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Abstract. The diverse sources of uncertainty associated with
the calculation of rainfall kinetic energy and rainfall erosiv-
ity, calculated from precipitation data, were investigated at a
range of temporal and spatial scales in a mountainous river
basin (504 km2) in the south-eastern Pyrenees. The sources
of uncertainty analysed included both methodological and lo-
cal sources of uncertainty and were (i) tipping-bucket rainfall
gauge instrumental errors, (ii) the efficiency of the customary
equation used to derive rainfall kinetic energy from intensity,
(iii) the efficiency of the regressions obtained between daily
precipitation and rainfall erosivity, (iv) the temporal variabil-
ity of annual rainfall erosivity values, and the spatial variabil-
ity of (v) annual rainfall erosivity values and (vi) long-term
erosivity values. The differentiation between systematic (ac-
curacy) and random (precision) errors was taken into account
in diverse steps of the analysis. The results showed that the
uncertainty associated with the calculation of rainfall kinetic
energy from rainfall intensity at the event and station scales
was as high as 30%, because of insufficient information on
rainfall drop size distribution. This methodological limita-
tion must be taken into account for experimental or mod-
elling purposes when rainfall kinetic energy is derived solely
from rainfall intensity data. For longer temporal scales, the
relevance of this source of uncertainty remained high if low
variability in the types of rain was supposed. Temporal vari-
ability of precipitation at wider spatial scales was the main
source of uncertainty when rainfall erosivity was calculated
on an annual basis, whereas the uncertainty associated with
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long-term erosivity was rather low and less important than
the uncertainty associated with other model factors such as
those in the RUSLE, when operationally used for long-term
soil erosion modelling.

1 Introduction

Raindrop impact is the main cause of interrill soil erosion.
Rainfall kinetic energy or some surrogate or derivative is
therefore a variable used by nearly all soil erosion models.
In particular, Wischmeier and Smith (1959), on the basis of
rill and interrill erosion measurements in erosion plots, de-
fined rainfall erosivity as a product of event rainfall kinetic
energy and depth. Under experimental conditions, rainfall
kinetic energy is obtained from rainfall intensity and rain-
drop size distribution, normally measured with the flour tray
(Laws and Parsons, 1943) or the dyed filter paper (Mar-
shall and Palmer, 1948) methods, although on-site contin-
uous electromechanical (Joss and Waldvogel, 1967), optical
or microwave disdrometers and remote short radiofrequency
wave attenuation methods are increasingly used. Neverthe-
less, since information on raindrop size distribution is usu-
ally not available at the level of weather data, erosion models
make use of some procedure to obtain information on rain-
fall kinetic energy from intensity or depth measurements. At
the scale of the event, rainfall kinetic energy is commonly
estimated from sub-hourly measurements of rainfall inten-
sity with a non-linear equation (Kinnell, 1973) that relates
rainfall intensity and the specific kinetic energy of short rain-
fall intervals. At larger and longer-term scales, relationships
between (daily, seasonal or annual) precipitation depth and
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rainfall erosivity are usually obtained and applied for long-
term and mesoscale or regional assessment, by precipitation
data from regular networks.

In spite of the warning issued by Parsons and Ga-
dian (2000), the uncertainty associated with the estimation
of rainfall kinetic energy or erosivity is commonly taken as
negligible when compared to the uncertainty associated with
the other parameters of soil erosion models (e.g. Hartcher
and Post, 2005; Biesemans et al., 2000), or is only analysed
in terms of spatial variability when assessed for large areas
(e.g. Wang et al., 2001; Falk et al., 2010). However, the in-
creasing use of soil erosion models and the rising concern
about soil erosion predictions under Global Change scenar-
ios justify the need for an assessment of the uncertainties as-
sociated with the calculation of this primary cause of soil
erosion.

