
6 

Robustness of the Rainpak Algorithm 
for Storm Direction and Speed 

Wiltiam James, Peter Nimmrichter, W. Robert C. James and Ronald 
Scheckenberger 

The objective of this chapter is to present an investigation of the robustness of 
an algorithm for storm direction and speed. The algorithm is used in a utility 
called "Rainpak,. in PCSWMM. In this chapter we first present an approach for 
estimating the mean speed and direction ofamulti-cellularrainstorm using rate­
of-rain gages. The code for spatial analysis of storms and their cells is 
described. Then we present a Monte Carlo analysis of rain storms observed in 
Toronto and Hamilton, Ontario, in which we demonstrate the robustness of the 
analysis with respect to observational uncertainty. 

6.1 Introduction 

Ground level rate-of-rain gages provide the primary information from which the 
Rainpak module provided in PCSWMMGIS computes storm. cell velocity 
(speed and direction). Errors in ground rainfall measurement are many; they 
result from improper calibration of equipment, equipment malfunctions, poor 
location of rain gages, equipment limitations, and from data collection and 
reduction. Erroneous data may produce amplified errors in computed results, 
depending on the computational procedures in the algorithm, and may cast 
doubt on the accuracy of the computations. Algorithms used in Rainpak are 
subject to the same uncertainty. Thus the purpose of this work is to establish 
the robustness of the velocity algorithm in relation to various errors in rain gage 
observations. 
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6.2 The Storm and Cell Velocity Algorithm 

In the Rainpak algorithm, storm vectors are produced by a geometric analysis 
of optimum lags between cell occurrences throughout the observation network 
(Scheckenberger, 1983; Nimmrichter, 1986). As shown in Figure 6.1, optimal 
lags are computed by serial lag cross-correlations between two hyetographs 
(Marshall, 1980). Using a method that assumes that storm cell planforms are 
regular and conformable, storm cell velocities are computed from the simple 
geometric relations given below in Equations (6.1) to (6.3) (Scheckenberger, 
1983). Correlograms, vectors and rosettes of means are plotted interactively 
(James et al., 2000). 

Thunderstorms display intense, short-duration rainfall, rapidly varied 
spatially. High variability in both time and space is possibly explained by 
turbulence effects at all scales. Certain features, however, even for multi­
cellular storms, maybe identified, such as cell plan form, and peak rain intensity, 
and these show some degree of persistence as the storm system tracks across 
an urban area. Experience shows that the drawback to tracking an identifiable 
feature is the subjectivity involved (Nimmrichter, 1986). Rainpak in 
PCSWMMGIS estimates the speed and direction of a cell by computing the 
likely lag time for a particular cell's overall hyetograph shape to pass between 
two identified rain gages. Subjectivity is avoided by computing the serial lag 
correlation and taking the optimal lag as the time of travel, provided that the 
optimal correlation is good (e.g. >0.85). Determinations with a lower correla­
tion coefficient are ignored. Underlying the method is the assumption that cell 
plan forms are on the average, simple and conformable. 

It can be shown that, to compute one velocity vector (direction and speed) 
of a cell, Cartesian co-ordinates of at least three rain gages and the relative time 
for the general hyetograph shape to arrive at each gage are required. Every 
combination of three rain gages produces a cell velocity vector. Because for a 
network of several gages, so many vectors are computed, a mean storm vector 
is determined by taking the vector mean. In fact most networks produce 
sufficient data that satisfactory means may be obtained by ignoring all 
determinations that are more than two standard deviations from the mean. In 
the algorithm, vector speeds and directions (DIR) are determined as follows 
(Scheckenberger, 1983): 
Let 

(x, y) be the Cartesian co-ordinates representing three rain gage 
locations denoted 1,2,3, 
(xT, y7) be the transformed co-ordinates, where the X axis 
represents the storm direction, 
Y is orthogonal to X, 
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Figure 6.1 Procedures used in the Rainpak module ofPCSWMM (rain data 
courtesy City of Edmonton). 

Top L: Derived 12·h l·min increment hyetographs for all 20 gages, Aug 7 1995. 
Top R: Hyetograph playback at selectable speed and scale. 
Middle L: Auto-correlogram showing optimal lag. 
Middle R: Two selected hyetographs auto·lagged for max serial correlation. 
Btm L: Computed cell velocities for selected hyetographs (heavy = vector mean). 
Btm R: Relative frequency of computed storm velocities for 1995 cells. 
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a be the angle of the transformation, 
va be the cell speed /l}{l'/lit, and 
.dt(2_1) be the time of travel between gages 1 and 2. 

