runoff initiation. 7, is small when it rains over wet soil.
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(3.47 days). Coefficients higher than the white line are significant at p < 0.05.
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Fig. 3. Frequency histograms of period size between consecutive tips of rain. The graph on the top shows the histogram for the entire range,

while the graph at the bottom shows it for gaps shorter than 24 hours.

Table 1. Characteristics of rain events and periods between rainfalls, depending on the different MITs, ranging from 30 minutes to 24

hours, used to define events.

Mean Mean Mean Mean Mean event rain ) Slngle-tl.p Mean IET
No. event event rate (mmh™) No. single- event rain .
MIT . ISmax IGOmax : : . duration
events depth duration (mmh'l) (mmh") (single-tip events  tip events depth (days)
(mm) (h) not included) (mm) Y
24 h 271 4.37 15.90 7.87 1.74 1.70 111 26.48 4.17
12h 398 2.97 4.85 6.55 1.33 1.93 217 51.78 3.09
6h 493 2.40 2.23 6.05 1.19 2.58 320 76.35 2.56
3h 581 2.04 1.22 5.80 1.15 3.12 389 92.82 2.20
1h 745 1.59 0.59 5.50 1.08 3.55 475 113.34 1.73
30 min 921 1.29 0.34 5.26 1.08 4.51 612 146.02 1.41

Additionally, the data dispersion was small, and the differences
among the plots in the slopes of the fitting lines were moderate,
showing the robustness of the relationship between T and /ET.
The other series of regressions, adding /, and then [, plus Py
as independent variables, showed that while P, had positive
relationship with Tp, [y had a negative relationship. If runoff
requires more rain to begin, then more time is usually required
for the start of runoff, showing that natural intensities are often
not very variable. Nevertheless, the larger the intensity, the
shorter the T, particularly when the values of P, are not very
different. In general, and for the three types of regressions, the
lower the MIT, the larger the variance of 7, accounted for. But

there were two exceptions (Table 2): (i) The 30-minute MIT
accounted for lower variance than the 1-hour MIT; and (ii) the
3-hour MIT showed unexpected lower values and often did not
follow the increase in determination coefficient with decreasing
MIT, except in the case of the regression with three independ-
ent variables.

The coefficients of determination (Rz) for each type of
regression model and each MIT are shown in Table 2, for a
selection of six plots that are representative of the main surface
types. The regression types becoming progressively more com-
plex accounted for progressively larger amounts of the variance
of T, despite the high diversity of rainfall types involved.
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Fig. 4. Relationship between time to runoff (#,) and the rainless period between consecutive events (IET), for events that were generated
with 1-hour MIT and for each of the 16 runoff plots (P). On the right is the coefficient of determination (R?) for each plot.

Table 2. Coefficients of determination (R?) for all of the regressions, for a representative selection of plots (P), according to the chosen
MIT (30 min or 1, 3, 6, 12 or 24 h). On the left side, the three regressions studied (#p~IET, ty~IET+I, and t~IET+Pyt+l,) and the R? corre-
sponding to the statistically significant analysis are mentioned and in bold.

Plot2 Plot3 Plot6 Plot7 Plot9 Plot13
to~IET
24 h 0.03 0.11 0.03 0.00 0.09 0.40
12h 0.24 0.00 0.26 0.05 0.01 0.08
6h 0.35 0.07 0.25 0.28 0.00 0.00
3h 0.05 0.16 0.03 0.03 0.10 0.12
lh | 0.57 0.40 0.85 0.33 0.45 0.83 |
30 min 0.00 0.00 0.02 0.00 0.00 0.00
to~IET+I,
24 h 0.32 0.29 0.38 0.35 0.31 0.42
12h 0.50 0.19 0.49 0.48 0.36 0.52
6h 0.49 027 0.36 0.40 0.39 0.49
3h 0.27 0.26 0.29 0.25 0.32 0.37
lh | 0.68 0.67 0.86 0.57 0.61 0.84 |
30 min 0.48 0.38 0.47 0.33 0.39 0.41
to~IET+P¢+1,
24 h 0.53 0.49 0.47 0.60 0.60 0.80
12h 0.67 0.34 0.59 0.53 0.38 0.55
6h 0.64 0.77 0.61 0.54 0.70 0.80
3h 0.72 0.80 0.72 0.53 0.66 0.80
1h | 0.81 0.82 0.88 0.88 0.92 0.91 |
30 min 0.74 0.74 0.56 0.85 0.88 0.89

