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Abstract

This experiment is the author’s attempt of emulating the sound of a thunderstorm by means of modular synthesis. A thunderstorm
was chosen as the target sound because it is very complex and multi-layered. The modular synthesis system used for the experiment
is Modular 2, running on a Pulsarll card by Creamware. Modular 2 is a digital counterpart of an analogue modular synthesizer.
This experiment was conducted to gain understanding of chaotic natural phenomena and also as an exercise of using modular synthesis

to create for self governing sound scenes.

1. Process

The thunderstorm sound was first broken down to its
elements for analysis. They are: wind and rain, thunder-
rumble, and thunder-strike. Samples were taken from several
different sections of a thunderstorm recording. There are no
recordings of the individual elements so it is impossible to
analyze each individual sound in detail. As an approximation,
the recording was analyzed using a band limited FFT. Apart
from the individual sound elements, the overall flow of the
thunderstorm was studied in order to realistically implement a
restricted stochastic model to govern the modular synthesizer.

The andysis results were carefully studied to be converted
into modular synthesis methods. The goal of this process was
not to physically model the recordings but to approximate the
sound. Each element of the thunderstorm sound was prepared
and a patch was made to control each of the elements to
orchestrate a full thunderstorm. The fina recording of the
emulated thunderstorm was compared to the original recording
to verify the realism of the emulation.

2. Other Emulated Thunderstorms

A problem with such an experiment is surely the depth and
detail in which the emulation isto be carried out. Studies have
come a long way in understanding the inner workings of a
thunderstorm.  This can be seen through an experiment that has
been conducted by Andrew Glassner, a Microsoft Research.
Glassner’s experimental software models a lightning in 3D and
physically models the sound of a thunder. Because his
software uses a scientific model, the physically modeled sound
isthat of the 3D modeled one. [1]

While Glassner’s vision served as an inspiration for this
experiment, meticulously modeling a single bolt of lightning
seemed to go beyond redlistic practical use. In turn, this
experiment emulates an entire thunderstorm by limiting its
scientific accuracy. The audio result was prioritized higher
than the physical accuracy.

Other methods that choose sonic resemblance over
physical accuracy have been used in the film industry for quite
sometime. A well known method is to strike a large piece of
metal, or a thunder plate, to cause a roar of low frequency
rumble with a long reverb. With the introduction of analogue
synthesizers, a newer method of using modulated white noise
gradually replaced the thunderplate. Both methods, while
sounding somewhat like a thunder, fail to capture the subtleties
of athunder because of the lack of physical accuracy.

This experiment is similar to the thunder plate and noise
modulation method used in films, but aims to overcome the lack
of physical accuracy through proper analysis. This experiment
takes advantage of the processing ease of simple, generalized

methods while using a minimal amount of scientific analysis to
maintain realism.

3. Analysis

A recording of a thunderstorm was cut into sections and
analyzed. The recording was divided into section so that each
individual element could be separated as much as possible. A
major problem during the analysis was the time resolution of the
FFT. The sound of rain, in particular had too much change in
both time and spectra domains. Therefore, the FFT results
were not as accurate as expected and were used as
supplementary material. The chaotic nature of the sound
caled for apreliminary analysis by ear.

3.1 Rain
The FFT analysis in fig. 1 shows the spectral contents of
the ambient rain. Main feature that can be seen in fig. 1 is that

the rain sound is limited to 0-6000Hz zone. The strongest
band is around 0-2000Hz. There are also sudden bursts that go
up to 11,000Hz that come from nearby droplets.

Figure1 FFT analysis of weak rain

There are several key physica properties that affect the
sound of rain. The wind creates waves of amplitude
fluctuation and also variation in impact speed. The impact
speed determines the amount of overall high frequency. This
can be clearly seenin fig. 2 when the storm had reached its high
tide.

The general amplitude is somewhat constant, apart from
the fluctuation caused by the wind. Sudden bursts are caused
by nearby droplets.



