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Abstract

Rainfall data of high temporal resolution are required in a multitude of hydrological applications. In the present papenah teimfall
disaggregation model is applied to convert daily time series into an hourly resolution. The model is based on the primaipdesnof
multiplicative cascade processes. Its parameters are dependent on (1) the volume and (2) the position in the rainfabfseggutmee
interval with rainfall to be disaggregated. The aim is to compare parameters and performance of the model between twg chintedses
with different rainfall generating mechanisms, a semi-arid tropical (Brazil) and a temperate (United Kingdom) climaterigettoé time
scales studied, the scale-invariant assumptions of the model are approximately equally well fulfilled for both climatedellh&rameters
differ distinctly between climates, reflecting the dominance of convective processes in the Brazilian rainfall and of apremBses
associated with frontal passages in the British rainfall. In the British case, the parameters exhibit a slight seasamatweasistient with
the higher frequency of convection during summer. When applied for disaggregation, the model reproduces a range of hallrly rainf
characteristics with a high accuracy in both climates. However, the overall model performance is somewhat better for tidletisgritiah
rainfall. In particular, extreme rainfall in the UK is overestimated whereas extreme rainfall in Brazil is well reproducsf&rabality of
parameters in time is associated with larger uncertainty in the semi-arid climate due to its higher interannual varidbilisr pedcentage
of rainy intervals. For parameter transferability in space, no restrictions are found between the Brazilian stations wherg&sragional
differences are more pronounced. The overall high accuracy of disaggregated data supports the potential usefulness of byelrotigtal
applications.

Keywords: Rainfall, temporal disaggregation, random cascade, scaling, semi-arid, temperate climate.

. rural areas are often located at some distance from the nearest
Introduction high-resolution gauge. Moreover, if such data exist, due to
The access to high-resolution temporal rainfall data is othe difficulties associated with the acquisition of high-
prime importance in a multitude of hydrological applicationsresolution rainfall data, they almost certainly contain gaps
including rainfall-runoff and water balance modelling, flood during which only daily data are available. There is thus
forecasting and computer models of pollutant transport. Th@ften a need to disaggregate daily rainfall volumes into finer
serious floods in Europe and elsewhere during recent yeartime steps, and this issue has been the focus of some previous
whether related to the rainfall regime or to changes in thestudies. One group of approaches is based on fitting
land use, emphasise the importance of assessing accuratéhgoretical probability distribution functions to variables
short-term processes of runoff generation. For basin-scalguch as number of events per day, starting times, and event
applications, traditionally a daily time step has been used ivolume and duration (e.g. Hershenhorn and Woolhiser,
hydrological models. Particularly for modelling flood flows, 1987; Econopoulyet al, 1990; Connollyet al, 1999).
however, rainfall time series of higher resolution areAnother group has started out from rectangular pulses
required, since high rainfall intensities over short periodsstochastic rainfall models (Rodriguez-ltureeal., 1987,
frequently have a significant effect on peak flows and flood1988) and devised ways to use these for disaggregation (e.g.
frequency curves. While daily data are usually availableBo et al, 1994; Glasbegt al, 1995; Cowpertwaiet al,
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1996). In a flood modelling context, one of few approachescascade scheme for representing and disaggregating rainfall
employed is the so-called average variability methodin two different climates, and to relate both model parameters
(Pilgrim et al., 1969; Lamb and Calver, 1998). and the accuracy of generated data to regional
A novel approach to model the statistical distribution of meteorological characteristics. Other aims include
rainfall in time and space that has emerged during thassessments of extreme value performance, parameter
eighties and nineties is by random cascade processes (ettansferability in space and time, and disaggregation in the
Schertzer and Lovejoy, 1987). In the sense used here, specific range 1 day to 1 hour, a scale range of high practical
cascade process repeatedly divides the available space (elevance.
any dimension) into smaller regions, in each step re-
distributing some associated quantity according to rule
specified by the so-called cascade generator. Originating
a turbulent kinetic energy model (e.g. Yaglom, 1966), thisAs an example of a semi-arid climate, rainfall data of three
concept was proposed to reproduce the empirically observegiations in north-eastern Brazil were analysed (Table 1). The
scaling behaviour of rainfall (e.g. Gupta and Waymire,rainfall regime in the study area is characterised by a rainy
1990). In general, scaling may be defined as a log-log lineaseason with duration of about five months and maximum
relationship between statistical moments of various ordergrecipitation in March or April. The principal mechanisms
and a scale parameter. This behaviour is a generic featugenerating rainfall are: (1) The Intertropical Convergence
of random cascades. Concerning the presence of scaling ag@ne which migrates seasonally, reaching its southernmost
applicability of cascade models to temporal rainfall, thisposition in March, (2) cold fronts and their remnants from
has been supported in a number of empirical data analysésgh latitudes of the southern hemisphere, (3) tropical meso-
(e.g. Huberet al, 1993; Olsson, 1995; Harmg al., 1996;  scale mechanisms, like upper tropospheric cyclonic vortices,
Svenssoret al, 1996; Tessieet al, 1996). With regard to land-sea circulations and topography-driven meso-scale
temporal rainfall modelling, this has been performed mainlycirculations and (4) local convection due to surface heating
by calibrating the general so-called universal multifractal(Ramos, 1975; Kousky, 1979, 1980; Kousky and Gan, 1981,
model (e.g. Lovejoy and Schertzer, 1990) on rainfall timeNobre and Molion, 1988). All mechanisms produce
series (e.g. Hubest al, 1993; Olssoet al, 1993; Tessier favourable conditions for ascending motion of moist air and
et al, 1993, 1996; de Lima and Grasman, 1999), but othethe generation of convective precipitation (Nobre and
random cascade models have also been employed (e.llolion, 1988).
Menabdeet al, 1997, 1999; Deiddat al, 1999). The three stations in north-eastern Brazil are located on a
Olsson (1998) developed a cascade-based model fa#50 km northeast-southwest transect, all in the interior with
continuous rainfall time series. The model combined ara minimum distance from the coast of about 350 km. Mean
underlying hypothesis of cascade-type scaling withannual precipitation increases from about 550 mm at station
empirically observed features of temporal rainfall. BesidesTaué in one of the driest parts of the North-eastern semi-
the more simplistic and applied nature of the model, thearid region, to 950 mm at station Projeto Piloto approaching
main difference compared with other approaches was ththe humid Amazonian region. The interannual variability is
assumption of a dependency between the cascade generahigh, with annual precipitation deviating from the mean by
and two properties of the time series values, namely rainfalbn average 20-30% (Kousky, 1979).
volume and position in the rainfall sequence. This As an example of a temperate climate, rainfall data from
assumption was supported in an analysis of a rainfall tim¢hree stations in the United Kingdom were examined
series from southern Sweden, and the model was shown {dable 1). The British rainfall regime is characterised by
be applicable between approximately 1 week and 1 houfrontal systems bringing autumn and winter maxima
After calibration, the model was used for disaggregation(October to February), together with some convective
from approximately 16 hours to 1 hour. Despite being builtactivity, mainly in summer. Average annual totals vary from
solely upon scaling properties, the model reproduced noover 2500 mm in parts of northern and western areas of
only the scaling behaviour of the observed data, but als&cotland and Wales to less than 600 mm in parts of south-
the intermittent nature and the distributional properties ofeast England. The dominant direction of airflow over the
both individual volumes and event-related measures. British Isles is from the south-west and west. Frontal
The purpose of the present study is to develop furtheprecipitation from Atlantic weather systems is enhanced over
and test the model with various objectives, the main onéhe higher topography of the north and west of the British
being to assess the performance in different climate regimessles (stations W and T). While British convective rainfall
Specifically, it is intended to evaluate the value of thecannot always be clearly separated from the frontal type

ainfall data
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Table 1.Attributes of the six rainfall stations used in this study and summary statistics of 1-hour time series
(CV. coefficient of variation of 1-hour rainfall volumes; lag-one autocorrelation coefficient).

