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Detection of Rain in Tropical Cyclones by Underwater Ambient Sound
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ABSTRACT: Rain in tropical cyclones is studied using eight time series of underwater ambient sound at 40-50 kHz with
wind speeds up to 45 m s~ ! beneath three tropical cyclones. At tropical cyclone wind speeds, rain- and wind-generated
sound levels are comparable, and therefore rain cannot be detected by sound level alone. A rain detection algorithm that is
based on the variations of 5-30-kHz sound levels with periods longer than 20 s and shorter than 30 min is proposed. Faster
fluctuations (<20 s) are primarily due to wave breaking, and slower ones (>30 min) are due to overall wind variations.
Higher-frequency sound (>30 kHz) is strongly attenuated by bubble clouds. This approach is supported by observations
that, for wind speeds < 40 m s, the variation in sound level is much larger than that expected from observed wind varia-
tions and is roughly comparable to that expected from rain variations. The hydrophone results are consistent with rain esti-
mates by the Tropical Rainfall Measuring Mission (TRMM) satellite and with Stepped-Frequency Microwave Radiometer
(SFMR) and radar estimates by surveillance flights. The observations indicate that the rain-generated sound fluctuations
have broadband acoustic spectra centered around 10 kHz. Acoustically detected rain events usually last for a few minutes.
The data used in this study are insufficient to produce useful estimation of rain rate from ambient sound because of limited
quantity and accuracy of the validation data. The frequency dependence of sound variations suggests that quantitative rain-
fall algorithms from ambient sound may be developed using multiple sound frequencies.

SIGNIFICANCE STATEMENT: Rain is an indispensable process in forecasting the intensity and path of tropical cy-
clones. However, its role in the air—sea interaction is still poorly understood, and its parameterization in numerical mod-
els is still in development. In this work, we analyzed sound measurements made by hydrophones on board Lagrangian
floats beneath tropical cyclones. We find that wind, rain, and breaking waves each have distinctive signatures in under-
water ambient sound. We suggest that the air—sea dynamic processes in tropical cyclones can be explored by listening
to ambient sound using hydrophones beneath the sea surface.
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1. Introduction Despite its importance, measuring rain is difficult, especially in
tropical cyclones. Traditional rain gauges do not work well in such
a harsh environment. Surveillance aircraft flying into tropical cy-
clones estimate rain rate from microwave radiation and with ac-
tive radars. The Tropical Rainfall Measuring Mission (TRMM)
satellite and the Global Precipitation Measurement (GPM) con-
sortium may provide global coverage (Kummerow et al. 1998;
Hou et al. 2014). However, these observations are significantly
limited by the spatiotemporal coverage of surveillance flights and
satellites. In this paper, we explore the detection of rain by under-
water ambient sound to better understand the feasibility of devel-
oping an underwater acoustic technique for estimating rain rate in
tropical cyclones. It is a potentially powerful and low-cost ap-
proach that can be integrated with a wide variety of subsurface
platforms (e.g., Lagrangian float, sea glider, and Argo float). The
underwater acoustic technique may be useful in the study of air—
sea dynamic processes in tropical cyclones.

Rain generates sound when raindrops hit the ocean surface
and entrain bubbles (Nystuen and Farmer 1987; Nystuen et al.
1993; Nystuen 2001). A new bubble radiates sound at its reso-
nance frequency f following

Rain is an inherent element of tropical cyclones and plays
an important role in the air-sea interaction in tropical cyclo-
nes. Rain damps short surface waves and thus modifies the
air-sea drag coefficient. Rain within tropical cyclones forms
a layer of freshwater at the sea surface, which strengthens
upper-ocean stratification, and affects the air—sea flux in tropical
cyclones (Steffen and Bourassa 2018, 2020). At landfall, strong
wind and heavy rain both pose threat to human lives and proper-
ties. Accurate and timely prediction of rain associated with tropical
cyclones has significant societal impacts. For example, Hurricane
Harvey (2017) brought heavy rain and caused disastrous flooding
in Texas and Louisiana (Emanuel 2017; Valle-Levinson et al.
2020). Recent studies suggest that rain associated with tropical cy-
clones may increase in the future, because more moisture is pre-
sent in tropical cyclones over warmer oceans (van Oldenborgh
et al. 2017; Risser and Wehner 2017). Rain has an important ef-
fect on remote sensing of wind speed in tropical cyclones (e.g., mi-
crowave and infrared radiometers), because it absorbs outgoing
radiation from the ocean surface (Jiang et al. 2006; Klotz and
Uhlhorn 2014; Walsh et al. 2014).
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FIG. 1. Spectra of underwater ambient sound: (a) Sound spectra of rain, taken from Fig. 5 in Ma et al. (2005). The
spectra have five distinctive sections (color coded)—(I) wind-only (<14 m s~ "), (II) large raindrops, (III) small rain-
drops, (IV) both small and large raindrops, and (V) attenuation by rain-generated bubble clouds. Wind-dependent
spectral portions are indicated by dash—dotted lines. These five sections may overlap. (b) Sound spectra at high winds
(with or without rain). Colored lines are from Fig. 3 in Zhao et al. (2014). The sound level > 3 kHz decreases with in-
creasing wind speed, because of attenuation by bubble clouds. The black lines indicate the empirical algorithm of rain
rate in the low-wind condition developed by Ma et al. (2005).