Then: 

= (x2 cos a + Y2 sin a - X3 cos a - Y3 sin a)/Llt(3_2) (6.2) 

The mean velocity is taken. 

Now set A = .dt(2-l.dt(3.2) so that, after some manipulation, 

a == tan -/ - {XI - (A+ 1) x2 + AxJI{( YI - (A+ 1) Y2 + A yJ (6.3) 

Comprehensive tests on this methodology were carried out and reported 
by Nimmrichter (1986) and James and James (1996). 

Objective evaluation of the effect of input errors on the velocity analysis 
code is difficult A number of different approaches are available, each with 
individual strengths and weaknesses: (i) Monte Carlo simulations, (ii) statistical 
derivations, and (iii) first-order analysis. In simple applications the three 
methods have produced similar results (Nimmrichter, 1986). The advantage of 
the Monte Carlo method is that it is easy to understand and simple to apply to 
problems in which some variation of the input variables is expected. In this 
method a series of random, independent events is generated (Sobol, 1974). The 
average of the results of all trials provides a better understanding of the estimate 
of the objective function. The drawback of this method is the extensive 
computing resources required in comparison with the other two methods. 

In his earlier study, the hyetograph analysis used by Nimmrichter (1986) 
was based on estimated time-of-peak rain-rate, the same method used by 
Scheckenberger (1983). However the present study uses direct determination 
of times-of-travel .dt(2_1)' .dt(2-3) and .dt(3_1) between the rain gages. Note 
however that the same velocity algorithm was used by Nimmrichter, and the 
robustness of that algorithm is the focus of this chapter. 

6.3 Sensitivity of Storm Velocity to Timing Error 

Nimmrichter wrote program STSEN to generate a series of perturbations, 
following either a uniform or normal distribution, and some of the results of his 
seriesof136 runs are described in the following sections. Observedhyetographs 
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for Toronto and Hamilton were used, as shown i.n Table 6.1. Each run usually 
consisted of 1 000 trials. A trial consists of (i) the generation of a random "timing 
error" sequence, (ii) modification of the observed rainfall time-of-travel using 
the "timing error" sequence and (iii) running the velocity algorithm, using the 
fictitious time-of-travel dataset. This amounted to a total of 136,000 runs of the 
velocity algorithm. 

Table 6.1 Storm cells and tests for Monte Carlo timing error anaJysis. 

of Toronto 

Test Storm # Trials 

1 5 19790610 Cell 1 1000 
2 5 19770706 Cell 1 1000 
3 5 19750823 Cell 3 1000 
4 5 19800619 Cell 2 1000 
5 5 19790630 Cell 2 1000 

Hamilton-Wentworth Region 

Test .M(min) Storm # Trials 

1 1 19810811 Celli 1000 
2 1 19820728 Cell 2 1000 
3 1 19820929 Cell 1 1000 
4 1 19830729 Cell 3 1000 
5 1 19830801 Cell 1 1000 

STSEN automatically altered the time-of-travel between each pair of rain 
gages by plus and minus 5 min. This was repeated for every rain gage and the 
resultant velocity vector and its standard deviation were determined. This 
analysis may be useful if there is a suspected problem of synchronization of 
rainfall records (admittedly less likely these days where networked systems are 
more common). 

To determine the effect of timing error on the resultant storm velocity 
vector, the fictitious time-of-travel was assumed to follow a normal distribution 
with a mean equal to the observed time-of-travel and various standard 
deviations were used to define different levels of confidence in the records (note 
that the time-of-travel for this Monte Carlo analysis was taken to occur in the 
middle ofthe time step, i.e. aU observed times-of-travel were shifted by 2.5 min 
for the City of Toronto network and by 0.5 min for the Hamilton-Wentworth 
network). Levels of confidence of 80, 85,90,95,96, 97, 98 and 99% were 
tested. 