In all of the analyses (in each regression type), the MIT of 1
hour reached the highest R*, which was over 0.8 in all the plots
(Table 2), despite the very different surface types and vegeta-
tion covers, and the results of all of the regression types were
statistically significant in every plot for this MIT.

Characteristics of the rain events for a one-hour MIT

After choosing the one-hour MIT as the most appropriate to
define rainfall events, we found that there was independence
between the intensity (/s.,,) and duration of rainfall. However,
there was some dependence between the intensity and rain
depth, with the more intense rains usually having the larger
Lsax (Figure 5).

A total of 745 events were recorded. Of this total, 63.75%
were events with one single-tip, which accounted for 9.57% of
the total mm recorded. Of these tips, 66% occurred at night
(between 23:00 and 8:00). The longest rainfall occurred in late
November and lasted 17 hours. The maximum rain depth was
77.06 mm, during an event lasted 5.7 hours. The most intense

event with rainfall depth larger than 3 mm occurred on Novem-
ber 19th, 2011, with a mean I of 20.28 mm h™', a total depth of
3.34 mm and a duration of approximately 10 minutes. The
longer period of time between rainfall events, if we remove
events with less than or equal to two tips, was the same as the
30-minute MIT. If we do not consider the single-tip events, the
mean duration between rainfall events increased from 1.73 days
(Table 1) to 15.13 days, and the mean rain depth increases to
6 mm.

Classification of rain event types

We classified rain events (separated by a one-hour MIT)
based exclusively on rain characteristics. If we create two
groups, the number of events in each one would be very une-
qual. One group would contain only the five big events, and the
other group would contain the rest. Figure 6a shows the results
of cluster analyses to generate three groups. Two clusters have
small volumes and low intensities but differ in the antecedent
soil moisture. The third cluster, with the five events mentioned
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Fig. 5. Summary of the event characteristics (volume, duration and intensity /sy,) generated with 1-hour MIT. Single-tip events are not
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Variable Between SS  df WithinSS  df F signif. P
Volumm 7400.1 2 7979.28 742 344.07 0.000000
Duraho 1553 2 1258.84 742 45.76  0.000000
160max 2114.6 2 2489.27 742 315.17  0.000000
130max 5299.9 2 5698.57 742 345.04 0.000000
110max 15296.2 2 16280.8 742 348.56  0.000000
I5max 23320.7 2 28909.62 742 299.28  0.000000
Llu01d 16020.5 2 47147777 742 126.06  0.000000
Llu05d 112542.8 2 76826.63 742 543.48 0.000000
Llulod 221941.7 2 9725039 742 846.68  0.000000

Fig. 6. a) Characteristics of the three types of rain events estab-
lished. On the X-axis, each of the rainfall characteristics included
in the analysis are described: total event depth (Volumm); duration
(Duraho); different maximum I values (Zsomax, and liomax 3omax);
and cumulative rainfall 1, 5 and 10 days before the event (LIu01d,
Llu05d and Llu10d). b) Results of the analysis of variance.

above, have intense events with large volumes. We included
three variables (Llu01d, Llu05d and Llul0d) in the classification
because the cumulative rainfall days before the target event can
affect runoff generation. We decided against making larger
number of groups because some would contain only one or two
rain events and would not be distinct in their effect on runoff.
When making three groups, the clusters showed significant
differences in all of the variables (Figure 6b).