Name of stationt Projeto Picos Taua 238605 908915 495038
Piloto

Abbreviation J C U A T w

Region Southern Central Ceara East Southern Wales
Piaui Piaui Anglia Scotland

Country Brazil Brazil Brazil UK UK UK

Latitude* 8°26’ S 7°01'S 6°00’ S 5476 3236 2919

Longitude* 43°52° W 41°37"W  40°25°W 2049 6132 2035

Altitude (m a.s.l.) 250 220 400 76 260 341

Time period 07/95-03/99 05/95-03/99 05/95-11/97 02/88-12/92 01/91-12/94 08/91-07/95

Mean annual

precipitation (mm) 950 650 550 588 1447 2512

Percentage of

0-values 96.1 96.5 97.2 93.0 79.2 76.1

Ccv 1.90 1.88 1.71 1.29 1.21 1.22

r 0.29 0.33 0.41 0.48 0.67 0.76

1

Enclosed boxes
(% of all wet boxes) 23.7 20.0 19.9 30.4 52.6 56.3

T Station number for British stations
* UK grid reference for British stations

(Barry and Chorley, 1987), convectional rainfall associatechis study.
with thunderstorm activity is more vigorous in the summer As the present study concerns disaggregation to sub-daily
months (June to August), and is in general associated Witfime scales, diurnal nonstationarities and correlation patterns
higher temperatures, more commonly found in the southyre of interest. For the British data, an approximately
and east (station A). uniform mean distribution of hourly rainfall volumes within
The two-day, five-year return period rainfall exceedsa day exists. The correlation of adjacent 1-hour interval
150 mm in parts of the north and west of Britain and is lesgolumes or the autocorrelation of interval volumes of a
than 50 mm in parts of the south and east. The one-howertain hour for consecutive days do not depend on the
five-year return period rainfall for most of Britain lies |gcation of these intervals within the day. For the Brazilian
between 15 and 20 mm (Natural Environment Researclyata, a slight predominance of certain hours with higher
Council, 1975). The three sites used in this investigatioyerage rainfall volumes or a stronger correlation to adjacent
were chosen to be representative of British rainfa”hours can be observed. These tempora| patterns are,

conditions, and to have a comparatively good length ohowever, different for the three stations used.
hourly data with a minimum of interruption to the continuous

record. In addition, the sites met quality criteria based on

the degree of similarity between the gauge observations an¥lethodology

adjacent check gauges (Lamb and Gannon, 1996). The model employed is a multiplicative random cascade of
A tipping bucket measurement device with maximum pranching number 2 with exact conservation of mass. The

resolution of 0.2 mm was common to all the six stations ofmultiplicative weightsW, and W, associated with one
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branching are specified by the cascade generator the upper quartile is close to the mean, using quartiles was
discarded. Comparative testing using mean and median,

Oand 1 with probabilit}?(0/1) respectively, showed little difference in model parameters.

W, W, = landO with probabiliti?(1/0) (1)  Although using the median has the advantage of making
W, and 1-W__ with probability P(x/x) the number of values in both volume classes equal, the mean

was chosen as itis located approximately where the gradient

where 0W, <1 andP(0/1)+P(1/0)+P(x/x)=1. The starts to increase. This approach is also justified by the
probabilitiesP and the probability distribution &, are  observed form of the increase B{x/x) with increasing
assumed to be approximately constant over a range of timminfall volume of the box to be branched. For both the
scales (or, equivalently, temporal resolutions), i.e. to beBrazilian and British stations, the mean roughly localises
scale-invariant. In practice, the above formulation meanghe volume wher®(x/x)approaches a plateau, although this
that the model divides the series repeatedly into nonis less pronounced in the Brazilian case wiRgréx)exhibits
overlapping time intervals (boxes). If the total rainfall a larger scatter at higher volumes (Fig. 1b).
volume in a box i%/, V=W, xV is assigned to the first half It has to be emphasised that the present cascade approach
andV,=W,_xVto the last. Each half is then branched similarly does not cover the correct reproduction of regularities in
to a doubled resolution, and so on. When evaluating modehe timing of rainfall events at scales smaller than the one
applicability for an observed time series, starting from thefrom which the disaggregation started. Thus, the diurnal
resolution of the data, consecutive box volumes are addeplatterns found for the Brazilian data (see Rainfall data
two by two. The weight$V, andW, can then be directly section) cannot be reproduced. If such patterns are of
estimated as the ratio of each volume to their accumulatepractical relevance for further application of the
volume. By repeating this procedure to successively lowedisaggregated time series, the present model should not be
resolutions all weights may be extracted, the probabilitiesised. Improving performance in this respect would require
P and the distribution oV, at each resolution estimated, additional model parameters characterising the deterministic
and their degree of scale-invariance assessed. patterns, e.g. corresponding to the parameter storm starting

Olsson (1998) found the present model to be applicabléime used in some previous approaches (e.g. Hershenhorn
between approximately 1 week and 1 hour for rainfall inand Woolhiser, 1987).
southern Sweden with a uniform distributionWf . The Concerning model calibration, in the present study the
probabilitiesP, however, showed a distinct dependence ororiginal procedure of Olsson (1998) is modified in a number
two characteristics of the box to be branched, namely rainfalbf ways. The main change is a weighting of the model
volume and position in the rainfall sequenBéx/x) was  parameters. For thE values this implies that, when
found to increase with increasing volume and, with regardaveraging over a range of resolutions, eR&chalue is
to the positionP(x/x) was higher for boxes inside a rainfall assigned a weight according to the number of boxes used in
sequence than for boxes at the edge of it. Ad/0)was its calculation. Generally, the higher the resolution, the larger
substantially lower for a box at the beginning of a rainfallthe number of contributing boxes and consequently the
sequence than one at the end, and vice versB(631). higher the accuracy of the estimatedvalues. Another
Therefore, in the present study, the same division intanodification concerns the distribution @ . In Olsson
position classes as in Olsson (1998) is employed, i.e(1998) both weight¥V, andW, were included, leading to
(1) box preceded by a dry box¥<0) and succeeded by a symmetrical distributions (sinc# =1-W,). While
wet box {>0) (starting boy, (2) box preceded and facilitating the fitting of a theoretical distribution, this means
succeeded by wet boxesnlosed box (3) box preceded that any asymmetry in the empirical distributioVgfand
by a wet box and succeeded by a dry lemd{ng box and W, respectively, is neglected. As a consequence, when using
(4) box preceded and succeeded by dry basekfed box the model for disaggregation, the internal event structure
The relevance of such a division for stochastic modellingoecomes random. However, by including oki¥y in the
has long been recognised (e.g. Buishand, 1977). distribution (and calculatingV, as 1W,) internal event