The purpose of this paper is to analyse the diverse sources
of uncertainty associated with the calculation of rainfall ki-
netic energy and erosivity when obtained from precipitation
data for a range of temporal and spatial scales, from the event
at the station scale to the long-term mesoscale area (here the
Upper Llobregat basin, 504 km2), for applying a soil erosion
model such as the RUSLE (Foster, 2004). This paper fol-
lows on from a previous paper (Catari and Gallart, 2010),
in which the rainfall erosivityR factor was calculated for
this area. This previous study also included an analysis of
spatial distribution and a simplified approach for estimating
the uncertainty introduced when erosivity was upscaled from
the event to longer periods. After this study, it became ap-
parent that other sources of uncertainty in the diverse steps,
particularly the calculation of rainfall kinetic energy from
precipitation data at the event scale (Parsons and Gadian,
2000), had to be taken into account if the uncertainties as-
sociated with the estimation of rainfall kinetic energy and
erosivity were to be appraised comprehensively. To achieve
this, available datasets of the relationship between rainfall in-
tensity and kinetic energy from different locations worldwide
were analysed and used to develop an equation describing the
uncertainty of this relationship. Finally, six sources of uncer-
tainty were identified and assessed by statistical methods that
are unsophisticated, but are designed to cover the entire ex-
pectable span.

This work is therefore of intended interest for any re-
searcher using rainfall kinetic energy or erosivity at diverse
scales, from the erosion plot studies at the event scale to the
regional long-term operational erosion modelling. The meth-
ods used may hopefully be extended for application to other
studies where spatial and temporal upscaling of information
is needed.

2 Materials and methods

The overall design follows a procedure for obtaining a long-
term estimate of rainfall erosivity at the basin scale. Rainfall
erosivityR factor is a widely used long-term estimate of the
annual rainfall capacity to produce soil interrill and rill ero-
sion in an area, commonly obtained with the equation pro-
posed by Wischmeier and Smith (1978):

R =
1

n

n∑
j=1

m∑
k=1

(EI30)k (1)

wherek represents single rainstorms,E is the total kinetic
energy of rainfall during a storm,I30 represents the maxi-
mum storm rainfall intensity in a period of 30 min,m rep-
resents the number of storms in a year andj represents
the year within the record ofn years. Units for storm ero-
sivity EI30 are usually MJ mm ha−1 and for R are usually
MJ mm ha−1 yr−1. In this study, events were defined as those
having precipitation depth of 12.5 mm or higher (following
Foster, 2004) and the criterion for separating rainfall events
was a daily one (available resolution of the wider precipita-
tion network).

As described below in more detail, the event rainfall ero-
sivity (EI30) of a set of 211 rainstorms was calculated by sub-
hourly precipitation records from one tipping-bucket rainfall
recorder. Then a relationship between daily precipitation and
rainfall erosivity was derived from these data and applied to
the daily precipitation records in a set of stations in order to
obtain estimates of daily rainfall erosivity. This made it pos-
sible to apply Eq. (1) to this set of rainfall stations with only
daily data. Subsequently, the annual erosivity values from
the rainfall stations were aggregated in time and space to ob-
tain the erosivity for the study area.

The diverse steps analysed were therefore the following
ones: (i) rainfall depth and intensity measurement using a
tipping-bucket rain gauge connected to a data-logger, (ii) cal-
culation of rainfall kinetic energy from rainfall depth and
intensity using a non-linear equation, (iii) upscaling from
event rainfall erosivity values using sub-hourly precipitation
to daily values using daily precipitation records, (iv) tem-
poral upscaling from annual rainfall erosivity to long-term
values, (v) spatial upscaling from annual station rainfall ero-
sivities to basin values and (vi) spatial upscaling from station
long-term erosivities to basin values.

The uncertainty introduced at each of these steps was cal-
culated separately and subsequently handled by error trans-
mission formulas. In some steps it was necessary to decide
whether the errors were due to spurious random deviations
(precision errors), compensated for by subsequent values and
partly cancelled out by them, or they were systematic devi-
ations (accuracy errors) that were not compensated for by
subsequent values. Standard deviation and standard error
of the mean were commonly used to express the uncertainty
of the values, although the coefficient of variation and 90%
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Figure 1.  Fig. 1. Study area and location of rainfall stations.

confidence bounds were used in some cases for easier under-
standing.

