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Abstract

Efficient design of urban drainage systems is based on statistical analysis of past rain-
fall events at fine time scales. However, fine time scale rainfall data are usually lacking
in many parts of the world. A possible way forward is to develop methods to derive
fine time scale rain intensities from daily observations. This paper applied cascade-
based disaggregation modeling for generation of fine time scale rainfall data for Mum-
bai, India from daily rainfall data. These data were disaggregated to 10-min values.
The model was used to disaggregate daily data for the period 1951-2004 and develop
intensity-duration-frequency (IDF) relationships. This disaggregation technique is com-
monly used assuming scale-invariance using constant parameters. For the Mumbai
rains it was found better to use parameters dependent on time scale and rain vol-
ume. Very good agreement between modeled and observed disaggregation series was
found for the time scales larger than 1/2 h for the 1/2-yr period when short term data
were available. Although the parameters were allowed to change with time scale, the
rain intensities of duration shorter than 1/2h were overestimated. When IDF-curves
had been established, they showed that the current design standard for Mumbai city,
25mmh~’, has a return period of less than one year. Thus, annual recurring flooding
problems in Mumbai appear evident.

1 Introduction

Extreme weather events have severe consequences for human society, e.g. emer-
gency planning, engineering design, reservoir management, and pollution control.
Risk calculations rely entirely on knowledge of the frequency of these extreme events
(e.g. Kumke, 2001). Assessment of extreme precipitation events is an important part
of hydrologic risk analysis and design. Evaluation of rainfall extremes, as embodied
in intensity-duration-frequency (IDF) relationship, has long been a major focus of both
theoretical and applied hydrology, Langousis and Veneziano (2007). Rainfall frequency
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analyses are used extensively in the design of systems to handle storm water runoff,
including roads, culverts and drainage systems among other uses.

Access to fine time scale rainfall data is of prime importance for IDF analysis. How-
ever, such data of considerable length are usually not available in most parts of the
world. A possible way forward is to develop necessary rainfall information from the
commonly available daily rainfall data. Stochastic simulation tools can be used to ex-
tend historical data and generate new fine time scale data, which have similar statisti-
cal properties as the observed ones (Gaume et al., 2007). Stochastic disaggregation
provides possibility of generating fine time scale rainfall data from coarser resolution.
Traditionally there have been two approaches for this. One approach is based on fitting
theoretical probability distribution functions to precipitation variables (e.g. Hershenhorn
and Woolhiser, 1987; Econopouly et al., 1990; Connolly et al., 1998). The other ap-
proach starts from rectangular pulse stochastic rainfall models and devise ways to use
these for disaggregation (e.g. Bo et al., 1994; Glasbey et al., 1995; Cowpertwait et al.,
1996).

An approach to model the statistical distribution of rainfall in time and space that has
emerged during the latest decades is by random cascade processes, Schertzer and
Lovejoy (1987), Over and Gupta (1994) and many more. Random cascade models are
also used for downscaling of precipitation. A cascade process repeatedly divides the
available space into smaller regions, in each step redistributing some associated quan-
tity according to rules specified by the cascade generator. A generic feature of random
cascades is a scaling behaviour, which generally may be defined as a relationship be-
tween statistical moments of various orders and a scale parameter. The applicability
of scaling and cascade models to temporal rainfall has been demonstrated in a num-
ber of empirical data analyses (e.g. Hubert et al., 1993; Olsson, 1995; Harris et al.,
1996; Svensson et al., 1996; Tessier et al., 1993; Menabde and Sivapalan, 2000; Mol-
nar and Burlando, 2005; Rupp et al., 2009; Licznar et al., 2011). Encouraging results
for spatio-temporal disaggregation of rainfall have been reported. Rupp et al. (2009)
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applied intensity- and time scale-dependent cascade models for disaggregating daily
precipitation totals into hourly totals for the Christchurch Airport gauge in New Zealand.

The disaggregation studies performed to date have generally concerned model de-
velopment, calibration, application and evaluation using extensive, high-resolution (time
and volume), high-quality precipitation data bases. In practice however available high-
resolution data for model calibration are often limited to data over short periods of data
(e.g. from a measurement campaign) or data not always of the highest quality. Still,
these kinds of data must be used in real-world applications supporting design of urban
infrastructure. The Indian Meteorological Department (IMD) uses IDF relationships to
estimate rainfall frequency for durations of 5 min up to 24 h. However, many stations do
not have long data records for durations shorter than 1 day and therefore the character
of short rainfall durations must be estimated from other sources.