To accommodate the volume dependence, each positicmsymmetries in the observed data may to some extent be
class was divided into two volume classes. To distinguishreproduced by the model. As an example, consider the case
between small and large volumes, various limits were testedf isolated boxes, which essentially contain an entire rainfall
mean, median, and upper and lower quartile of the boxvent. It is often observed that most of the total event volume
volumes in the position class. Figure 1a shows the typicabccurs during the first half of the event (e.g. Huff, 1967). In
location of these limits in an ordered plot of volumes. Sincethe present context, this means th&f>W, or, in
the lower quartile is located in a region of zero gradient angrobabilistic termsP(W,>0.5)>P(W, <0.5), which will be
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Fig. 1(a) Typical location of mean and quantiles in an ordered plot of individual rainfall volumes belonging to a particular pdsis&n(b)
Empirical probabilities P(x/x) as function of rainfall volume, classified in Imme-intervals (all wet intervals of time s&dw®ars and all
position classes merged), station W (temperate climate) and station J (semi-arid climate).

reflected in the distribution of th&, of isolated boxes. Thus, of daily values. Since the data employed are of a 1-hour
only theW, values are used to define the distribution of resolution and since the cascade model implies resolutions
W, in the following analysis. This in turn means that aexpressed as the highest resolution multiplied by a power
uniform distribution will not be a valid approximation. In of two, the actual range used in the calibration isLt(2

fact, due to the strong variation in the shape of the empiricad2 (2) hours. To quantify the variation of tRevalues and
distribution between position and, to some extent, volumeéhe W, _histograms within this range, mean absolute
classes, fitting theoretical distributions is virtually differences were used. For each class and branching type,
impossible. Therefore, in the present study the actuathe differences were calculated between the weighted
empirical distributions are used in the disaggregation modelverageP and theP of each resolution. Similarly, for each
Based on the mean number of histogram values, thelass and histogram interval, the differences were calculated
distributions are specified as seven-interval histograms. Iibetween the pooled probability mass and the mass of each
the histograms\V, values from all resolutions within the resolution (in this calculation three-interval histograms were
studied range are pooled. This corresponds to the weightingsed to decrease the statistical scatter).

of the P values, making the more accurately determined For the British data, to assess intra-annual parameter
higher-resolution histograms exert greater influence. variations, model calibration was carried out for each

The present studies focus exclusively on disaggregatiostation’s total period and for seasonal subsets (winter: Dec-
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Feb, spring: Mar-May, summer: Jun-Aug, autumn: Sep-then aggregated to the 32-hour volumes 4, 8, 30. These
Nov). For the Brazilian data, no seasonal subdivision wagartificial’ 32-hour volumes were then disaggregated to 1-
made since the amount of rainfall outside the Brazilian rainjhour volumes with the cascade model. In the second
season is very small and a separate parameter assessmexperiment (termede24/0.75/), the daily values were
for the dry period would be highly unreliable. Therefore, directly disaggregated in five steps to 45-min volumes,
the parameter values are determined on the basis of the entimich were then converted to 1-hour volumes in a similar
annual time series. fashion. Finally, the theoretical experiments were modified
Following the model calibration, a range of disaggregatiorto consider two real-world scenarios. The first concerned
experiments was performed. When using the model foinfilling, i.e. to fill gaps in hourly series by disaggregating
disaggregation, the class of each wet box is determined firstlaily values from the same station using the model calibrated
after which a random number is drawn to determine then existing hourly data. For this purpose, split-sample
type of branching. In the case wk, a second random experiments (terme&SP32/) were performed for each
number is drawn to determin® andW,. The experiments station in which the model was calibrated on two-thirds of
were separated into two parts, one terrtiegbreticaland  the series and then used to disaggregate the remaining one-
one termedoractical. In the theoretical part, the total 1- third. The second real-world scenario concerned spatial
hour time series for each station and season was aggregatearameter transferabilityf his was tested by disaggregating
into 32-hour values which were then disaggregated back tthe total period of each station using the parameter$(i.e.
1-hour values using the cascade model calibrated on thealues andW,  distributions) of the other stations
very same series (experimét2/1). This is theoretical in  (experimentETR32/).
the sense that, in practice, (1) the calibration data differ from In each disaggregation experiment, 100 statistical
the actual data to be disaggregated and (2), 32-hour valuesalisations were generated and compared to observed
are never available. However, this type of experimentl-hour data in terms of four validation variables: individual
determines first of all whether the methodology is at all1-hour volumeif), event volumedV), event durationgd),
suited for disaggregation, and further provides the mostand length of the dry period between consecutive events
accurate basis for comparing performance between statior{gp). Observed and generated data were compared in terms
and seasons. of mean and standard deviation of these variables. Moreover,
The practical part corresponds to real-world modelextreme values were assessed by comparing both the
applications. In this respect, a critical issue is the discrepancgbsolute maximum value and the number of exceedances
between the repeated resolution doubling inherent to thef thresholds specified as five and ten times the mean
present, discrete cascade model and the frequent need dbserved 1-hour volume of the actual period and station,
disaggregate (the commonly available) daily rainfall valuesMn(iv).
into the hourly resolution commonly used in hydrological For the events, two definitions were used. In the first, an
modelling. This limitation may be overcome by using aevent was defined as consecutive non-zero 1-hour values,
continuous cascade model, not based on resolution doublifige. the minimum separation between events was one dry
but applicable between arbitrary scales (e.g. Tessiel, hour. Although simple and intuitively sensible, this
1993). The implementation of such models is, however, fadefinition is arbitrary and not necessarily the most relevant.
more intricate and practicable schemes have yet to bAn alternative theoretical means of defining events proposed
developed and tested. Further, even if 1.5-hour or 45-miy Restrepo-Posada and Eagleson (1982) is to find the
values (which can be directly ‘cascaded’ from daily values)minimum separation at which events become mathematically
could be accepted in the application, it is highly likely thatindependent. The method of Restrepo-Posada and Eagleson
the cascade model would have to be calibrated on hourlg1982), which is essentially a simplified way to assess
values since this is often the highest available time resolutiowhether event interarrival times are distributed
of rainfall data. Two experiments were conducted toexponentially, was applied to the data from both climates.
investigate how to overcome this discrepancy, both startingror the British data the minimum separation was found to
by aggregating the 1-hour volumes into daily values. In thébe in the order of 4-5 hours, whereas for Brazil it was ~90
first experiment (terme&24/32/3, the daily values were hours. These values agree roughly with values given by
converted into a 32-hour resolution, firstly by dividing them Restrepo-Posada and Eagleson (1982) for similar climates.
into three equal 8-hour volumes and, secondly byHowever, 90 hours is first of all not a practical, realistic
aggregating the latter four by four. As an example, considevalue and, further, appeared to be influenced strongly by
the series of daily values 0, 12, 0, 30 which is divided intdong dry periods during the non-rainy season. When the
the 8-hour volumes 0, 0, 0, 4, 4, 4, 0, 0, 0, 10, 10, 10 anchiny season was studied separately the value approached
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the British values and, therefore, a minimum separation oéind to obtain an overall measure of the accuracy of a certain
four dry hours was chosen as the second event definitiondisaggregation experiment)RE was averaged over all
Besides mean and standard deviation, for each validatioseven variables (MMRBE)).

variable a root mean square relative erMRE) was used

to compare the entire distributions. From the data generate . .

an averaged list was constructed with the values iri{esults and discussion

decreasing order for each rgall§at|on and then the fwschALIBRATION

second, etc. value of all realisations were averaged. This ) o

ordered list was compared with the observed ordered ”&ranchmg type probabilities P

by dividing the latter into bins of size 0.6 standard deviationsEmpirical branching type probabiliti#sfor each position

of the actual variable, calculating the averagies within and volume class and each station are presented in Table 2.

each bin, and calculating the corresponding averages A dependence of the probabilities on the box characteristics

of the generated list. The binning was required to keep thé.e. rainfall volume and position in the rainfall sequence)

MREvalue from being dominated entirely by the numerouswas apparent for all stationB(x/x) was higher for boxes

small values in the generally strongly skewed distributions;above the mean volume than below mean volume (see also

0.6 standard deviations is a recommended bin size (Manialgig.1b) and, further, was highest for enclosed boxes and

1993).MRE of each validation variable was calculated as lowest for isolated boxes. Due to two types of symmetries
in the P values, the number of independent values may be

Ltal, - obs f reduced from 16 to 8. (B(0/1)for starting boxes is nearly
MRE= DB—obs, E (2)  identical toP(1/0) for ending boxes, and vice versa for

starting boxes. (2) For enclosed and isolated boxes,

Table 2 Weighted probabilitie® of the three types of division for all position and volume classes, derived from the total
observation period of each station, resolutions 1-32 hours.