2.1 Study area and source data

The study area is located in the Pyrenees, NE Spain, at the
headwaters of the Llobregat River basin (Fig. 1). This area of
504 km2 consists of a mountainous rangeland with a highly
contrasted relief. Mean elevation is 1271 m, varying between
627 m and 2540 m a.s.l., and the average slope is 24◦ (Catari,
2010). The climate is humid Mediterranean with a mean an-
nual precipitation of 862± 206 mm, with a mean of 90 rainy
days. The rainiest seasons are autumn and spring; and winter
is the season with least precipitation. In summer, convec-
tive storms may provide significant precipitation input and
the highest rainfall intensities (Latron et al., 2010); the mean
annual temperature is 9.1◦C (Delgado, 2006; Gallart et al.,
2002).

A sub-hourly precipitation dataset from the Vallcebre re-
search basins, located in the central part of the study area and
managed by the Surface Hydrology and Erosion Research
Group at IDAEA (CSIC), was used for obtaining rainfall ki-
netic energy and erosivity at the event scale (EI30). No other
data series of similar time resolution is available in the area.
The data set used comprises 211 rainfall events collected be-
tween January 1994 and December 2005, with depths higher
than 12.5 mm or 15-min intensity greater than 6.25 mm h−1.
Although snow falls seldom occurred, the rain recorder was
not equipped with any heating system; as winter is the sea-
son with the least precipitation depth and winter precipitation
had low erosivity (see below), snow events were not excluded
from the analysis.

Rainfall datasets at daily resolution were available from
seven additional weather stations, operated by the Spanish

Table 1. Location of weather stations in or near the headwaters of
the Llobregat River basin.

Weather station INM Code UTM (x) UTM (y) Altitude m a.s.l.

La Molina 585 412 463 4 687 479 1680
Josa Tuix́en 632o 381 765 4 676 545 1184
Vallcebre 84i 402 375 4 673 051 1133
Borred̀a 99 421 212 4 665 411 845
La Pobla 78u 413 296 4 677 011 808
Bag̀a 82 406 006 4 678 709 795
Fı́gols 85a 405 773 4 669 858 754
Berga 92c 404 520 4 662 070 664

Source: INM (2004) and Delgado (2006)

National Meteorological Institute (INM, 2004). Four of these
stations are within the limits of the study area and three
nearby; they are located at a wide range of altitudes and are
fairly equidistant from each other. The coordinates and alti-
tudes of the stations are shown in Table 1.

2.2 Rainfall depth and intensity measurements

Precipitation at the Vallcebre station was measured with an
Institut Anaĺıtic AWP-P tipping bucket stainless-steel rain
recorder, with a nominal capacity of 0.2 mm per tip. The time
at which each movement of the bucket occurred was recorded
at a resolution of 1 s by an event-recording data logger (Chat-
alog, Orion Group). Calibration from tips to rainfall depths
employed the approach proposed by Calder and Kidd (1978).
This calibration improves the accuracy of the measurement
of high-intensity values by taking into account that a certain
amount of rain water may be lost to the measurement when
it falls into a bucket already containing its nominal capacity
and movement starts (i.e. during a “dead time”). The rainfall

www.hydrol-earth-syst-sci.net/15/679/2011/ Hydrol. Earth Syst. Sci., 15, 679–688, 2011



682 G. Catari et al.: Uncertainties associated with calculation of rainfall kinetic energy and erosivity

Table 2. Sources of data used for the analysis of the uncertainty associated with the Kinnell (1981) equation.

Site Intensities (mm h−1) Number of Number of References
means observations

Miami, Florida 1.83–200 10 200 Kinnell (1981) based on Kinnell (1973)
Miami, Florida 18.5–228.6 n.a. 30 Kinnell (1981) based on Hudson (1961)
Zimbabwe 18.5–228.6 n.a. 19 Kinnell (1981) based on Hudson (1961)
Holly Springs, Mississippi 0–257 n.a. 315 McGregor and Mutchler (1976)
Gunnedah, Australia 0–150 18 12 894 Rosewell (1986)
Brisbane, Australia 0–160 19 6360 Rosewell (1986)

intensity during a time period t (hours) was obtained by using
Eq. (2):

I =
n · V0

t − (t0 · n)
(2)

whereI is the measured intensity (mm h−1), n is the number
of tips observed during every measurement period,V0 is the
nominal capacity of the tipping bucket at null intensity (mm),
t is the time span (hours) andt0 is the “dead time” when rain-
fall is not measured (hours per tip). ParametersV0 andt0, as
well as the residuals of this relationship, were obtained by
calibration covering a wide span of simulated rainfall inten-
sities.