Figure2 FFT analysis of strong rain

3.2 Thunder Rumble

Thunder rumble refers to the low frequency rumble of
distant inter-cloud thunder echoes. The rumble's frequency
range is in the 0-500Hz zone, and has sudden irregular
amplitude fluctuations. (fig. 3) The envelope most aways
ends with a smooth decay from natural reverb. The attack,
however, varies in great degree. This is due to the
reverberations blending in with the weaker impact sounds.

Distant rumbles are caused by reverberation of air
expansion by means of natural reverb and echoing between
clouds. The cloud density determines the amount of high
freguency absorption that occurs during reflection.

Figure 3 FFT analysis of distant thunder rumble
3.3Thunder Strike

A thunder strike is close in characteristic to a nearby
thunder rumble. The main difference is that the frequency
range of a thunder strike is much wider, spreading from O to
2500Hz. Individual impacts last 0.5-1 seconds, as with the
thunder rumble.  (fig. 4)

While fig. 4 is an analysis of a distant thunder strike, fig. 5
shows the spectral contents of a nearby thunder strike. A
nearby thunder strike is similar to an explosion as the initia
impulse reverberates to create along decay.

3.4 Overall Sructure

Fig. 6 is an analysis of 9 minutes worth of thunderstorm.
The early portion shows thunder rumbles and weak rain, while
the latter half mainly consists of heavy rain.

Taking a closer look, there is a pattern of modulation in the
overall amplitude of the rain. It is an irregular one caused by
the wind, as can be seen in fig. 7 which is an analysis of the
earlier half of the thunderstorm. The lines in fig. 7 show the
fluctuation points. Blue lines represent a strong rise in
amplitude and pink lines represent a wesk rise in amplitude.

Apart from the wind fluctuations, table 1 shows statistical
analysis of probability of each elements throughout an eight
minute thunderstorm recording.  Average points to the
probability of the event. For rain, which is a sustained event,
the length was divided across the entire recording time to obtain
the average. For thunder strikes and rumbles, both of which
are incremental events, total instances were divided by the total
recording time to obtain the average. Min and Max columns

Figure4 FFT analysis of distant thunder strike

Figure5 FFT analysis of nearby thunder strike

Figure 6 FFT analysis of 9 minute thunder storm sequence

Figure 7 Analysis of modulation inrain



point to the time between each instance.

Average Min 0w
Rain Strong 37.97% 10 sec. cawWEWLO:...
Rain Weak 62.02% 25 sec. <Siw:Baao. .
Thunder Strike 3% per sec. 4 sec. SISRAITH A
Rumble 4.97% per sec. 3 sec. bo: " WILYA0:...

Table 1 Statistical analysis of thunder storm

4. Implementation

Thunder and rain did not have apparent dependency as
from analysis, so the emulation was divided into two separate
patches. Each patch would have its own set of generation
parameters and are independent of each other.

The initial plan was to use white noise as a basic oscillator,
but white noise is too dense. In order to create a less dense
cloud of noise, the frequency of a sin wave was modulated by a
random step generator. The result is a noise oscillator with
controllable density and basic pitch. The combination of
oscillators will be referred to as a sin noise throughout the
document. The noise was modulated to suite each specific
task.

4.1 Thunder Patch (track 1 on CD)

The thunder patch begins by generating an initial impact.
The impact sound is a sin noise that uses a pitch envelope that
begins with a wide spectral range and goes down to a low
rumble. This is a form of filter, but is done through the
oscillator to maintain high frequency fidelity. Aslearned from
the analysis, the sound of thunder is full of chaotic high
frequency caused by bursts of air around the bolt. The low
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Figure 8 Diagram of thunder generation

density of sin noise better emulates the individual tones created
during the strike compared to white noise, which is too dense to
be able to tell one tone from the other.