Position starting enclosed ending isolated
Volume below above below above below above below above
P(0/1)

J 0.56 0.49 0.24 0.18 0.20 0.13 0.44 0.28
C 0.54 0.39 0.24 0.20 0.20 0.14 0.42 0.27
U 0.51 0.45 0.27 0.13 0.24 0.06 0.41 0.27
A 0.54 0.30 0.21 0.11 0.17 0.05 0.36 0.23
T 0.46 0.21 0.15 0.03 0.15 0.03 0.33 0.23
W 0.45 0.22 0.13 0.02 0.16 0.04 0.36 0.21
P(1/0)

J 0.24 0.11 0.26 0.08 0.46 0.38 0.40 0.28
C 0.21 0.08 0.27 0.11 0.53 0.34 0.39 0.30
U 0.22 0.12 0.23 0.13 0.48 0.42 0.43 0.32
A 0.16 0.05 0.21 0.09 0.52 0.29 0.38 0.28
T 0.14 0.03 0.16 0.03 0.40 0.22 0.34 0.20
W 0.13 0.02 0.14 0.02 0.37 0.22 0.39 0.23
P(x/x)

J 0.21 0.41 0.50 0.74 0.34 0.49 0.16 0.44
C 0.24 0.53 0.49 0.69 0.26 0.52 0.18 0.43
U 0.27 0.43 0.50 0.74 0.28 0.53 0.16 0.40
A 0.30 0.65 0.59 0.80 0.32 0.66 0.27 0.49
T 0.40 0.77 0.69 0.94 0.45 0.76 0.33 0.58
W 0.42 0.76 0.73 0.96 0.46 0.74 0.26 0.56
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Starting boxes, below mean volume Enclosed boxes, below mean volume
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Fig. 2 Empirical probabilities P(0/1), P(1/0) and P(x/x) as function of time scale for all position classes below mean volume\statio
(temperate climate) .

P(0/1=P(1/0). These findings agree with the results of Mean differences oP values between seasonal subsets
Olsson (1998) for Swedish rainfall time series andwere generally small for all British stations (0.03, 0.07 and
corroborate the relevance of a distinction into different box0.04 for stations A, T and W) and did not expose any obvious
types. pattern when comparing spring, autumn and winter. For the
A measure of variation within the calibration range of 1 summer, howeveR(x/x) was lower than in any other season,
to 32 hours, the mean absolute differences between thgarticularly when compared to winter. This observation is
weighted average of Table 2 an& of each time resolution, due to a more frequent occurrence of convective rainfall
was calculated to be 0.04-0.06 for the British stations ané@vents in the temperate climate during the summer. Their
0.06-0.08 for the Brazilian stations. The higher variationshorter event duration leads to a higher probability of rainfall
of the Brazilian stations can be attributed mainly to a largeloccurring in only one of two successive time intervals, i.e.
statistical scatter between scales due to the lower number lowerP(x/x).
of rainy intervals in the Brazilian data (Table 1). When For the British stations, mean absolute differenceB in
determiningP values for a shortened British time series with values of the total time series were small when comparing
the same number of rainy intervals as in the Brazilian casestations T and W, but considerably higher between stations
the resulting variation d? with time scale was even larger A and T or A and W, respectively (Table 3a). In fact, the
than that for the semi-arid climate. LookindPatalues asa  pattern ofP values between position and volume classes
function of time scale, no trends could be recognised in moswas identical for stations W and T, wher@égx) for station
cases. An exception might be the slight increade(x/) A was on average 0.1 lower thB(x/x) of W and T (Table
with increasing time resolution for enclosed boxes (Fig. 22 and Table 3b). This reflects the location of A within the
for station W). A similar pattern was found for the other temperate climate, characterised by a higher probability of
stations. Thus, scale invariancePin the range of 1 hour convective events. Differences fhbetween the Brazilian
to 32 hours was considered to be a reasonable assumptistations were similar to the homogeneous British stations
in this study. This is in line with the results of Olsson (1998)W and T (Table 3a). These differences, however, could not
who found thaP values were fairly constant for time scales be attributed to any systematic deviationRobetween
above 1 hour. branching types or position/volume classes (Table 2). They
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Table 3.Mean absolute difference of &livalues between all stations, averaged over all position and volume
classes and all branching types (a). Mean differenB¢xéf) between all stations, averaged over all position
and volume classes (b).

Station J C U A T
(@ (b) (@ (b) (@ (b) (@ (b) (@ (b
C 0.03 -0.01
U 0.03 -0.01 0.04 0.01
A 0.07 -0.10 0.06 -0.09 0.07 -0.10
T 0.14 -0.21 0.13 -0.20 0.14 -0.20 0.07 -0.10
w 0.13 -0.20 0.13 -0.19 0.13 -0.20 0.07 -0.10 0.02 0.01

may be associated with larger uncertainties in the case alie British data. This implies that it is more likely for a certain
the Brazilian data, where the number of elements is smalkainfall volume to be composed of evenly distributed
in particular for the above-mean volume classes. volumes at a higher time resolution in the temperate climate
Differences inP values between the two climates were than in the semi-arid climate. Principal rainfall
large, with the British station A being closer to the Brazilian characteristics of both climates are thus reflected properly.
characteristics than T and W (Table 3a). The main featurgemperate-climate rainfall events are characterised by a long
which distinguishes probabilities of the semi-arid climateduration with intensities remaining roughly constant during
from those of the temperate climate referB@/x), which  subsequent intervals while the tropical climate is
is substantially lower in the semi-arid for all position and characterised by short-term events with highly time-variable
volume classes (Table 2 and Table 3b). Furthermoreintensities. The histograms of starting and ending boxes of
differences in th&(0/1) andP(1/0) values for starting and the British stations are characterised by a skewness in shape,
ending boxes were more pronounced in the British datavith W, <0.5 being more frequent thai, >0.5 for starting
(Table 2). The reason for both these observations is theoxes and vice versa for ending boxes. This is physically
dominance of short-term convective rainfall events in thereasonable as for starting boxes a larger share of the rainfall
tropical climate which implies a lower probability of long- volume is attributed to the second half, thus closer in time
duration rainfall sequences than advective events. The lattet the centre of the rainfall event. This tendency was even
comprise a continuous sequence of wet intervals also at @ore pronounced with increasing rainfall volume (moving
higher time resolution thus producing larg¥r/x) values.  from the below-mean to the above-mean volume class),
Concerning starting and ending boxes, the probability ofmaking the approximately triangular distribution having its
having, for example, a 0/1-division for a starting box is thusmaximum at the smallest (large#t), values for the starting
higher than in the semi-arid case. There it is more probabl¢éending) class. These observations justify the use of
that this box belongs to an independent short-term rainfalasymmetrical histograms fot , as internal event
event at a higher time resolution, resulting in a 1/0-divisionasymmetries do indeed exist in the analysed data and can
at some cascade level. This reasoning is similar to thatonsequently be reflected in the disaggregation procedure.
applied for seasonal differences in the temperate climatesor the Brazilian data, the triangular distribution$\gf in
although leading there to a considerably smaller effect inrhe below-mean volume classes inverted into an