The results obtained with this approach were compared to
these obtained with the customary approach that uses a fixed
bucket capacity. The difference was considered a system-
atic source of error, as the fixed bucket capacity approach
means an overestimation of rainfall depth for low-intensity
events and an underestimation for high-intensity ones. Sub-
sequently, the analysis of local random errors in the measure-
ment of precipitation proposed by Ciach (2003) was applied
to calculate the random errors in the determination of rainfall
erosivity at the event scale, using the common parameters of
a systematic time interval of 30 min and a tip-counting pro-
cedure.

Precipitation at the INM stations was manually measured
every day at 08:00 a.m. LT, using graduated cylinders, and
counted for the preceding day. The possible errors in such
data were not assessed due to the lack of an adequate dataset,
though they may be relevant. Systematic errors in rain mea-
surements by standard rain gauges may be as high as 15%,
mainly due to the role of wind and evaporation, but decreases
to about 5% during heavy rainfalls (Sevruk, 1987).

2.3 Deriving rainfall kinetic energy from rainfall
depth/intensity records

Rainfall kinetic energy is used by most erosion models for as-
sessing the capacity of rainfall to produce erosion. As usual
in the application studies, rainfall kinetic energy was derived
from an empirical equation that allows the specific kinetic
energy per unit of rainfall depth to be obtained from the in-
stantaneous rainfall intensity. More recent studies proposed
the alternative use of equations using specific kinetic energy
per unit time (Salles et al., 2002), but these equations are
still of limited practical application and may be related to the
classic ones through rain intensity. Currently, the most com-
monly accepted kinetic energy-intensity relationship is the
one with two terms, a fixed value and a negative exponential
of the intensity (Eq. 3), proposed by Kinnell (1981):

Ekd = emax
[
1 − a · exp (−b · I )

]
(3)

whereEkd is the specific rainfall kinetic energy per rain-
fall depth,emax is the maximum specific kinetic energy,I is
rainfall intensity, anda andb are constants, experimentally
obtained using measurements of the distribution of rainfall
drop sizes. Diverse values for these parameters have been
proposed by several authors from measurements at several
sites and under a range of rainfall conditions (McGregor and
Mutchler, 1976; Rosewell, 1986; Brown and Foster, 1987).
According to the user’s guide of the RUSLE2 model (Fos-
ter, 2004), the kinetic energy of rainfall was calculated from
Eq. (4), which includes the modification suggested by Mc-
Gregor et al. (1995):

Ekd = 0.29
[
1 − 0.72 exp(−0.082I )

]
(4)

whereEkd is in MJ ha−1 mm−1 andI is in mm h−1.
Diverse published graphs of the relationships observed be-

tweenEkd and the intensity of short rain intervals, from di-
verse sites around the world including various types of rain,
were investigated (summarised in Table 2). For this, the orig-
inal graphs were digitized and the outcome data were used to
derive the scattering of observations around the means.

The scattering of the kinetic energy – rainfall intensity
relationship of instantaneous rainfall intervals, for such a
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general dataset, is low at high-intensity values owing to the
dynamic equilibrium of raindrop distribution (Zawadzki and
Antonio, 1988; Assouline and Mualem, 1989), but it in-
creases for decreasing intensities because raindrop distribu-
tion depends on the diverse mechanisms of drop formation
or “type of rain” (e.g. Salles et al., 2002; van Dijk et al.,
2002) and may even suffer dramatic changes within storms
(Sempere-Torres et al., 1994). The decrease in the dispersion
of the specific kinetic energy of short rainfall intervals for
increasing rainfall intensity may appear unclear if several of
the published specific kinetic energy - rainfall intensity equa-
tions are compared (e.g. Salles et al., 2002; Fig. 2a), but this
has to be attributed to the varied quality of the equations for
high-intensity conditions given the diverse ranges of rainfall
intensities used to fit these equations (Salles et al., 2002; Ta-
ble 1).