The sound is filtered using a 24dB/octave lowpass filter.
The decay envelope of the lowpass was tuned so that the initial
impact is almost entirely passed through, while the filter comes
into effect as the sin noise boils down to arumble.

In the final stage, the overal volume of the strike is
controlled using a distance attenuation parameter. This is used
by the generation mechanism to control how far the thunder
strike is taking place. The distance attenuation is linked to
both amplitude and filter values to simulate the absorption that
occur in distant strikes.

Several random generators are introduced to trigger the
thunder and also to vary its content. The trigger is evaluated
once per 4 seconds to determine whether or not a strike occurs.
All other parameters are randomized each time a strike occurs.
Pitch envelope is randomized to vary the sound between high
tone crackles, normal strikes, and low rumbles (no impact).
The decay envelope is randomized by another random generator
to vary between slow attacks and fast attacks. Here, a different

random generator was used in order produce any combination of
rumbles with fast attacks (distant strike), high crackles with fast
attacks (nearby strike), and so on. The final amplitude is
randomized using an extremely low frequency random
generator (5Hz-20Hz) to simulate random amplitude fluctuation
caused by reflection.

As a finishing touch, the generated sound was passed
through a reverb unit, along with a minimal amount of flanger.
The reverb unit helps to make the generated thunder sound
stereo, as the sound is in mono at the time of generation.
Flanger imitates the flanging that occurs when the thunder’s
source of sound moves.

4.2 Rain Patch (track 2 on CD)

The rain is built from 2 sounds, the sustained rain sound
and nearby droplets. The sustained rain sound (fig. 9) is a
specificaly tuned sin noise going through a 18dB/octave
lowpass filter. The lowpass filter and amplitude is modul ated
by 2 random generators. A random generator builds a long
term modulation between strong rain and weak rain. The
second random generator creates short term modulation that
simulates wind fluctuation.
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Figure 9 Diagram of rain generation

Trickles that come from nearby droplets are simulated
using methods very similar to the sustained rain. In essence, it
is a low frequency sustained rain sound that has a distinct
amplitude envelope. The overall amplitude of the nearby
droplets is controlled so that the droplets become louder as the
rain gets stronger.



5. Comparison

The thunder rumble, strike, and rain sounds will be
compared separately. As a final analysis, the recordings will
be compared as a whole to check for statistical accuracy. A
recording of the generated thunderstorm is on track 3 of the CD.

5.1 Thunder Rumble

The generated rumbles generally had proper spectral
content but its main problems were related to the amplitude

Figure 10 FFT analysis of real distant rumbles

Figure 11 FFT analysis of generated distant rumbles

envelope. Asone patch was used to generate both rumbles and
strikes, there was a compromise between the fast attacks of the
strikes and the slow attacks of the rumbles.  Since the same AD
(attack and delay) envelope was used for both strikes and
rumbles, they both used the same decay time, which made the
rumbles somewhat homogenous. The real rumbles are not
necessarily built from a combination of impact-reverb, causing a
decaying sound. Most often than not, the rumbles are
sustained for a period of time without gradual decay. Fig. 10
shows a real rumble and fig. 11 shows a generated rumble. It
can be seen that the generated rumble is close to an abstraction
of the real rumble and while some details have been lost, the
important characteristics have been retained. The sonic
illusion is quite effective.

5.2 Thunder Srike

Figure 12 FFT analysis of real nearby thunder strike

Figure 13 FFT analysis of generated nearby thunder strike

Generated thunder strikes were of questionable quality.
Far away strikes were emulated to acceptable quality but the
nearby strikes could not be emulated in full using the current

generation method.  This is mainly because a nearby strike has
a thunder strike element and an impact element of the thunder
striking the ground. The current generation method only
covers the thunder strike element.