Figure 7 shows the cumulative rainfall graphs for nine typi-
cal events: three rain events for each cluster generated. Single-
tip rains accounted for 68% of the events in cluster one and

47.8% in cluster two. In cluster three, the events had different
profiles and may be complex events, including several peaks of
intensity.

Runoff (in mm, supposing a length of 0.5 m for each plot,
upstream of the channel) varied significantly between the rain
groups in every plot (Table 3). As an example, the mean runoff
values were 0.243 mm and 0.405 mm in plots 1 (high vegeta-
tion cover) and 2 (very low vegetation cover), respectively, for
the rainfalls of cluster 1; 0.062 mm and 0.097 mm for cluster 2,
and 2.114 mm and 12.605 mm for cluster 3.

Assessment of the effect of MIT on runoff

The effect of increasing MIT was to increase the average
runoff expressed in mm (although the total runoff of the studied
period remains invariant). If the events without runoff are not
considered, then the effect of the MIT choice is moderate: the
ratio between the runoff for a 24-hour MIT and a 30-minute
MIT ranged from 1.11 to 1.80, depending on the plot features.

However, the number of events producing runoff obviously
varies with the MIT and therefore it is more correct to compare
MITs using all the events. When all of the events are consid-
ered then the runoff varies considerably and the ratio of 24h
MIT/30min MIT is 3.24, independent of the plot features (the
ratios of the 12h, 6h, 3h and 1h MITs with regard to 30min
MIT were 2.33, 1.96, 1.64 and 1.26, respectively, also the same
for all the plots).

DISCUSSION AND CONCLUSIONS

We decided to employ the MIT criterion because it is widely
used in the literature; it is simple and easy to apply. It allows
rain to be recorded with rain gauges; additionally, it allows
addressing a diversity of objectives, at different temporal
scales, by choosing the best MIT for those goals. As shown
here and in several studies (Dunkerley, 2008b; Haile et al.,
2011), the MIT chosen to define rainfall events has important
consequences on the properties of the events. This indicates
that, in research based on rain events, the choice of criterion to
separate them can be crucial. Dunkerley (2008) shows how a
change from a 24-hour MIT to a 1-hour MIT alters the mean
event duration from 3.98 to 0.92 hours, among other characteristics
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Fig. 7. Cumulative rainfall graphs for three events within each group. The events are ordered from greater to smaller amounts of accumu-
lated rainfall. The blue circles are proportional to the cumulative rainfall during the five days prior to the event.

Table 3. Result of the Kruskal-Wallis test showing that the differ-
ence in runoff among the rain groups was significant in each plot.

Plot  Kruskal-Wallis statistic P
H (df 2, N=46)
1 9.602 0.0082
2 15.645 0.0004
3 10.388 0.0050
4 19.048 0.0001
5 22.101 0.0000
6 9.598 0.0082
7 13.998 0.0009
8 29.418 0.0000
9 13.319 0.0013
10 16.279 0.0003
11 12.564 0.0019
12 8.188 0.0167
13 18.702 0.0001
14 13.318 0.0013
15 16.764 0.0002
16 19.664 0.0001

of the events, in a dry area of Australia. In our case, the differ-
ences depending on the selected MIT were still larger. For
example, the duration decreased, on average, from 15.90 h
using a 24-hour MIT to 0.59 h for 1-hour MIT, and the mean
rainfall depth decreased from 4.37 mm to 1.59 mm, although
the rain intensity changed little (Table 1).