In the present study the focus is on the Indian city of Mumbai (formerly called Bom-
bay), which receives an average annual rainfall of 2142 mm with monsoon rainfall con-
tributing for 96 % of the total (Rana et al., 2012). During the monsoon period severe
flooding occurs in many parts of the city. Potentially short term rainfall data could be
used to improve the decision making process for various hydrological processes such
as urban flooding mitigation. A random cascade model for disaggregation of daily rain-
fall to higher time resolution is employed, originally developed and fitted to rains in
southern Sweden by Olsson (1998) and later used with data from British and Brazil
stations, Guntner et al. (2001) and in semiarid areas of Tunisia by Jebari et al. (2012).

The key objectives of this study were to (1) test and apply the cascade-type disaggre-
gation model to an area with very limited historical short-term observations. (2) Evalu-
ate suitability and performance in a monsoon climate (India) and (3) assess the current
design standards for storm water structures in Mumbai.
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2 Methodology
2.1 Study area and data base

Daily accumulated rainfall data were obtained from the Indian Meteorological Depart-
ment (IMD) for the period 1951-2004. The data were collected from IMD observa-
tory at Colaba station (18°54' N, 72°49’ E) in Mumbai which is situated at a height of
11 ma.s.l., the daily volume resolution is 0.1 mm. There is no missing data. Reference
is made to Rana et al. (2012) for details of rainfall characteristics in Mumbai. Fine
time scale data of 10 min interval was obtained from the same observatory for a pe-
riod of 6 months, July-December 2006. The rain was measured with a tipping-bucket
with volume resolution of 0.25mm. The 2006 yr data were used to calibrate and eval-
uate the rainfall disaggregation model, estimate parameters, and define settings to fit
the observed data using scale-invariant properties of rainfall time series. Descriptive
statistics of daily data for both the datasets i.e. 1951-2004 and July—December 2006
are given in Tables 1a and 1b. January—June is a rather dry period and most of the
rainfall occurs in the latter part of the year, i.e. July—December. It can be noted from the
table that July—December in 2006 is much wetter (2170 mm) than the overall period of
1951-2004 (1643 mm). The highest volume of precipitation for 10, 30 and 60 min dura-
tion is 18.3, 24.1 and 41.7 mm. The more modest storms corresponding to 5th largest
values in the 6-months period of 2006 are shown in Table 1b: 13.2, 20.8 and 28.2 mm
for durations 10, 30, 60 min and 76.9, 117.0 mm for the longer durations of 12 and 24 h.

2.2 Disaggregation of daily rainfall

When short-term data is not available for design, rain intensities of short duration may
be found from other cities. Relations between annual or seasonal precipitations at the
two cities can be used for establishing IDF curves for the city, as done for Danish
cities by Madsen et al. (2009) and for Swedish cities by Dahlstrom (1979). Another way
of estimating short-term rainfall from observations over longer periods is by temporal
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disaggregation. One approach along this line is to fit theoretical probability distribu-
tions to different rain characteristics (e.g. Tessier et al., 1993; Schertzer and Lovejoy,
1987, etc). Another approach is cascade-based disaggregation, combining an underly-
ing hypothesis of cascade-type scaling with empirically observed features of temporal
rainfall. The cascade-based disaggregation model for continuous rainfall time series
used in this study is based on the principles suggested by Olsson (1998). Guntner et
al. (2001) and Jebari et al. (2012) showed that the approach is applicable for cascading
from 24 to 1 h duration in different climatic conditions. Constant, scale-invariant param-
eters were assumed, which were found to be climate dependent. The main difference
compared with other cascade-based approaches is the assumption of dependency
between the cascade generator and two properties of the time series values, rainfall
volume and position in the rainfall sequence. Despite being built solely upon scaling
properties, the model has been shown capable of reproducing not only the scaling
behaviour of the observed data, but also the intermittent nature and the distributional
properties of both individual volumes and event-related measures.