terms of a decreasirig(x/x) in summer. approximately V-shape for all above-mean volume classes.
It is thus more likely for large rainfall volumes to be
Distribution of W, separated into two uneven parts than for smaller volumes,

even for enclosed and isolated boxes. In the below-volume
Figures 3 and 4 show typical examples of podéd class, the maximum possidlé, is defined by the ratio of
histograms for all position and volume classes in boththe mean volume to the maximum resolution of the
climates. For the class below mean rainfall volume, themeasurement device. In the above-volume class, ratios can
histograms exhibit an approximately triangular distributionbe considerably higher, thus resulting in broader
with its peak around 0.5. The triangular shape was lesdistributions of W which automatically puts stronger
pronounced for the Brazilian data, particularly whenweight on the marginal histogram classes.
comparing the position class of isolated boxes which was In testing the scale-invariance of the histograms for the
almost completely dominated by the 0.5 histogram class imange of time scales under consideration, a visual inspection
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of histograms for different resolutions revealed a generallyperform better than the stations in the temperate climate.
large scatter, particularly for classes with a small number o¥/ariation in performance between the stations in the semi-
values. For the same reason, the variation was larger for thegid climate is low. Variations within the temperate climate
three Brazilian stations, where mean absolute intervahre more pronounced, related mainly to the overestimation
differences were in the range of 9.0-11.8, compared to af extreme values of individual rainfall volumes.
range of 7.3-8.3 for the British stations. Nevertheless, th&erformance improves with decreasing annual rainfall and
general pattern of histogram shapes discussed above coultcreasing influence of convection on rainfall generation.

in principle be observed for all time scales in the range of Typical autocorrelation functions for both climates (Fig.
1-32 hours. However, a clear trend was present for enclosés) were generally considerably underestimated by the model.
boxes, whose histogram shape changes from triangular & the semi-arid climate, autocorrelation is lower than in
small time scales to approximately uniform, or even V-the temperate climate due to the short-duration rainfall
shaped for the semi-arid case, at larger time scales. Thusyents. Nevertheless, an increase of correlation for shorter
the probability of one rainfall volume being divided into time lags was, in principle, reproduced by the model. This
two uneven volumes decreases with increasing resolutiomay be attributed to the model taking into account specific
in favour of a smoother separation. However, as thiparameters for different position classes and unsymmetrical
tendency was not obvious for other position classes and leshistributions ofW,, which both enable representation, to
significant for the Brazilian data than for the British, the some extent, of the correlation structures between successive
scale-invariance oV, distributions in the scaling range of intervals.

xIx

this study was considered to be fulfilled. Concerning extreme values (Table 5), an overestimation
was observed in particular for the British stations. Too many

DISAGGREGATION volumes exceeding the five times mean volume threshold
were generated for stations W and T, whereas the number

Theoretical experiments was well reproduced for the other stations. For the higher

threshold (ten times the mean volume), an overestimation
Results of disaggregation experiments E32/1 are given iappeared for all stations, more severe for the British than
Table 4 (part 1). For all stations, the number of non-zerdor the Brazilian stations. Accordingly, thdRE of
1-hour intervals and their mean rainfall volume wereindividual volumes deteriorated in the same way. For an
reproduced accurately by the model. The standard deviatioexplanation of these differences in model performance
of individual volumes was slightly overestimated, pointing between the stations, consider the ensemble of the 20 largest
to intervals with too high generated rainfall volumes. interval volumes at different time scales (Table 5 and Fig.
Assessing the performance of disaggregations in the view). As expected, mean maximum volumes decrease with
of event characteristics, and taking one dry hour as @ncreasing time resolution, although for the semi-arid
minimum interval between two events, Table 4 shows thatlimate the decrease is considerably lower than for the
event durations were underestimated by the model for aflemperate, in particular compared to station W. This is
stations. The number of generated events was too highigasonable in the view of the dominating rainfall
although the number of individual volumes was representednechanisms. Rainfall events of long duration at the British
adequately. This indicates that continuous sequences of wetations accumulate to large volumes at a lower time
boxes were split up too frequently into separate eventsiesolution, whereas for the Brazilian stations large volumes
Consequently, event volumes and the length of dry periodare composed mainly of singular short events with high
were underestimated. The overall distribution of dry periodsjntensities. The cascade model, however, was not able to
however, was well representédRE(dp,) in Table 4) mainly ~ represent the decrease of extreme volumes adequately in
because long dry periods are preserved by the model duringases where the ratio between mean maximum 32- and 1-
disaggregation. In terms of the second event definition (fouhour volumes was high in the original data, i.e. in the
dry hours as minimum separation between events), thtemperate climate with high annual rainfall.
performance of the cascade model is very satisfactory. Mean To assess the effect of parameter variation with seasons
and standard deviation of event volumes, event duratio®n disaggregation of British time series, the seasonal series
and length of dry periods were generated accurately, thevere disaggregated using both their own seasonal
difference in performance between climates is low.parameters, and parameters from the total period of the
Summarising disaggregation results for all validationstation. Differences in model performance of both
variables (MnRE) in Table 4), the stations in the semi- approaches were small for all stations (Table 6). Thus, the
arid climate, dominated by convective rainfall events,small differences between seasonal model parameters had
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Table 4.Comparison between observed (obs) and disaggregated 1-hour time series for Brazilian stations
(a), British stations (b). I: experiment E32/1, II: Experiment E24/0.75/1. (No: number, Mn: mean, Sd:
standard deviatioliy: non-zero 1-hour rainfall volume [mndy. event volume [mmld event duration
[hours],dp: length of dry period [hours], subscript: minimum separation between events [dry hours].)