Fig. 12 isarecording of areal nearby thunder strike and fig.
13 is a generated thunder strike with highest impact settings.
In other words, fig. 13 is the strongest strike that can be
generated using the current system. The immediate difference
is the amplitude envelope. A nearby strike is close to a
gunshot in quality. Thereisan initial impact that is delayed or
echoed through the scene. The generated strike has a much
weaker impact that is reverbed through the scene, causing a
smooth decay. In terms of spectral content, areal nearby strike
has much more high frequency in the attack. In order to
emulate the “punch” and magnitude of a nearby strike, it is
necessary to rework the generation system. However, the
generated strikes simulate distant strikes quite well in terms of
spectral content and overall envelope. (fig. 14)

Figure 14 FFT analysis of real medium distance thunder strike

5.3 Rain and Overall Sructure

The rain analysis will be put together with an analysis of
the overal structure because the rain basicaly creates the
structure.

Figure 15 FFT analysis of real recording 1 (track 4 on CD)

Figure 16 FFT analysis of real recording 2 (track 4 on CD)

Figure 17 FFT analysis of generated thunder storm (track 3 on
CD)

Fig. 15 and 16 arereal recordings and fig. 17 is a generated
sequence. Note that the generated sequence successfully
combines characteristics of fig. 15 and 16. Fig. 15 is mainly
medium strength rain and fig. 16 is a combination of medium



strength rain, no rain, and strong rain. Fig. 17 shows that the
random fluctuation has properly captured these qualities.

A minor problem with the random fluctuation can be seen
in the sharp changesin amplitude. The amplitude is modul ated
by a combination of a random amplitude generator, and a
smoother that interpolates between the random amplitudes.
The maximum interpolation time specified the Modular Il
system used for the experiment is 5 seconds, while the transition
timein thereal recording is close to a minute long.

In terms of random thunder generation, the result is
statistically similar to the origina recordings, athough the
generated thunder is slightly lower in frequency.

6. Future Research and Conclusion

The next step in developing the generation system would
be to further analyze nearby thunder strikes. There is a
possibility that nearby thunder strikes and distant strikes should
be generated using different methods, as their sound physics are
slightly different. Going back to the comparison between fig.
13 and fig. 14, it is obvious that the generated thunder (fig. 13)
lacks detail as the amplitude envelope is a very simple attack
and decay. Whilefig. 14 has an overall envelope of attack and
decay, the interna fluctuations are extremely chaotic. Future
research will cover such areasin the area of thunder generation.

As can be heard on track 2 of the CD, the rain sound has
room for improvement. The nearby droplet sounds need to be
improved, in particular. Currently, the number of droplets is
quite limited, and there is a clear distinction between the
droplets and the backdrop rain sound. Theoreticaly, as the
number of droplets increase, varying in pitch and amplitude, the
combined sound will become closer to the backdrop rain sound.
Further research needs to be conducted on developing a method
of rapidly increasing the amount of droplets.

Future research will aso cover different applications of
similar scope. One such experiment can be heard on track 6 of
the CD. The sound scene uses the same mechanism used to
generate the thunderstorm, yet it is used to generate singing
birds and trickling water.  The technique can be used broadly if
the correct parameters are used.

In a technological aspect, the use of Modular Il was
particularly interesting as modular systems are usually used to
build musical instruments. They may be used for sound effects,
but often the sounds are to be played or performed. It is
unusual to build self governing sound scenes on such a platform.
Though the basic algorithm was random, it can be considered an
accomplishment that such a feat was completed using Modular
1.

Comparing the generated sounds and the original sounds
through FFT shows many shortcomings of the emulation.
However, most of these are details that would require a better
physics model, which is not the goal of this experiment. The
goa of this experiment was to prioritize audio realism over
scientific accuracy. Therefore, it is only natural that the
generated signa is not a 1:1 reproduction of the real sound.
Detailed analysis may reveal differences, but the listening
experience is nonetheless quite similar between the real and
generated sound. This was the goal of the experiment.
Therefore, the experiment is a success in this respect. Each
individual sound may not be perfect, but as a whole, it
successfully creates an illusion of athunderstorm.
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