The rationale behind the disaggregation approach is to split each time interval (box)
at a given resolution (for example 1 day) into two half of the original length (1/2 day).
The procedure is continued as a cascade until the desired time resolution, i.e. first
to 1/4 day, then to 1/8 of a day and so on. Each step is called a cascade step, with
cascade level 0 as the longest time period with only one box (in the example a day).
The rain volume of a box at an upper level can be distributed between the two lower
boxes (probability Px/x or all the rain can go into either of the boxes (probability £1/0
or P0/1)). The distribution of the volume between the two shorter intervals (boxes) is
determined by multiplication with the cascade weights (W), the distribution of which
is often termed the cascade generator, which fulfils the prescribed properties. The
process is repeated for a number of levels, defined by the cascade step cs, until the
rainfall is disaggregated into the desired resolution. The principle is demonstrated in
Fig. 1.
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Through a random process it is first determined whether the rain volume should be
distributed into two lower boxes or only into one of the probabilities (P(x/x) or P(1/0)
or P(0/1)). If P(x/x) was drawn in the random process, meaning that the rain volume
should be distributed between two lower boxes, the distribution between the two boxes
W, and W, =1-W, must be determined. In the original approach of Olsson (1998) and
Guntner et al. (2001), the probabilities P and the probability distribution Wx/x are as-
sumed to be related to (1) position in the rainfall sequence and (2) rainfall volume.
Concerning the former, it is reasonable to assume that the parameters are different for
long, continuous rainfall events of stratiform character as compared to short-duration,
convective-type rainfalls. The wet boxes, i.e. time intervals with a rainfall volume IV > 0,
can be characterised from their position in the rainfall series. The position classes used
in the present study are same as suggested by Olsson (1998) and are divided into four
categories. A starting box is a wet box preceded by a dry box (I = 0) and succeeded by
a wet box, an enclosed box is preceded and succeeded by wet boxes, an ending box is
preceded by a wet box and succeeded by a dry box, and an isolated box is preceded
and succeeded by dry boxes.

Concerning volume dependence, if the volume is large it is more likely that both
halves of the interval contributes with non-zero volumes than if the volume is small.
Olsson (1998) used two volume classes, below and above the median volume at the
cascade step, with separate parameters. Since the focus of present study is the high
and extreme intensities used for deriving IDF curves, a more detailed treatment of the
probabilities’ intensity dependence was found necessary. Firstly, a division into three
volume classes (vc = 1,2,3) was used, separated by percentiles 33 and 67 of the values
at the cascade step. Secondly, the variation of P(X/X) with volume was parameterised
as

P(X/X) = a + B, *vC (1)

where a is the intercept at vc =0, 8, is the mean slope of linear regression obtained
from all cascade steps and vc is volume class (1-3). This is expected to give a sharper
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description of the volume impact than the previous, simpler approach. Since, as found
by Guntner et al. (2001), P(0/1) and P(1/0) are generally approximately equal they can
be estimated as P(0/1) = P(1/0) = (1-P(x/x))/2.

The main development of the methodology performed in this paper is to allow for the
model parameters to vary also with time scale, as represented by the cascade step
cs. Based on previous experience, this has emerged as a requirement for making the
approach applicable at sub-hourly time steps. Therefore, in the present study P(x/x)
is related to time scale by letting one of the parameters (called a) to be dependent
on cascade step. This is assumed to increase the possibility to describe the cascade
redistribution of rainfall also at very short time steps, associated with the internal tem-
poral distribution of rainfall events. A mean value is used for 3, B, and a and is varied
with cascade step as:

a=cl+c2x*cs (2

where ¢1 and c2 are coefficients estimated from the aggregation process.

In Olsson (1998) the distribution of weights was determined from a uniform distribu-
tion so that W = 0.1 has the same probability as W = 0.5, at all cascade steps. Ols-
son (1998) found this valid when the lower box width exceeded at least 1/2 h, i.e going
from one hour to half hour time. However, when going to boxes with shorter time width,
the distribution was centred towards W = 0.5, the peak being most pronounced for the
enclosed boxes. For box width exceeding a day, there was a tendency to an U-shaped
distribution with probabilities of W (x/x) close to 0 and to 1 were higher than for W = 0.5.
Tests for the Swedish data, as well as data from other regions, have suggested that a
symmetrical beta distribution provides a better fit to the observed distribution, as also
used by e.g. Menabde and Sivapalan (2000). The symmetrical beta distribution is de-
fined as:

f(x) = [(2a)/T%(@)* (1 - x)* (3)

where I is the gamma function and a is a parameter. The larger the parameter is, the
more peaked is the distribution around x = 0.5. For a = 1, the distribution is uniform.
4716
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Based on own evaluation and previous experience in the literature, a reasonable scale-
dependent parameterisation is a log-log linear function of cascade step cs:

log(a) = ¢3 + c4 xlog(cs) (4)