Station J C U

obs I 1] obs | Il obs | 1]
(a)
No(iv) 1253 1258 1504 1205 1206 1449 634 616 708
Mn(iv) 2.7 2.7 2.2 2.7 2.7 2.3 2.1 2.2 1.9
Sdv) 5.2 5.3 4.6 5.1 5.7 4.7 3.7 4.6 4.0
MRE(iv) 0.13 0.13 0.19 0.14 0.30 0.25
No(ev)) 668 802 728 622 755 689 339 410 361
Mn(ev,) 5.0 4.2 4.6 5.3 4.4 4.8 4.0 3.3 3.7
Sdev) 10.1 7.7 8.8 10.7 8.4 9.2 9.1 6.8 7.9
MRE(ev,) 0.21 0.14 0.21 0.14 0.21 0.11
Mn(ed,) 1.9 1.6 2.1 1.9 1.6 2.1 1.9 1.5 2.0
Sded) 1.6 1.0 1.4 1.7 1.1 1.5 1.8 1.0 1.4
MRE(ed) 0.26 0.16 0.26 0.15 0.32 0.19
Mn(dp,) 46.7 38.9 42.5 52.6 43.4 47.1 64.0 53.0 59.8
Sd@dp,) 183.8 168.4 176.1 152.8 140.3 1455 1559 143.2 152.1
MRE(dp,) 0.01 0.01 0.01 0.02 0.01 0.01
No(ev,) 519 518 504 486 494 482 261 277 263
Mn(ev,) 6.4 6.4 6.6 6.8 6.7 6.8 5.2 4.9 5.1
Sdev,) 11.7 10.8 11.4 12.1 11.5 12.0 10.6 9.6 10.2
MRE(ev,) 0.09 0.05 0.07 0.04 0.10 0.06
Mn(ed) 2.9 3.4 3.8 3.0 3.3 3.8 2.9 3.0 3.3
Sded,) 3.7 3.8 3.9 2.9 3.7 3.9 3.1 35 35
MRE(ed) 0.25 0.30 0.27 0.35 0.14 0.17
Mn(dp,) 59.7 59.3 60.5 66.9 65.3 66.5 82.6 77.4 81.9
Sd@dp,) 206.7 206.8 209.1 170.2 169.5 170.3 173.5 168.7 173.8
MRE(dp,) 0.01 0.01 0.01 0.01 0.01 0.01
Mn(MRE) 0.14 0.11 0.15 0.12 0.15 0.12
(b)
No(iv) 2760 2828 3105 7299 7195 7790 7709 7740 8376
Mn(iv) 0.85 0.83 0.76 0.92 0.93 0.86 1.3 1.3 1.2
Sd(v) 1.1 1.3 1.1 1.1 1.3 1.2 1.6 1.9 1.7
MRE(iv) 0.35 0.16 0.44 0.31 0.71 0.55
No(ev,) 1126 1482 1305 2216 2785 2479 2043 2661 2324
Mn(ev,) 2.1 1.6 1.8 3.0 2.4 2.7 4.9 3.8 4.3
Sdev,) 3.7 2.6 2.9 6.5 4.4 5.2 11.4 7.7 9.0
MRE(ev) 0.23 0.20 0.29 0.20 0.29 0.20
Mn(ed) 25 1.9 2.4 3.3 2.6 3.1 3.8 2.9 3.6
Sded) 2.5 1.4 1.9 4.1 2.5 3.2 4.7 3.0 4.0
MRE(ed) 0.33 0.23 0.34 0.21 0.28 0.14
Mn(dp,) 32.8 24.8 28.0 12.5 10.0 11.0 12.8 9.8 11.0
Sddp,) 64.7 57.7 61.0 24.7 22.0 23.4 26.6 24.0 25.5
MRE(dp,) 0.02 0.02 0.05 0.05 0.04 0.04
No(ev,) 748 836 797 1113 1227 1203 1073 1109 1089
Mn(ev,) 3.1 2.8 3.0 6.0 55 5.6 9.3 9.0 9.2
Sdev,) 4.8 4.3 4.4 10.5 10.0 8.1 18.9 17.7 18.1
MRE(ev,) 0.09 0.07 0.08 0.04 0.12 0.11
Mn(ed,) 4.5 4.7 5.0 8.1 7.8 8.2 8.6 9.2 9.5
Sded,) 4.7 5.1 5.3 9.6 9.9 10.3 11.2 11.8 12.3
MRE(ed,) 0.15 0.18 0.13 0.16 0.09 0.12
Mn(dp,) 48.5 42.8 44.8 23.3 20.7 20.9 23.0 21.4 21.6
Sddp,) 74.6 71.9 73.3 31.3 29.9 30.6 33.7 33.9 34.2
MRE(dp,) 0.03 0.02 0.05 0.05 0.05 0.05
Mn(MRE) 0.17 0.13 0.19 0.15 0.27 0.17
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This applies even for the summer season, where parame
variation relative to the remaining seasons was most
pronounced. An improvement with respect to the numbergig 6. Mean of the 20 largest interval volumes as function of time
of generated rainy intervals was counteracted by a decreaseale, observed (obs) and disaggregated (dis, experiment E32/1)

in the performance of extreme value simulations, leading

to a similar or even higher MMRE) using seasonal

parameters. This suggests that the intra-annual parametPractical experiments
variations may be neglected in view of overall model

performance in the temperate climate. However,Experiments E24/32/1 and E24/0.75/1 compare two
disaggregation accuracy is highest during summer (Tablepproaches for disaggregation of daily to hourly time series
6), in line with the previously observed model improvementwhich deal with the restriction to specific time resolutions
with increasing influence of convective rainfall generation.inherent in the cascade model. Results were considerably
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time series for British (a) and Brazilian stations (b).

Table 5 Performance of disaggregated versus observed 1-hour data with regard to extreme rainfall volumes
for each station, experiment E32/iv: (L-hour rainfall volume [mm], Mn: mean, Max: maximum, NE:
number of exceedancesyin: volume threshold ofi times Mn(v), LT: the 20 largest rainfall volumes at

the T-hour level.)

Station J C U A T W

obs dis obs dis obs dis obs dis obs dis obs dis
Mn(iv) 27 27 27 27 21 22 085 083 092 093 13 13
Max(iv) 60.2 60.9 48.4 65.3 25.2 534 126 23.2 150 26.9 12.6 43.0
NE(5Mn) 56 50 59 50 26 22 59 60 147 160 140 166
NE(10Mn) 9 13 7 13 5 7 4 13 5 28 0 32
MRE(iv) 0.13 0.19 0.30 0.35 0.44 0.71
Mn(L32) 50.6 50.6 53.0 53.0 34.7 34.7 234 234 474 474 846 84.6
Mn(L1) 29.1 33.1 284 355 170 21.7 8.1 108 9.1 143 10.6 21.5
Mn(L32)/ Mn.1) 1.7 15 19 15 20 16 29 22 52 33 80 39
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Table 6.Performance of disaggregation of seasonal subset8he slight overestimation of event duration in this case is
in terms of MNMIRE) with seasonal parameters (a) and totalan effect of the excessive number of non-0 intervals (Table
parameters (b), stations A, T and W (temperate climate)}4, part Il), which split up dry periods, thereby concatenating
(winter: Dec-Feb; spring: Mar-May; summer: Jun-Aug; two rainfall sequences into one event. The overestimation

autumn: Sep-Nov). of No(iv) was larger for the semi-arid data. This is due to
their lower percentage of rainy intervals, which implies that
Station A T W the impact of the artificial increase of N\g(resulting from
winter (a) 0.18 018 0.20 dgta conversion is relatlive.ly more ap'pa.re'nt. For both
winter (b) 0.17 0.21 0.22 climates, the complete distributions of |nd|_V|duaI 1-h0u_r
spring (a) 0.19 0.20 0.21 vglumes were represented even bgtter thqn in the theoretical
spring (b) 0.19 0.21 0.20 dlsaggreggtlons of rgal 32-hour time ser-|es,.E32/1 (Table
summer (a) 0.14 0.15 0.18 4). The main reason isa reduF:ed overestimation of extreme
summer (b) 0.13 0.10 0.18 vqume§, Whlgh car'1'be at'Frlbuted at. least partly tp the
autumn (a) 0.18 0.18 0.23 smoothing of intensities Wh.l|e convgrtmg from 45-m|n to
autumn (b) 0.18 017 0.23 1-hour values. Autocorrelation functions for both climates