Sometimes, the selection of the MIT seems somewhat arbi-
trary. Even in some cases in which an autocorrelation analysis
is made, the time selected for the MIT does not refer to any
level of significance in the autocorrelation. However, in other

cases (for example, in Gaal et al., 2014), they used the lag in
which the autocorrelation loses significance as the MIT. This is
possibly one of the best ways to objectively select the best MIT
for general purposes. Nevertheless, the autocorrelation may not
be useful if the rainfall data series is too short. In the study of
Gaal et al. (2014), based on a 32-year rainfall series, the auto-
correlation lost its significance when reaching about a 2-hour
lag, so they adopted a 2-hour MIT. In our case, the autocorrela-
tion analysis was significant for lags shorter than 23 hours. This
was possibly due to (i) the use of 5-minutes rainfall totals for
the autocorrelation (to keep the high time resolution to use 7 as
a surrogate), because that detailed rainfall series includes a
large amount of zeros, which were included because they are
real rainfall values, not missing; and (ii) the limited length of
our rainfall data series, because as the dates of the raindais
differ considerably among years, the autocorrelation would
decreases by lengthening the series. A 23-hour MIT seems too
long for a study on the relationship between rain and runoff at a
detailed scale. It implies that, within each event, there could be
periods of almost 23 hours without rain, during which there
may have been significant evaporation and deep infiltration.
The resulting events are quite independent, but also quite com-
plex. Due to this, we proposed here an alternative way of
choosing the most suitable MIT, using multivariate regression
with runoff.

The set of rain events established using a particular MIT
might not be the most appropriate or have more explanatory
power in studies of runoff, erosion or other processes
(Dunkerley, 2008b; Restrepo-Posada and Eagleson, 1982). That
is to say, the MIT must be chosen after taking the purpose of
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the research into account — which was one additional reason for
the regression procedure followed here.

The MITs most commonly used in the literature are relative-
ly short (usually between six and eight hours) (Dunkerley,
2008b). When choosing a large MIT, long periods without rain
(even only slightly shorter than the MIT) can occur during the
event. These periods allow water to evaporate from the canopy
and, thus, tend to increase the rate of interception during the
event. Additionally, allowing for partial deep infiltration of
ground water, these periods make the soil stores available to be
filled when rainfall resumes, which has an effect on runoff
(Aryal et al., 2007; Dunkerley, 2008a). Therefore, the longer
the MIT and the larger independence there is between events,
the greater the independence between the parts of an event.
According to Dunkerley (2015), the larger the rainfall duration
and volume, the lower the intermittency fraction (the rate of
non-rainfall time with regard to the total event time). However,
the larger the MIT, the larger the intermittency fraction will be
(Dunkerley, 2015), even when the most demanding criterion is
used to define the non-rainfall time (rainfall <0.1 mm/h). This
means that choosing a large MIT produces more independent
events but decreases their number and increases their duration
and intra-event variability, as well as the complexity of their
effects on runoff. There is evidence that the distribution of the
rain intensity within an event can play a crucial effect on runoff
(Dunkerley, 2012). Concretely, the runoff coefficient for given
conditions increases according to the following sequence: con-
stant intensity during the event, peak intensity early in the event
and peak intensity at the end of the event (Dunkerley, 2012).
When the study is focussed on a detailed time scale, a shorter
MIT allows runoff to be related to rainfall periods equivalent to
each part of a complex event resulting from a large MIT, facili-
tating an understanding of the runoff as a response by simplify-
ing the hyetograph, if the antecedent conditions are considered.
Besides, the shorter the MIT, the larger the amount of available
data but also the greater the effect of the antecedent conditions
on the runoff.

According to our results, the effect of varying the MIT from
30 minutes to 24 hours increased the average associated runoff
by a factor of 3.24. Interestingly, although the absolute runoff
volume strongly depended on the surface features, this increas-
ing factor, as well as others factors relating any pair of MITs,
were independent of the surface features and the variation of
runoff with MIT always showed a very good fit to a positive
potential curve. The limited length of our rainfall data series
does not allowed the effect of the MIT on runoff to be com-
pared with the effects of rain intensity or antecedent soil mois-
ture. However, we found that the effect of MIT on runoff was
in the range (85-570%) of the effect on runoff of the rain inten-
sity variations during the event, according to Dunkerley (2012).