The disaggregation model parameters must be determined from an aggregation pro-
cess, in the Mumbai case by using short-term 2006 rainfall data. Starting from the high
resolution, say 10 min, of the available data, consecutive volumes from higher cascade
levels (shorter time periods) are added two by two to get the volume at a lower level,
say 20 min. In this aggregation procedure the weights W, and W, can be directly esti-
mated as the ratio of each to the sum of the two volumes. By repeating this procedure
to successively lower resolutions all weights can be extracted, the probabilities P, the
distribution Wx/x, and their degree of scale-invariance assessed. The aggregation pro-
cedure was performed from the original 10-min resolution in seven cascade steps up to
a time scale of 2” x 10 min = 1280 min (21 h 20 min), which is the attainable time scale
closest to 1 day.

After the cascade model parameters have been determined, the procedure of disag-
gregating daily data to gradually higher time resolution is straight-forward. First, through
a random process it is determined whether the total rain volume in the interval should
be distributed into both halves or only into one half (determined by probabilities P(x/x),
P(1/0) and P(0/1)). Then if P(x/x) was drawn in the random process, meaning that the
rain volume should be distributed between the two halves, the weights W, and W, =
1-W, are estimated by random sampling from a beta distribution with parameter ac-
cording to Eq. (4).

Parameter estimation and settings defined to fit the observed data using scale in-
variant properties of observed rainfall time series were derived. The evaluation of the
applicable scale range of the cascade model designed to represent the temporal struc-
ture of rainfall was performed as a first step. The probability values were estimated and
weights were extracted. To do so, the observed 10-min time series were aggregated
into daily values (1280 min) in the estimation step and then again disaggregated to
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10 min values using 7 cascade steps and calibrated in the same series (Objective 1 of
the study). This disaggregation was reproduced with 1000 realizations and means of
empirical probabilities obtained after disaggregation were used as estimates of proba-
bility. The performance of model was investigated by disaggregating/redistributing the
aggregated 2006 data and computing the statistics with the data; accounting for objec-
tive 2 of the study. This was then followed by disaggregation of the historical dataset; for
objective 3 of the study. The temporal rainfall disaggregation was also done in 1000 re-
alizations and the maxima were then used for analysis and establishing IDF curves.
The procedure was shown in Fig. 2.

2.3 Establishment of IDF curves

The principal characteristics of a storm are its intensity, duration, total volume, and
frequency or recurrence interval also called return period. Intensity-duration-frequency
(IDF) analysis is used to capture the essential characteristics of point rainfall for shorter
durations. IDF analysis provides a convenient tool to summarize rainfall information,
and is used in municipal storm water management practice. In the IDF approach the
rain intensity is the rain volume over a given time, the storm duration. The less the
frequency of storm the stronger is the intensity.

IDF curves are developed by using long time series of rain observation to compute
rain volume over fixed duration. In this study the disaggregated data produced in above
procedure is used to compute IDF relations. The IDF analysis starts by gathering time
series records of different durations by computing mean over fixed running time dura-
tions. Annual maxima were extracted from the records for all durations. The durations
that were taken in consideration were 10, 20, 40, 80, 160, and 320 min. The annual
extreme data was then fit to a probability distribution in order to estimate rainfall quan-
tities of very low frequencies. The fit of probability distribution was performed in order
to standardize the character of rainfall. Gumbel's extreme value distribution was used
for fitting the extremes. For not so extreme events, the return periods can simply be
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estimated from the number of events in ~50yr data considered, for example the 5th
largest value would correspond to 10 yr return period.