were better represented in E24/0.75/1 than in E32/1 with a
particular improvement at lag 1 hour (Fig. 5). This is also
better for E24/0.75/1. The principal problem of E24/32/1 ispartly related to the conversion approach, where the rainfall
a large overestimation of the number of rainy intervalsvolume of one disaggregated 45-min interval may be
(No(iv)) which makes all other validation variables perform distributed to two 1-hour intervals, thereby increasing the
unsatisfactorily, too. For E24/0.75/1, there was also arforrelation between successive intervals. Other differences
overestimation of Nay¢) of about 17% for the Brazilian in performance between stations and climates are similar in
stations and 9% for the British stations. However, this wadheir structure to those discussed in the section on theoretical
considerably lower than for E24/32/1 and the results in term&§Xperiments.
of all other validation variables were also superior for E24/ The results from experiment E24/0.75/1 may be compared
0.75/1. Itis concluded that the conversion of 45-min valuedVith the results from previous approaches to rainfall
to 1-hour values after disaggregation is preferable to théisaggregation in the same scale range. For methods based
conversion of 24-hour values to 32-hour values beforeOn distribution-fitting of event Characteristics, performance
disaggregation. The reason is that the percentage of rairl§ generally evaluated in terms @ anded Hershenhorn
intervals is higher in the converted data series than in thand Woolhiser (1987) used the two-sample Kolmogorov-
original ones. Therefore, Nigj is overestimated in both Smirnov test to verify the hypothesis that observed and
experiments, but to a considerably larger extent insimulated distributions avandedwere statistically similar
E24/32/1 because the error is increased at eacksignificance level 0.05). For the binned valuegwand
disaggregation step. In fact E24/0.75/1 in most respect€d used to calculat¥RE, this hypothesis could not be
performed better than not only E24/32/1 but also (the'ejected for any of the stations in the present study. Connolly
theoretical) E32/1 (Table 4). This indicates that the highe€t al (1998) used a parameteF, essentially measuring
level of detail in the 24-hour values is important and thathe closeness to the lixey in plots such as Fig.7 and, for
disaggregation generally should start from as high dheir stations, found on averag&=0.8 for bothevanded
resolution as possible. However, the conversion from 48vhen excluding the 5% highest valuEs¢1 means perfect
min to 1 hour may also have influenced the results positivelymatch). For the present data, the equivaighvalues are
Figure 7 compares the distributions of validation variablesgenerally >0.95 for the plots in Fig.7, somewhat lower (~0.7)
in observed 1-hour values and 1-hour values disaggregatd@r €d, station J. For disaggregation methods based on
in E24/0.75/1. The overall agreement was generally good:ectangular pulses models, performance has been evaluated
in particular for the Brazilian stations, with some deviationsin terms of the 1-hour structure by the fraction of zero-values
of the disaggregated time series occurring in the(f(0)), varianceVa), and lag-1 autocorrelatioA¢f(1)). Very
reproduction of extremes. One-hour volumes weregenerally, the models have reached a near-pé@cacf(1)
overestimated for the British stations, whereas event duratioyithin 10% of observed value, and within 20% of
and volume (for minimum event separation of 1 dry hour)observed value (e.g. B al, 1994; Glasbegt al, 1995).
were somewhat underestimated in both climates. Evenfhe accuracy of simulations are of similar quality, somewhat
characteristics for the definition of 4 dry hours as minimumlower forAcf(1) and higher fowa. Overall the performance
separation between events were generally better representéd.the present model compares favourably with previous
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approaches. in the next year. Consequently, longer time series are needed
Besides the practical relevance of extending highto obtain a calibration quality similar to that of the temperate
resolution rainfall time series of stations where only a shortlimate. The 1.5 year calibration period of station U is at
period of 1-hour measurements are available, split-samplthe lower limit of a sound applicability for the present
tests are a more rigorous validation method, examining thepproach as the number of values in some classes is small.
transferability of model parameters (and concepts) in timeOn the other hand, to get all properties of the cascade
The results of the split-sample disaggregations exhibit @enerator estimated accurately, a larger total number of rainy
notable difference between the climates (Table 7). Whereaisitervals is required in the temperate climate due to the
for the British stations the performance in terms of MRE) dominance of the enclosed position class (Table 1). In the
and the number of generated wet 1-hour boxes was equal semi-arid climate, rainfall is more equally distributed among
or even better than the disaggregations of the complete timgosition classes, leading to a similar quality of parameter
series (Table 4), a decline in performance was observed fastimation.
the Brazilian stations. Within the semi-arid climate, iMp( Another objective of practical relevance was to test the
was overestimated for stations J and C and severelgpatial transferability of parameters. In Table 8,
underestimated for station U. The differences in parameterdisaggregation performance is compared for all
between the calibration and the validation period werecombinations of stations in both climates. The results reflect,
considerably larger for the semi-arid than for the temperatelosely, differences in parameters between station and
data, both in terms d? values andV,,_histograms (Table climates. For the stations within the semi-arid climate,
7). The main feature of these differences was a markedlgisaggregation results were very similar. Thus, the
higherP(x/x) in the calibration period of stations J and C parameters of one station can be applied for disaggregation
and the opposite for station U. This explains the observedf another station without any remarkable loss in
deviations of generated Ni@) in the split-sample performance. The same applies for stations W and T in the
disaggregation. For the British stations, the differences inemperate climate. The parameters of station A,
parameters were low and, consequently, performance of theharacterised by considerably lower mean annual rainfall,
split-sample test was comparable to the disaggregations @buld not be applied for stations W and T, however, without
the complete data period. The improvement of MRE) a pronounced loss in model performance. Notably, the model
for station W was due exclusively to a better representatioperformance for station A was similar with parameters from
of extreme values, which might be chance. all the other stations in terms of Mn(MRE), although with
Two possible explanations for the higher variation of thedeviations in an opposite sense (seeiNbvhen applying
semi-arid parameters exist. First, the number of rainy hourthe British or Brazilian parameters. The rainfall regime of
per year is roughly seven times lower for the semi-aridstation A has thus intermediate properties with respect to
hourly data leading to a higher statistical scatter (Table 1)the parameterisation of the cascade model. This can be
Second, the higher interannual variability of precipitationrelated to the general tendency for convective rainfall
in the semi-arid study area implies that the parameter seictivity to play a greater role in the south and east of the
calibrated on one year might not be adequately applicablBritish Isles than in the north and west. A detailed weather

Table 7.Comparison between observed (obs) and disaggregated 1-hour time series
for experiments ESP32/1 and E32/1. Hif(Mean differences d? values between
calibration and validation period, averaged over all position and volume classes
and all branching types, Dit ): Mean difference of pooled histograms between
calibration and validation period, averaged over all position and volume classes.

Station J C U A T W
No(iv), obs 401 401 261 1010 2615 2651
No(iv), ESP32/1 430 486 203 949 2570 2576
Mn(MRE), ESP32/1 0.15 0.18 0.19 0.17 0.18 0.23
Mn(MRE), E32/1 0.14 0.15 0.15 0.17 0.19 0.27
Diff( P) 0.04 0.05 0.07 0.03 0.04 0.04
Diff(W, ) 6.8 6.6 7.6 3.8 2.4 5.0
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Table 8.Performance of disaggregated 1-hour time series for all stations in termsMR#n(a) and
No(iv) (b). Experiment ETR32/1. (bold: Performance of disaggregation of one station with parameters of
the same station.)