According to our results, the optimal MIT to define rain
events in order to better understand runoff at fine scale is one
hour. From a physical viewpoint, after one hour without rain,
the effect of the previous rain is still important. The evapotran-
spiration during that hour is quite low, ca. 0.18 mm (if water is
not limiting), since total annual potential evapotranspiration in
the area is about 1600 mm (Lazaro et al., 2004). However, the
full decrease of the soil moisture reached between 5 and 10
percentage points, according to our own unpublished measure-
ments, consistent with those of Canton et al. (2004) from a
nearby site. Therefore, although the runoff was still quite de-
pendent on the antecedent conditions, it was already mainly
dependent on the on-going rainfall, as the highest determination
coefficient of the 1-hour MIT showed. A decrease in soil mois-
ture of 5-10 percentage points can represent the drainage of

most of the water in the largest macropores, which could repre-
sent an important proportion of the whole soil porosity and
have a significant effect on runoff. A small amount of continu-
ous macroporosity can transmit a significant amount of water
(Luxmoore et al., 1990). In this area, larger macropores are
particularly concentrated under the dominant grasses (Mora and
Lézaro, 2013, 2014), and their emptying would allow them to
enhance their role as runoff sinks, making the events separated
by 1-hour MIT relatively independent. The importance of the
filling and emptying of the macropores was also highlighted by
Calvo et al. (2003). Nevertheless, for the 30-minute MIT, the
effect of the antecedent conditions can be dominant. Lazaro et
al. (2015) demonstrated that, after 20 minutes without rain, the
runoff produced by new rainfall is very significantly deter-
mined by the soil moisture produced by the former rain.

A consequence of choosing a 1-hour MIT was that only 13
events had a volume > 15 mm (Figure 5). Further, only 6% of
these events generated runoff in some of the plots. There was
no linear relationship between the intensity and duration of the
events, but rain events with large volumes included usually
most of the higher intensities.

The rain events produced by a 1-hour MIT were classified
into three significantly different groups: large and intense rains,
small and slightly intense rains that occurred on wet soil and
small and slightly intense rains on dry soil. The first group
produced most of the runoff; despite this, each group had sig-
nificantly different volumes of produced runoff. Other authors
classified the rain according to its hyetograph (see, for example,
Coutinho et al., 2014), and some, such as Fang et al. (2012),
classified events using K-means clustering, as in the present
study. Fang et al. (2012) based their study on the volume, dura-
tion and I;ymax rain variables, from which the runoff genera-
tion depends (Critchley and Klaus, 1991), and classified rains
into three regimes: Regime I, or events of a medium amount
and duration; regime II, or events with high water amounts,
long duration and an infrequent occurrence; and regime III, or
events with low water amounts, short duration and high fre-
quency. They concluded that, although regime II causes high
runoff coefficients, as these events are infrequent, the interme-
diate events cause the greatest total accumulated discharge. In
our case, besides the rain variables used by Fang et al. (2012),
we added to the cluster analysis the accumulated rain on the
previous day, which is also an important factor affecting runoff
(Kampf, 2011). The small events were dependent on the ante-
cedent conditions and this separation was confirmed by differ-
ent runoff production. However, for the larger events, the ante-
cedent conditions were not as relevant.

In our study area, winter rain events were longer and sum-
mer/fall events were more intense. The largest periods between
consecutive rains always occurred in the summer, which is
consistent with the well-studied longer rainfall series in a near-
by area (Lazaro et al., 2001, 2004). It is worth noting the large
number of single-tip events. Many of these isolated tips could
be due to dew, which is very common in the area, even in the
dry months of summer, and is capable of producing pulses in
the rain gauge according our observations. Of the rain events,
63.75% were single-tip events, although they represented only
9.57% of the total mm collected throughout the study period.
This is consistent with the results of Uclés et al. (2013) in the
same area of study, who showed that dew condensation oc-
curred on 78% of the nights and that annual dew represented 9—
23% of total registered water input in mm. This dew has a very
important role in a semiarid ecosystem, as it is a constant
source of water.
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