3 Results and discussion
3.1 Evaluation of random cascade model

The relationship between P and volume class at each cascade step was derived for the
2006 data. The probabilities P(x/x) for all the four different type of boxes are shown in
Table 2. The probabilities increase with the volume class; the wetter it is, the more likely
that the rain is distributed into both halves of the interval. In order to use the equation
a+ B, Ve a mean slope, (G,,, was determined for each type of box. Thus, the slope
remains relatively constant for the different steps. However, the observed variation was
modified to a fixed slope so that the intercept varied with cascade step. The a-values
are not very dependent on the cascade step, but varied a-values gave somewhat bet-
ter results. The assumed linear dependence on cascade steps is sometimes weak but
based on earlier application of the model in different studies the linear assumption is
kept. Moreover large variations in the data (attributed to short data period and associ-
ated variability) make it difficult to use any alternate model than the linear one. Overall
the linear variation is in terms with the variation followed by the observed data. The
probability P(1/0) was found to be higher than P(0/1) for ending boxes, but lower for
starting boxes. For isolated and enclosed boxes the probabilities were the same. Since
the number of enclosed boxes dominate, it is reasonable to assume the probabilities
P(1/0) and P(0/1) to be same and equal to (1-P(x/x))/2 as suggested above.

Figure 3 shows fitted beta distributions (lines) to the empirical histograms (bars).
The overall fit is reasonable at high cascade steps, i.e. large time scales, but when the
number of values is small, and the histograms as well, the fits becomes uncertain. The
distribution parameter is close to 1 for cascade step 3 and larger (3 h or shorter time
scale). This is different from what was found in the Swedish study. This in contrast says
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that the rain intensity may vary during a storm even for the time scales 10-20 min. As
seen from the Fig. 3 some improvement is achieved when using the beta distribution
as compared to a uniform distribution for the lower cascade steps. For the enclosed
boxes, which dominate, and the isolated boxes the fit is good. Figure 4 shows how the
beta distribution parameter a varies with cascade step. For starting and ending boxes,
a is relatively constant and the joint mean appears to be a satisfactory approximation
of the observed. This can be observed at each cascade step.

The results can to some extent be compared with earlier applications of the ap-
proach. In his Swedish study Olsson (1998) found the disaggregation technique to ap-
plicable for durations exceeding one hour. Since scale invariance did not apply for lower
durations, he only briefly mentioned about his results for short durations and did not
perform a serious analysis for the shorter durations. Guntner et al. (2001) concentrated
on the one-hour rain volumes derived from disaggregation of daily data. Averaged over
all cascade steps P(x/x) was as high as 0.95 for enclosed boxes of high volume class
for stations in Wales and Scotland with large annual precipitation (2500 and 1400 mm).
For stations in Brazil with annual precipitation varying between 550 and 950 mm, P(x/x)
was about 0.7, and for a station in England with 600 mm annual precipitation it was 0.8.
The w-distribution (step from 2 to 1 h) was peaked for the British stations indicating that
the rain intensity is fairly uniform over an hour. When trying to fit to a beta-distribution
the parameter a is about 3—-3.5 for the wet volume class; there was only two volume
classes in this study. For the tropical Brazilian climate the w-distribution is rather uni-
form. It is even so that for the wet volume class, the highest probabilities are for w close
0 and close to 1, which indicates intensity variations within the hour. This agrees with
the Mumbai data, only that the same seems to be valid also for shorter time scales in
Mumbai.

3.2 Performance of disaggregation model

The observed (data that was used for parameter estimation in cascade model i.e. July—
December 2006) and the generated rainfall time series at different cascade steps in the
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model are compared in Table 3. The agreement is very good for the three lower cas-
cade steps (larger durations ~24—6 h) than at higher ones as noticed in terms of zero
values, number of events more than 25 mm and maximum rainfall, mean and standard
deviation (Table 3). At higher cascade steps the number of zero events and the mean
is well determined but not the high values. The computed maximum is too low (about
20 %) for durations 80 and 160 min, and much too high (around 40 %) for durations 10
and 20 min. The aggregative property of the model is well preserved as the total rainfall
in all the observed and generated series is equal to 2170 mm. The fraction of no rainfall
periods and the number of large events are very well described when the duration is
6 h or more. Number of events more than 25 mm and percentage of zero rainfall are
overestimated for 20 and 10 min data. Mean and S.D. are well preserved in all the cas-
cade steps. Maximum values were preserved in lower cascade steps and deteriorate
at cascade step 5 and above. Difference of up to 10mm is noticed in cascade step
7 when we have 10 min data. Overall the extreme values for 1 h durations and above
are well preserved and are well related to observations presented by Deshpande et
al. (2012), where the authors have studied observations from same station upto 1 h of
temporal resolution.