The first phase of the sensitivity analysis indicated that the information 
content of the rainfall record is different for every storm event and that similar 
perturbations on the timing of different cells affect velocity estimates differently. 
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In other words the orientation of the cell velocity vector with respect to the 
planfonn arrangement of the rain gages being analyzed, produces results of 
varying uncertainty, Thus three rain gages arranged in a line orthogonal to the 
cell track do not produce useful infonnation. So the resultant distribution of 
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Figure 6.2 Time resolution frequency plots for storm cell direction for five 
Toronto storms, 
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estimates is evidently different for all storms, and a generalization for different 
storms in the rainfall record cannot be made about the variability of average cell 
velocity estimates to random timing errors. Figures 6.2 and 6.3 show very 
different distributions of estimates of direction that were obtained for various 
storms. 
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Figure 6.3 Time resolution frequency plots for stonn cell direction for five 
Hamilton stonns. 
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Figure 6.4a Time resolution frequency plots - effect of number of trials on 
storm cell direction estimates, 500 - 7000 trials. 
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Figure 6.4b Time resolution frequency plots - effect of number of trials on 
stonn cell direction estimates, 8000 - 10000 trials. 

6.4 Sensitivity of Storm Velocity to Timing 
Resolution 

79 

Apart from any errors which may occur due to the operation of the gages, the 
analysis of storm kinematics is restricted by the temporal resolution of the 
rainfall record. The velocity algorithm requires accurate times-of-travel but (as 
in the case of the Toronto data) a time step of5 min gives no information as to 
when the peak: intensity occurs within the time step. The peak: intensity is just 
as likely to have occurred at the beginning or end of the time step. 

The results of the trials are given in Table 6.2 and Figures 6.2 and 6.3. 
Results indicate that (i) not knowing the true time-of-travel of a storm event can 
cause wide variations in the possible estimates of the cell velocity and again (ii) 
the information content of the rainfall record for different storms is different. 

Ten tests using uniformly distributed perturbations were carried out on the 
storm of 19790610 (Cell #1). The results of these tests, shown in Table 6.3, 
indicate that the variability of the statistical parameters over many identical tests 
is minor. 
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Table 6.2 The effect of timing resolution on Rainpak velocity estimates. 

Storm Cell a Var Std Skew Spd Var Std Skew 

CITY OF TORONTO 

19790610 1 289 117.57 10.84 -0.36 48.0 47.51 6.89 1.12 
19770706 1 5 18.94 4.35 -0.38 24.3 28.35 5.32 6.42 
19750823 3 191 23.36 4.83 0.65 17.6 2.62 1.62 0.47 
19790630 2 137 26.52 5.15 O.ot 31.5 17.18 4.14 1.32 
19800610 2 212 142.70 11.95 0.30 34.9 25.49 5.05 2.02 

HAMILTON-WENTWORTH REGION 

19810811 1 245 20.86 4.57 0.39 52.2 38.77 6.23 0.96 
19820728 2 319 18.17 4.26 0.98 57.5 14.11 3.76 0.76 
19820920 1 10 1.18 1.09 -0.01 15.1 0.07 0.26 -2.89 
19830729 3 321 0.73 0.85 418.44 30.8 2.74 1.66 0.97 
19830801 1 236 5.59 2.36 3.54 51.5 4.68 2.16 1.02 

NOTE: All tests were conducted using 1000 trials. 

Table 6.3 Variability of statistical parameters. 

At Test Dir Var Std Skew Speed Var Std Skew 
(min) 

5 1 289 117.57 10.84 -0.36 48.0 47.51 6.89 1.12 
5 2 289 112.01 10.60 -0.38 47.9 39.51 6.29 0.83 
5 3 289 105.26 10.26 -0.14 47.9 44.42 6.66 1.37 
5 4 289 116.99 10.82 -0.36 47.7 40.49 6.36 1.53 
5 5 289 HOm 10.49 -0.48 47.9 43.49 6.59 1.12 
5 6 289 H9.11 10.91 -0.45 48.1 52.64 7.26 1.44 
5 7 289 112.99 10.63 -0.49 47.9 42.01 6.48 1.26 
5 8 289 129.10 11.36 -0.49 48.2 45.69 6.76 1.47 
5 9 289 119.22 10.92 -0.45 48.4 51.37 7.17 1.48 
5 10 289 118.32 10.88 -0.39 48.2 42.46 6.52 0.92 

NOTE: All tests were conducted using 1000 trials. 
The following units are applicable to the above Table. 
"N for direction (Dir) 
"N2 for variance (Var) 

km/h for speed (Spd) 
(km/h)2 for variance 

"N for standard deviation (Std) km/h for standard deviation 

Tests were also conducted to detennine the effect of the number of trials 
on the statistical parameters. The results of these tests are given in Table 6.4 
and illustrated in Figures 6.4a, 6.4b and 6.5. Even at low numbers of trials (i.e. 
10), evidently a reasonable estimate of the cell velocity can be achieved. 