An empirical relationship between the dispersion of spe-
cific kinetic energy and intensity was therefore sought by
re-constructing the data shown in the graphs. Assuming a
log-normal distribution of the point measurements of specific
kinetic energyEkd, the variances of the logarithms of these
measurements were derived from the information given in
the graphs and averaged for narrow ranges of rainfall inten-
sity. The log-normal distribution was selected because most
of the graphs of the observed specific kinetic energy showed
clear asymmetry of the values around the mean, and this type
of distribution is physically reasonable for ‘size’ variables
when the low values are limited to 0. Then, a non-linear
equation was fitted to describe the relationship between in-
tensity and dispersion. It is worth mentioning that, when we
used this latter equation to derive the scatter of the kinetic
energy from the value given by Eq. (4) for every time step of
the storms, the scatter was taken as systematic (accuracy er-
ror) because it is primarily a bias from the mean line, owing
to the (unknown) type of storm analysed.

The question then arises whether, when event rainfall ero-
sivity EI30 estimates are to be accumulated to obtain the an-
nual totals, it can be assumed that the diverse events during
the year belong to different types of precipitation and thus
the errors may be considered random (precision) ones and
are partly cancelled out; or whether the errors should still be
seen as systematic (accuracy) ones because there is not suffi-
cient variability in types of rain. As this is mainly a method-
ological analysis, both possibilities were considered. Thus,
two different estimates of the uncertainties derived from the
use of Eq. (3) were obtained: (i) systematic errors during the
events and systematic errors between the events, and (ii) sys-
tematic errors during the events and random errors between
the events.

 

    Figure 2.  Fig. 2. Relative errors in the determination of rainfall depth (and
intensity) when a fixed volume of the rain recorder tipping bucket
is considered.

2.4 Upscaling rainfall erosivity from sub-hourly to daily
values

Sub-hourly rainfall data for obtaining event rainfall erosiv-
ity are not always readily available; instead, downscaling ap-
proaches, such as those for daily, monthly or annual resolu-
tion, are used. For instance, de Santos Loureiro and Azevedo
Coutinho (2001) calculated the rainfall-runoff erosivity index
by using monthly data in Portugal; in Italy, Diodato (2004)
developed a method for using annual data, obtaining satis-
factory results.

The relationships between daily rainfall erosivity (depen-
dent variable) and daily rainfall depth (predictor) for the sta-
tion with sub-hourly data (Vallcebre) were developed. Then
these relationships were applied to stations with only daily
resolution (Upper Llobregat basin). After the first trials, as
it was clear that the relationship between rainfall depth and
erosivity varied seasonally, two different regressions, one for
summer and one for the rest of the seasons, were computed.

The uncertainty associated with the use of these regres-
sions was obtained from the analysis of the residuals and
through error propagation formulas.

2.5 Temporal and spatial aggregation

The annual rainfall erosivity (Eq. 1) was calculated for ev-
ery rainfall station by cumulating them storm (daily) ero-
sivities occurring in that year. The basin-scale erosivity for
every year was obtained using the Thiessen polygon method
(Thiessen, 1911) for weighing the annual erosivity values ob-
tained at the stations. This allowed the analysis of the tem-
poral and spatial variability of erosivity values. The contri-
bution of every station to spatial variability was assessed by
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calculating the variance of the areal average on the basis of
the Thiessen-weighted contributions from the pluviometric
stations. The Thiessen polygons method was selected to inte-
grate the station values spatially, due to its greater simplicity
in obtaining both the variable value and its uncertainty. The
analysis of the uncertainty introduced by areal interpolation
methods is beyond the scope of this paper: readers may re-
fer to other recent studies specifically addressing this issue
(e.g. Moulin et al., 2009).

The uncertainties of the finalR value due to temporal and
spatial variability were obtained as the standard errors of
the mean. Nevertheless, in order to consider applications in
which rainfall erosivity might be used at the annual scale, so
as to estimate annual soil erosion hazard, the standard devia-
tion from annual erosivity was also considered.

3 Results and discussion

The average annualR factor value for the Upper Llobre-
gat basin was 1986± 532 MJ mm ha−1 yr−1 (90% uncer-
tainty bounds). This value is between values estimated
for the NE of Spain, such as 1400 MJ mm ha−1 yr−1 given
by Uśon and Ramos (2001) for a single year (1996) and
2628 MJ mm ha−1 yr−1 given by MMA (2004). At Vall-
cebre, summer precipitation contributed to 58% of annual
rainfall erosivity, though it accounted for only about 26% of
the annual rainfall depth.