The performance of the model is also shown in Fig. 5. The probability of zero rain-
fall, Po, was computed from generated data for the model at all scales cs =0,...,7 and
compared with observed data according to Fig. 5a. The model performance was sat-
isfactory for preservation of intermittency, with no differences at cs =0 (1280 min), as
by definition the model is conserving mass across the scales. The model performance
was good in preserving the rainfall properties with relative percentage error ranging
from -2 to -5 % at each higher cascade step in terms of zero values. Daily rainfall
maxima Ht and standard deviation of maxima s(Ht) for the whole data period were de-
termined from generated 10-min data for all 1000 realizations. This was done for every
realization of generated data and compared with those derived from observed values
for each cascade step and are presented in Fig. 5b and c. The model generally per-
formed well with both means and standard deviation of maxima at each cascade steps
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and same can be inferred from the box plots in Fig. 5b and c. The model has under-
estimated the mean of maxima in 1000 realizations as compared to observed values
for first 4 cascade steps, equal in 5th cascade step and overestimated it in 6th and 7th
cascade steps. Similarly S.D. is underestimated for first 4 cascade steps and equal in
last three cascade steps inferring less variability in the generated data for 10, 20 and
40 min.

The model has thus overestimated the variability with longer durations i.e. lower cas-
cade steps and equal in the higher cascade steps. Maximum daily values of generated
daily rainfall are compared with that of observed in Fig. 6. It is seen that the model
has performed well in preserving extremes upto 5 cascade steps as was shown in Ta-
ble 3. The model seems to overestimate daily maximum values at 6th and 7th cascade
steps. Guntner et al. (2001) report overestimation of the extreme one hour rain intensi-
ties, more so for the British stations than for the Brazilian stations. The disaggregation
of the Mumbai-data shows clear overestimation of the number of events and of the
extremes only when durations 10 and 20 min are considered. The intense storms are
simulated well for time scale 40 min.

3.3 Establishment of IDF curves

After the parameters were determined and the disaggregation was performed on the
1951-2004 daily rain data, the new computed rain series were used to determine IDF
curves as already discussed. The derived relations for Mumbai are shown in Fig. 7.
From the graph it is seen that intensity and frequency of extreme events in Mumbai
are quite high compared to the current design standards in the city. The intensity of
10 min duration rainfall is 125, 137 and 150 mm h~" for return periods of 20, 30 and
40yr, respectively. 30 yr are considered the life expectancy of urban infrastructure and
recommended by Central Public Health and Environmental Engineering Organisation
(CPHEEOQO), Ministry of Urban Development, Government of India. For the same re-
turn period of 20, 30 and 40yr, 30 min duration rainfall is 87, 95 and 102 mm h'1,
respectively, and 60 min duration is 60, 65 and 70 mm h™, respectively. This is high
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compared to current design standard for Mumbai city which is only 25 mm h™ at low
tide (City development plan 2005-2025, Municipal Corporation of Mumbai). According
to Intensity-Frequency relation of Fig. 7 it corresponds to return period of less than a
year. The established extreme values from the IDF curves are comparable to those
of a study performed by Deshpande et al. (2012) where the authors have outlined the
extreme events for 1, 3, 6 and 12 h for Mumbai station. It can also be noted that 1 hr ex-
treme rainfall for Mumbai in the study is 113 mm for the data period 1969-2004 which
is comparable to the established IDF relations. It can also be said that the IDF relations
hold true even when they are not adjusted to the overestimation of extreme values for
cascade step 5 and above. This can be attributed to small dataset for comparison of
the performance of cascade model.

Rainfall events are often used as the basis for determining the design capacity of the
storm-water structures, but due to probabilistic nature of rainfall there is always a risk
of exceedance of design capacity. There is always a hydrological risk associated with
any design. The above technique for developing IDF curve from long daily precipitation
series can be used for better design of storm water system and for risk analysis of cities
not only in Mumbai but also for other cities with the same type of rains, where short-
term data is lacking. It should be noted that most of the natural drains in Mumbai city are
absent due to population pressure, developmental activities and/or encroachments in
those areas. Man-made drains, need to be repaired or rebuilt. The present IDF curves
can be used for planning drainage system in the city along with estimation of storm
runoff, storm frequency, intensity of rainfall etc. Planners can decide upon drainage
system based on level of performance or acceptable level of risk of the infrastructure
system. It can be understood that the performance level of a given urban drainage
system evolves with time. Many factors can modify the level of performance and the
corresponding risk of system failure. Such factors are, for example, the addition of
impervious surfaces, the extension of the network, structural aging of the network and
the maintenance quality along with change in intensity and frequency of inflow into the
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system. The response of the system to intense rainfall events is, to some extent, used
as an indicator of the level of service provided, which has to be looked into for Mumbai.