One difficulty with the 5 min timing resolution on rainfall records is that, 
in many cases, times-of-travel at more than three gages is identical, making 
calculation of the cell speed impossible (unless of course the cell was truly 
stationary). Nimmrichter then modified the rainfall timing slightly so that no 
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Figure 6.4 Time resolution frequency plots - effect of number of trials on 
storm cell speed estimates - 500 and 10000 trials. 
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Table 6.4 Estimates of cell velocity using different numbers of trials. 

At Trials Dir Var Std Skew Speed Var Std Skew 
(min) 

5 1 NON 295 
5 1 MOD 303 44.2 
5 10 291 85.00 9.22 -0.23 49.5 40.25 6.34 0.01 
5 50 292 125.70 11.21 -0.59 47.9 57.22 7.56 1.20 
5 100 290 123.58 11.12 -0.40 47.9 46.61 6.83 1.25 
5 250 290 108.83 10.43 -0.17 47.7 41.33 6.43 1.11 
5 500 289 107.01 10.34 -0.26 48.0 39.10 6.25 0.73 
5 1000 289 117.57 10.84 -0.36 48.0 47.51 6.89 1.12 
5 2000 289 114.89 10.72 -0.42 47.9 43.49 6.59 1.01 
5 3000 289 111.70 10.57 -0.45 47.9 43.78 6.62 1.13 
5 4000 289 112.97 10.63 -0.45 47.9 42.94 6.55 1.23 
5 SOOO 289 112.37 10.60 -0.48 47.9 43.03 6.56 1.21 
5 6000 289 113.63 10.66 -0.54 47.9 44.63 6.68 1.27 
5 7000 289 113.49 10.65 -0.49 47.9 44.25 6.65 1.27 
5 8000 289 115.61 10.75 -0.59 48.0 44.42 6.66 1.30 
5 9000 289 116.28 10.78 -0.71 48.0 45.20 6.72 1.32 
5 10000 289 116.72 10.80 -0.81 48.0 44.93 6.70 1.29 

NOTE: 
NON refers to the reported non-modified velocity 
MOD refers to the reported modified velocity 

The following units are applicable to the above table. 
"N for direction (Dir) 
"N2 for variance (Var) 

kmIh for speed (Spd) 
(kmIh)2 for variance 

"N for standanI deviation (Std) kmIh for standanI deviation 

three gages have the same times-of-travel. The above testing would seem to 
indicate that even if three times-of-travel are identical (as with the storm of 
19790610) a reasonable estimate of the storm speed can be made using a small 
number of trials in a Monte Carlo simulation. This means that the analyst could 
use the rainfall record directly, avoiding SUbjectivity in the estimates of the cell 
speed. This will obviously be useful in processing an extended continuous 
rainfall record. Forthisreason, the whole Rainpak analysis is done automatically. 

6.5 Conclusions 

An extensive sensitivity analysis was carried out on various observed storm 
events with the following conclusions: 

1. Standard data collection time steps (1 or 5 min) are sufficient for 
storm dynamics analysis, but finer resolution reduces problems 
associated with time-of-travel coincidence and increases the 
confidence in the velocity estimate. 
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2. The confidence in a velocity estimate may be increased by 
including more rain gages in the simulation. 

3. The geometric arrangement of rain gages within a collection 
network with respect to expected storm. tracks may be a factor 
when analyzing data for storm dynamics. 

4. The information content, for storm dynamics, of the rainfall 
record varies from one storm event to another. 

S. Monte Carlo simulation can be used to avoid the influence of 
operator bias when difficulties of three or more gages have 
identical times-of-travel. 

6. Over many Monte Carlo trials, random timing errors in a rain-fall 
record may not cause deviations from the ''true'' direction. Also, 
the true mean direction can be generated from a reasonably small 
number of trials. However, any given trial may depart signifi­
cantly from the mean (by 50 or 60° or more in some cases, where 
the local hyetograph is poor, perhaps just one or two rain gage 
bucket tips). 
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