The analysis of the uncertainty associated with each of the
steps is explained separately in the following sub-sections.

3.1 Rain depth and intensity measurements

When a fixed volume of the tipping bucket of the rain
recorded was held, the volume was optimised to obtain the
best estimate of the total rainfall depth. The error analy-
sis showed a bias of the depth and intensity estimates neg-
atively proportional to the rainfall intensity, which resulted
in a slight overestimation of precipitation for low intensities
and a fair underestimation for high intensities (Fig. 2). Sub-
sequently, when the analysis was applied to the precipita-
tion recorded at Vallcebre, the higher precipitation intensity
in summer meant a slight underestimation of both rainfall ki-
netic energy and erosivity (−1.3 and−1.7% respectively),
whereas for the rest of the seasons, there was a slighter over-
estimation of both values (0.12%). These low error values
led us to rule out analysis of this source of error in the subse-
quent analyses, though it is worth mentioning that the under-
estimation of volumes during heavy-intensity events may be
of some relevance.

Errors in the calculation of rainfall erosivity at the event
scale due to the random local errors in the tipping-bucket rain
gauges, in terms of root mean squares, were nearly propor-
tional to the rainfall depths. The slope of the relationship
was a little higher for the summer events than for the events

 
        Figure 3.  Fig. 3. Relationship between the standard deviation of the natural
logarithm of the specific kinetic energy and the rainfall intensity
obtained from the graphs listed in Table 2.

in the other seasons. Nevertheless, the relative errors (varia-
tion coefficients) were on average less than 7% for summer
events and 10% for the rest of the year, with trends decreas-
ing with event depths. When these errors were propagated
to the long-termR value, the resulting coefficients of vari-
ation were 1.2% if random compensation of the errors was
assumed and 4.5% if a persistent bias of the rain gauge is in-
volved. As only one source of errors was considered in the
determination of rainfall volumes and intensities, the latter
value was retained for the overall analysis.

3.2 Rainfall kinetic energy calculation

The relationship between the dispersion of specific kinetic
energy and rainfall intensity when the Kinnell (1981) expres-
sion is used (Eq. 3 and Table 2) was fitted with a logarith-
mic equation, explaining 94% of the original gross variance
(Eq. 5 and Fig. 3):

σekd = −0.0679 · Ln (I ) + 0.4245 (5)

whereσekd is the standard deviation of the natural logarithm
of the specific rainfall kinetic energyEkd, which takes val-
ues numerically close to the values of the variation coef-
ficient of the physical variable, andI is rainfall intensity
(mm h−1). This equation affords a good fit to the data for
all the measured ranges of short rainfall intervals and gives
physically plausible positive results for rainfall intensities up
to 519 mm h−1, a value much beyond the observed range.

This relationship is consistent with the physical grounds of
rainfall kinetic energy mentioned in Materials and Methods.
Relative dispersion is minimal for high-intensity rainfalls
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which have fairly similar drop-size distribution functions ow-
ing to the dynamic equilibrium of drops, whereas the vari-
ability of drop-size distribution functions increases with de-
creasing rainfall intensity owing to the increasing diversity
of ‘types of rain’ included in the analysis.

As is commonly done in operational use, Eq. (3) was ap-
plied to the sub-hourly precipitation data in order to obtain
the event rainfall kinetic energy and its erosivity, regardless
of the type of rain concerned. Consequently, the dispersion
obtained from Eq. (5) was used as “systematic error”, the
squared errors being accumulated for every time step and
rainfall depth, without allowing the compensation usual in
random errors.

When this analysis was applied to the rainfall events
recorded at Vallcebre, the results showed that the event-
averaged values of bothσekd and the coefficient of variation
of Kehad mean values of 0.26 for summer events and 0.31 for
the rest of the seasons. The difference, statistically signifi-
cant, was attributed to the higher intensity of summer events.
At the annual scale, the uncertainty associated with the de-
termination of kinetic energy and rainfall erosivity depended
on the relative weight of summer events and, if a random oc-
currence of types of rain is assumed, on the total number of
events.