4 Conclusions

In most cities there is a need of information about short-term rains for design of in-
frastructure. In the present study it was found that rainfall disaggregation can be used
to derive short term rain information for tropical rains with about 30 min resolutions,
when only daily data is available. It can help in providing fine time scale precipitation
data necessary for many engineering and environmental applications. In the present
study multiplicative cascade based model for disaggregation of rainfall was used. Strict
scaling, i.e. parameters independent of time scale, was not used. For shorter times
better agreement between model results and observations was found, when the pa-
rameters where allowed to vary with scale according to simple linear functions. The
cascade weights’ volume dependence was found to be significant; therefore three vol-
ume classes were introduced instead of the previously used two classes. Although, the
parameters were related to time scale, the maximum values were overestimated for
time scales less than about 30 min.

It should be emphasized that this is intended as a real-world demonstration case with
limited possibilities for proper validation and uncertainty assessment. Even though the
fitted model seemed to overall reasonably well reproduce key statistics over the whole
range of time scales considered, distinct deviations were found and further no cross-
validation was attainable. Clearly the deviations can partly be attributed to imprecise
parameter estimates from the limited amount of short-term data available, but also the
model structure and scale-dependent relationships are likely not strictly followed by the
rainfall data. More in-depth analyses of the impact of high-resolution data availability
on parameter estimation and model performance are clearly needed.

The IDF curves derived for Mumbai indicates that the present design standard val-
ues are very low. The design is for a storm with less than annual return period. Thus,
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flooding is expected to occur several times in a year, which in fact also happens. In
urban areas, it is very important to study the effects of urban conditions on rainfall-
runoff relationships. Changes in the physical characteristics of urban areas change the
runoff response of the area along with natural forces. Thus, it is necessary to evaluate
the effects of changes in precipitation and human interference on the natural drainage
patterns of the urban area. Infrastructural planning of urban area should require careful
attention to urban drainage characteristics. This high intensity/frequency of precipita-
tion is alarming and main problem for Mumbai.
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Table 1b. Statistics of short-term precipitation during July-December 2006.

Volume (mm)/

Duration 24 h 12h 6h 3h 1h 30min 10min
Largest 266 189 125.73 102.88 41.66 24.13 18.29
2nd Largest 196.05 124.71 100.84 65.53 40.39 22.61 16.76
3rd Largest 144 118.87 69.33 61.49 2946 22.61 16.26
4th Largest 140.21 77.18 69.07 59.42 28.44 21.08 14.22
5th Largest 117.03 76.91 67.53 58.16 28.2 20.83 13.21

4729

| Jadeq uoissnosigq | Jeded uoissnosiq | Jaded uoissnosiqg

Jaded uoissnosiq

HESSD
10, 4709-4738, 2013

IDF-curves for
tropical india by
random cascade

modeling

A. Rana et al.

(8
S

2


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/4709/2013/hessd-10-4709-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/4709/2013/hessd-10-4709-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 2. Probabilities P(x/x) as function of volume class, cascade step and type of box.

Isolated Box (8 model = 0.15)

Volume Class/

Cascade Step 1 2 3 4 5 6 7 Mean
1 0.00 000 019 006 004 0.00 0.00 0.04
2 016 025 024 012 025 0.10 0.08 0.17
3 043 036 0.31 038 040 036 022 0.35
A ascade -0.12 -0.11 -0.07 -0.13 -0.08 -0.16 -0.21 -0.12
Arrodel -0.08 -0.10 -0.11 -0.12 -0.14 -0.15 -0.17 -0.12
Starting Box (6 model = 0.22)
1 019 007 008 0.09 0.09 0.21 0.21 0.13
2 030 032 0283 019 045 035 029 0.30
3 042 053 044 055 053 058 062 052
A ascade -0.09 -0.09 -0.14 -0.12 -0.03 -0.01 -0.02 -0.07
Arodel -0.14 -0.13 -0.11 -0.10 -0.09 -0.08 -0.06 -0.10
Enclosed Box (G model = 0.29)
1 045 035 028 025 026 047 059 0.38
2 08 075 067 066 073 0.81 0.86 0.76
3 0.97 093 0.91 094 091 0.89 095 0.93
A ascade 0.21 0.13 007 007 009 018 025 0.14
Arrodel 012 013 013 014 015 016 017 0.14
Ending Box (8 model = 0.23)
1 015 000 007 009 005 0.03 0.07 0.07
2 042 037 0.18 0.31 048 029 062 0.38
3 052 056 047 044 060 041 0.64 0.52
A ascade -0.09 -0.14 -021 -0.17 -0.08 -0.21 -0.01 -0.13
Amodel -0.14 -0.13 -0.11 -0.10 -0.09 -0.08 -0.06 -0.10
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Table 3. Rainfall characteristics related to the observed and model generated series from data