Disaggregation of station:
J C U A T w

(@ () @ (b @ (b @ ® @ @® @ b
with parameters of station:
0.14 1285 0.14 1166 0.16 612 0.27 1832 0.54 3256 0.66 3320
0.14 1293 0.15 1206 0.16 628 0.27 1896 0.53 3316 0.66 3352
0.14 1266 0.15 1175 0.15 616 0.26 1854 0.51 3274 0.63 3346
0.24 1860 0.24 1717 0.22 882 0.17 2828 0.35 5041 0.45 5100
0.47 2737 0.48 2513 0.40 1279 0.20 38650.19 7195 0.25 7404
0.48 2760 0.49 2517 0.40 1282 0.21 3932 0.18 7460.23 7740

sH4>»coc«

type analysis of the specific rainfall time series used is notlimate can be related.

available. As expected, the model performance was poorest The present study is, to the authors’ knowledge, the first
when the semi-arid parameters were applied to station Wb address differences in not only the parameters but also
and T and vice versa. the performance of a cascade-based rainfall model with
geographical region and governing rainfall processes.
Concerning the parameters, their variation could be
interpreted directly in terms of the physical processes
A temporal rainfall disaggregation model based on thenvolved. Concerning the performance, this improved with
principles of random multiplicative cascade processes waicreasing rainfall variability, in turn associated with an
applied in two contrasting climates, a semi-arid tropicalincreasing convective activity. The poorer performance for
(Brazil) and a temperate (United Kingdom). The aim wasfrontal-dominated temperate regions was manifested mainly
to convert daily time series into an hourly resolution. Inin an overestimation of extreme rainfall, or more specifically
this range of time scales, the scale-invariant assumptions @h an inability of the model to reproduce a sharp decrease in
the model were shown to be approximately equally wellmaxima with increasing temporal resolution. For other
fulfilled for both climates. The model parameters differed cascade models, explicit extreme value analyses have
distinctly reflecting the dominance of convective processegjenerally not been performed. Thus, it is hard to conclude
in the Brazilian rainfall and of frontal passages in the Britishwhether this is a general problem of cascade models or is
rainfall. In the British case, the parameters exhibited a slighgpecific to the present scheme. However, the necessity to
seasonal variation consistent with the higher frequency o§mooth singularities as the cascade proceeds towards higher
convection during summer. When applied for resolution when dealing with geophysical fields has been
disaggregation, the model reproduced a range of hourlyecognised previously (e.g. Marshetkal., 1994). This has
rainfall characteristics with high accuracy in both climates.prompted the development of so-callsalinded cascades
However, the overall model performance was somewhafor rainfall, whose parameters depend explicitly on the actual
better for the semi-arid tropical rainfall. In particular, resolution (e.g. Menabdet al.,, 1997, 1999). In the present
extreme rainfall was constantly overestimated for the Britishframework, singularity smoothing would amount to having
stations whereas extreme rainfall in Brazil was well P(x/x) and/or the fraction of probability mass located close
reproduced. Transferability of parameters in time was seeto the centre of th&V  histograms increasing with

to be associated with larger uncertainty in the semi-aridncreasing resolution. Such tendencies are indeed present
climate due to its higher interannual variability and lowerin the data sets but the increase is weak and did not appear
percentage of rainy intervals. For parameter transferabilityufficient to abandon the scale-invariant model assumptions
in space, no restrictions were found between the Brazilianvhich performed well for the semi-arid case. Alternative
stations whereas in the UK regional differences were mor@ossible means of improving model performance with
pronounced. Mean annual rainfall is a potentially appropriateespect to extreme values in the temperate climate include
measure to which parameter variations within the temperatgcorporating a third volume class with specific parameters

Summary and conclusions
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for extreme values or defining tfevalues as functions of Barry, R.G. and Chorley, R., 198Atmosphere, Weather and

the rainfall volume. Representing rainfall from contrasting B()Cl'énatfs'lgﬂrﬁth;enéféh;l‘tjg'rﬁ?' E.A.B., 1994. Aggregation-

climates may require not only adjusting the parameters but gisaggregation properties of a stochastic rainfall modélter
also using a conceptually different cascade model Resour. Res30, 3423-3435.
framework. Buishand, T.A., 1977Stochastic modeling of daily rainfall
. . . sequencesMededelingen Landbouwhogeschool, Wageningen,
Besides the extreme value overestimation for some Netherlands, 77-3.
stations, the overall high accuracy of model disaggregatecalver, A. 1996. Development and experience of the Tate rainfall-

data supports its potential usefulness in hydrological runoff model.Proc. Inst. Civil Engrs: Water, Maritime and
licati S fi lated to the ti Energy 118 168-176.
applicalions. some open questions are related (o the Im@onnolly, R.D., Schirmer, J. and Dunn, P.K., 1998. A daily rainfall

scales of applicability. The present study was confined to disaggregation modehgric. Forest Meteoro).92, 105-117.

the range 1 day to 1 hour but useful disaggregation may beowpertwait, P.S.P., O’Connell, P.E., Metcalfe, A.V. and

: Mawdsley, J.A., 1996. Stochastic point process modelling of
pOSSI'bIe t9 even .Smaller scales. AnOther Wo_rka_ble rainfall. Il. Regionalisation and disaggregati@nHydrol, 175
experiment is to calibrate the model using only a daily time 47_g5,

series and evaluate up to which resolution disaggregatioPeidda, R., Benzi, R. and Siccardi, F., 1999. Multifractal modeling

of the same series can be performed accurately. This ‘1)‘;32205"8‘2‘;”5 scaling laws in rainfalllater Resour. Res35,

possibility is a notable advantage of the present modei:-conopomyy T.W., Davis, D.R. and Woolhiser, D.A., 1990.
compared with existing alternatives. Finally, besides Parameter transferability for a daily rainfall disaggregation

assessing the quality of disaggregated data solely bé model. J. Hydrol, 118, 209-228, 1990.

. ith ob fi test ing the di t dlasbey, C.A., Cooper, G. and McGechan, M.B., 1995.
comparison with observations, tests using the disaggregate Disaggregation of daily rainfall by conditional simulation from

data in hydrological modelling are required to evaluate their a point-process model. Hydrol, 165 1-9. _
practical value. Early tests of cascade-disaggregated rainfafupta, V.K. and Waymire, E., 1990. Multiscaling properties of

: . : . . spatial rainfall and river flow distributions]. Geophys. Res.
from daily to hourly time intervals with a simple runoff 95, 19992000,

modelling approach (Calver, 1996) suggest that, over periodgarris, D., Menabde, M., Seed, A. and Austin, G., 1996.
of the length used in the testing above, water resource issuesMultifractal characterization of rain fields with a strong

; ; orographic influenceJ. Geophys. Resl01, 26405-26414.
are likely to .be covered gdequately by ca§caded rainfall. IIt-|ershenhorn, J. and Woolhiser, D.A., 1987. Disaggregation of
is, however, in the modelling of floods, particularly the more  yajly rainfall. J. Hydrol, 95, 299-322.

extreme events, that synthetic rainfall may introduce errorHubert, P., Tessier, Y., Lovejoy, S., Schertzer, D., Schmitt, F.,

This comment should, however, be set in the context that Ladoy, P., Carbonnel, J.P., Violette, S. and Desurosne, 1., 1993.

other sources contribute to error in flood frequency gﬂomgg?fgiand extreme rainfall event&eophys. Res. Lett

modelling, notably in model structure and parameterHuff, F.A., 1967. Time distribution of rainfall in heavy storms.
identifiability. Moreover, an accurate description of notonly ~Wat. Resour. Res3, 1007-1019.

. . T ._Kousky, V.E., 1979. Frontal influences on Northeast Bra#on.
the temporal but also the spatial rainfall distribution is crucial™,, ~ -4 * "0 ey107 1140-1153.

for successful hydrological modelling. Assessing theKousky, V.E., 1980. Diurnal rainfall variation in Northeast Brazil.
potential of the cascade methodology in this respect is an Mon. Weather. Rey108, 488-498.
; Kousky, V.E. and Gan, M.A., 1981. Upper tropospheric cyclonic
important area of future research. vortices in the tropical South Atlantidlellus 33, 539-551.
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