Figure 4 shows the rainfall kinetic energy (Ke) values and
the corresponding 90% confidence bounds obtained for a ran-
dom sample of 90 rainstorms recorded at Vallcebre, using
Eqs. (3) and (5). This graph shows a relevant range of er-
ror of the estimates ofKe and the fair seasonal differences.
This error could be reduced either by obtaining direct mea-
surements of raindrop size/energy during storms, as recom-
mended by Parsons and Gadian (2000), or by using diverse
Kinnell-type equations fitted to the corresponding types of
rainstorms, along with a correct identification of the storm
type in order to apply the right equation.

The uncertainty (standard error of the mean) of the long-
term totalR value attributed to the calculation of the rain-
fall kinetic energy was 206 MJ mm ha−1 yr−1 (10.7% of
the R value), when the rigorous criterion of event system-
atic error (invariance of types of rain) was applied; and
43 MJ mm ha−1 yr−1 (2.2% of theR value), when the more
relaxing criterion of event random error (variability of types
of rain between the events) was applied.

3.3 Daily values of rainfall erosivity

In Vallcebre, the rainy seasons are usually autumn and
spring. However, during the summer short intense con-
vective storms provide significant rainfall amounts (Latron
et al., 2003). Therefore, the relationships between rain-
fall depth and erosivity were analysed separately (Fig. 5
and Eqs. 6 and 7) for the summer and the rest of the sea-
sons. An ANOVA test indicated that residual variance was

 
       Figure 4.  Fig. 4. 90% uncertainty bounds for a set of estimates of event rain-
fall kinetic energy at Vallcebre, obtained from rainfall records using
Eqs. (4) and (5).

significantly lower when two equations were used instead of
one (F = 310.4,p < 0.05).

Es = −98.52 + 10.34P R2
= 0.55 n = 61 (6)

Ew = −23.48 + 2.54P R2
= 0.60 n = 150 (7)

where Es and Ew are the daily values of storm erosivity
(EI30, MJ mm ha−1 h−1) for summer and the rest of seasons,
respectively, andP is the value of daily precipitation (mm).
The parameters in Eqs. (6) and (7) were considered fixed and
the uncertainty of the estimates was derived from the disper-
sion of the residuals.

The absolute residuals of the daily erosivity (EI30) values
estimated by means of Eqs. (3) and (4) were roughly propor-
tional to the daily rainfall depth. The corresponding factors
were 3.1 for summer events and 0.87 for the rest of the sea-
sons.

The uncertainty of the long-term totalR value attributed to
the simplification from sub-hourly to daily precipitation data,
assuming that there was a random compensation of the er-
rors, was 58 MJ mm ha−1 yr−1 (3% of theR value) expressed
in terms of the standard error of the mean value. If a single
annual equation instead of two seasonal equations was used,
this source of uncertainty would be increased to a value of
about 7.8% of the meanR value.

3.4 Spatial and temporal averaging

Table 3 shows the annual rainfall erosivity obtained for the
stations and years analysed. Annual erosivity values obtained
at the stations showed large spatial variability, which clearly
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Table 3. Annual rainfall erosivity values obtained at the stations (MJ mm ha−1 yr−1).

Year Berga Figols Borreda Baga Pobla Vallcebre Molina Josa average var. coeff.

1991 1810 2259 1785 1130 2657 1368 1494 1034 1865 31%
1992 2135 2513 3668 3544 4426 2592 3304 4016 3462 20%
1993 925 1479 1670 805 1298 1280 1270 1031 1231 21%
1994 1201 2323 1768 1294 3066 2115 2647 3259 2270 30%
1995 2913 3968 3547 1401 2115 2123 1850 1500 2366 39%
1996 1589 3464 2523 1729 1910 2131 3025 3200 2427 28%
1997 2464 2914 2564 1106 1592 1786 2871 3739 2118 35%
1998 1100 3232 1508 651 931 764 1085 1139 1349 66%
1999 2466 5240 3137 1600 2285 1525 2815 2581 2813 43%
2000 965 1322 1261 1511 1128 1297 1358 2207 1308 13%
2001 1375 1063 2409 1171 1538 1179 1278 924 1370 25%
2002 2437 1853 2657 1303 1653 1320 1616 1542 1703 22%
2003 1941 1536 1381 1390 1462 1155 1810 1537 1536 12%

average 1794 2551 2298 1434 2005 1587 2033 2131 1986 35%
var. coeff. 37% 47% 35% 49% 47% 33% 38% 52% 44%
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Fig. 5. Scatter plots of daily rainfall erosivity versus daily rainfall for the Vallcebre weather station:(a) summer and(b) rest of the seasons.