period July—December 2006 (generated series data is mean of all 100 realizations).

No. of
Time Zero Events Mean S.D. Maximum
Scale Series Values (%) >25mm (mm) (mm) (mm)
~ Observed 44.65 18 1365 34.06  265.60
1280 min  \1odelled 44.65 18 13.64 34.06  265.50
~ Observed 51.26 19 6.82 19.29 188.69
640 min  pModelled 51.43 22  6.82 1862  173.64
. Observed 58.33 22 341 11.01 125.73
320min - Modelled 57.96 21 341 10.36 117.04
_ Observed 68.16 19 171 6.40 102.88
160 min - \iodelled 65.13 16 171  5.91 86.00
. Observed 7712 11 0.85 3.77 82.05
80 min Modelled 72.91 11  0.85 3.43 62.73
_ Observed 84.04 7 043 208 41.66
40min - \iodelled 80.15 7 043 203 48.37
_ Observed 88.85 0 021 117 24.13
20min - Modelled 86.02 4 021 1.21 36.27
_ Observed 92.13 0 011 065 18.29
10min - Modelled 90.43 2 011 073 27.45
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Cascade Step:

0 v

1 W1 /\Wz
Vi=Wi*Vv Vi=W2*V

2

Vi l Vi . Vs ‘ Ve

Oandl
W, W, = <1land0

Fig. 1. Cascade process principle in one dimension. Between two cascade levels, each interval
is divided into two halves. The volume in each half is obtained by multiplying the total interval

mass by a weight Wi (after Olsson, 1998).

with probability P(0/1)
with probability P (1/0)
with probability P(X /X)

where, 0 < Wx/x <1

Volume = V=V1+V2+Vi+Vy+Vs

P(0/1)+P(1/0)+P (x/x) =1
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10 min daily data (June-
December 2006}

A

Manual aggregation to daily
value (1280min)

Evaluation of disaggregation
model performance

Parameter Estimation (Probability
P(0/1). P(1/0). P(x/x) and weights)

[

l

Disaggregation to 10 min
values

Disaggregation of Historical data
(1951-2004) to 10 min resolution

l

IDF Curves and Hvdrological Risk

Fig. 2. Schematic representation of methodology adapted in the study.
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Fig. 3. Variation of empirical x/x-distribution with cascade step (bars) and fitted beta distribution
(lines). In the diagram titles, P denotes position type (1: isolated, 2: starting, 3: enclosed, 4:
ending), cs denotes cascade step (step 1 represents the “cascading” from 1280 to 640 min,
step 2 from 640 to 320 min, etc.), and N denotes the total number of x/x-divisions for this
position type and cascade step.
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Fig. 4. Variation of beta-parameter a with cascade step. In the diagram titles, P denotes position
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Fig. 5. (A) Preservation of the generated intermittency Po across scales with cs =7 (10 min) to
¢cs =0 (1280 min) (left to right i.e. Cascade step from cs =7 to ¢s = 0). (B) Preservation of the
mean daily maximum and (C) Preservation of standard deviation in disaggregation for different
cascade steps with observations. Bars give range of 1 S.D. (left to right i.e. Cascade step from
cs =7 to cs =0). (Blue box in the figure represents 25th and 75th percentiles with red line in

middle as median; Red marks outside are outliers).
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Fig. 6. Comparison of observed daily maximum values with generated daily maximum for each

cascade step (Observed-Blue and Generated-red).
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Fig. 7. Historical IDF curve for the city of Mumbai as represented by disaggregated data for
period 1951-2004.
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