varied between years: coefficients of variations ranged be-
tween 12% and 66%, with a mean value of 35%. Never-
theless, spatial variability decreased when the inter-annual
R values were considered, as the coefficient of variation
dropped to 18%. This result may be seen as a consequence of
the importance of summer rainstorms in the annual erosivity
values. These storms are known to occur a few times every
year but not at the same time at all stations, as they cover
only a reduced area (Latron et al., 2003). In the long term,
spatial variability is reduced because of the random spatial
occurrence of storms.

The uncertainty of the long-term totalR value attributed
to spatial variability was 125 MJ mm ha−1 yr−1 (6.4% of the
R value), expressed in terms of the standard error of the mean
because the stations were considered as nearly random ob-
servations of the average value, whose error would decrease
with a denser rainfall recording network.

Temporal variability of the annual erosivity values at the
stations was diverse, with variation coefficients between
33 and 52% and a weighted mean of 44%.

The uncertainty of the long-termR value attributed to
temporal variability was 175 MJ mm ha−1 yr−1 (8.9% of the
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Table 4. Variation coefficients (percent values) estimated for rainfall erosivity (EI30) and long-term erosivityR factor, taking into account
the diverse sources of uncertainty.

instrument kinetic energy daily values spatial temporal total

single yearEI30 single rain type 4.5 10.7 3.0 6.4 43.7 45.8
single yearEI30 diverse rain types 4.5 2.2 3.0 6.4 43.7 44.6
long termR single rain type 4.5 10.7 3.0 6.4 8.9 16.3
long termR diverse rain types 4.5 2.2 3.0 6.4 8.9 12.4

R value), expressed in terms of the standard error of the
mean.

4 Summary and conclusions

The above analysis shows that the roles of the diverse sources
of uncertainty in the calculation of rainfall erosivity depend
on the spatial and temporal scales considered.

It was also highlighted the need for identifying the sys-
tematic or random nature of errors, as only the second type
of errors are gradually cancelled out when more observations
are obtained. In this case, this was primarily relevant respect
to the potential occurrence of diverse types of rain events. At
the event scale we had to assume that any type of rain was
possible and therefore a systematic nature of the errors esti-
mated with Eq. (5) was associated to the kinetic energy for
every time step of the events. For annual or a long-term pe-
riod, the uncertainty largely decreased if the occurrence of
diverse types of rain was assumed and a random nature of
errors was therefore used.

When rainfall erosivity measurements were determined at
the site and event scales, as are commonly needed for exper-
imental or modelling purposes, instrument errors induced a
coefficient of variation of up to 10%, and the determination
of kinetic energy from rainfall measurements induced a fur-
ther coefficient of variation of about 30%. These uncertain-
ties depend much more on the methods used than on local
factors, although the lower the rainfall intensity, the larger
the uncertainty expected. Equation (5) may be used for esti-
mating the uncertainty associated with the calculation of the
rainfall kinetic energy from rainfall intensity with the Kin-
nell (1981) equation. Better estimates of event rainfall ero-
sivity would need direct or indirect information on drop size
distribution or kinetic energy during the events.

Table 4 shows the variation coefficients estimated for rain-
fall erosivity at the annual scale and the long-term erosiv-
ity R factor at the long-term scale, taking into account the
diverse sources of uncertainty investigated. When rainfall
erosivity was determined at the scale of one year, temporal
variability was the main source of uncertainty, whereas the
calculation of rainfall kinetic energy from rainfall measure-
ments was the second source of uncertainty when it cannot

be assumed that there are diverse types of rain during the
year. When the long-termR factor was sought, the relative
importance of these uncertainty sources was reversed.

Finally, these results show that the uncertainty associated
with the estimation of rainfall kinetic energy and erosivity
must be particularly taken into account when needed at the
short temporal (event) scale, whereas for the basin scale, al-
though spatial and temporal variability of the annual rainfall
erosivity values was high, the averaging of 8 rainfall stations
over 13 years was sufficient to afford a fair level of uncer-
tainty in the long-termR factor for the extension and climatic
characteristics of the study area.
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