where a is the bubble radius, vy is the bubble surface tension, P is
ambient pressure, and p is water density. The sound frequency
is inversely proportional to the bubble radius. The sound signa-
ture of rain is determined by a variety of factors such as rain
rate, the size distribution of raindrops, terminal speed, wind
speed, subsurface bubble cloud, and the state of the ocean
surface (Scrimger et al. 1987; Nystuen 1996; Ma et al. 2005).
The sound spectra of rain at low winds have been well studied
(Medwin et al. 1992; Nystuen and Medwin 1995; Nystuen 1996).
Ma et al. (2005) obtained the sound spectra created by different
types of rainfall at winds < 14 m s~ ' (Fig. 1a). In convective
rain, large and very large raindrops with radii greater than
2.2 mm generate spectra with a peak ranging 1-10 kHz (Fig. 1a, II).
In drizzle and light rain, small raindrops with radius ranging
from 0.8 to 1.2 mm create sound spectra with a peak ranging
over 13-25 kHz (Fig. 1a, III). In most cases, rain contains
mixed drop sizes and thus causes sound spectra louder in fre-
quency ranging 2-35 kHz (Fig. 1a, IV). Extremely heavy rain
may form bubble clouds in the surface layer, which attenuate
sound from newly generated bubbles and decreases sound
level (Fig. 1a, V). Based on simultaneous rain and hydrophone
measurements, Ma et al. (2005) developed an empirical algo-
rithm to estimate rain rate (RR) following

RR = 10PLs—424/154 @)
where SPLsy is the 5-kHz sound pressure level (Fig. 1b, black
lines).

Rain is detectable in underwater ambient sound at low winds,
because rain-generated sound is much louder than wind-generated
sound (Fig. 1a, I). However, this technique cannot be extended to
the high-wind regime, because the wind- and rain-generated
sound levels become comparable (Fig. 1b). According to the
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empirical relation between wind speed Uy, and 8-kHz sound pres-
sure level SPLg, developed by Vagle et al. (1990),

U, = (10520 + 104.5)/53.91, 3)
the 8-kHz sound increases from 44.2 dB at Sm s~ ' to 63.5 dB
at 30 m s~ ', which is close to the sound level caused by rain of
20-30 mm h™! (Fig. 1b).

Rain-induced sound remains louder than the wind-generated
sound at intermediate frequencies around 10 kHz. However,
sound from both wind and rain is attenuated by bubble clouds at
high winds. Previous studies have shown that bubble clouds start
to appear at wind speed of 8 m s™! and permanently exist in the
surface layer for wind >15 m s~ '. Bubble clouds absorb newly
generated sound around their resonant frequencies (Farmer and
Lemon 1984; Nystuen 2001; Zhao et al. 2014). For example,
Fig. 1b shows that the sound spectra at high winds >20 m s~
are attenuated by bubble clouds. The hydrophone measure-
ments contain sound from all sources including wind and rain.
The lower-frequency (<1 kHz) sound level increases with in-
creasing wind. However, the higher-frequency (>5 kHz) sound
level decreases with increasing wind due to bubble absorption.
Above 30 m sfl, bubbles reduce the sound level to below the
noise level of the hydrophone (=30 dB) for frequencies
>20 kHz. Thus, for increasing wind speed, there is only a nar-
row range of acoustic frequencies where the rain signal rises
well above the wind signal and the bubble attenuation is still
weak so that there is measurable sound. However, at hurricane
wind speeds, this range is small or nonexistent.

Zhao et al. (2014) described the variation of sound levels
from 40 to 50 kHz measured by Lagrangian floats air-deployed
into three tropical cyclones with wind speeds ranging from 15 to
50 m s, attributing most of the slow variations to wind speed.
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FIG. 2. Field experiment in Typhoon Fanapi: (a) Wind field constructed using aircraft observations around
0015 UTC 18 Sep 2010. The gray lines are the ground tracks of four surveillance flights of this storm plotted relative
to storm center. (b) TRMM Visible and Infrared Scanner (VIRS) brightness temperature. (c) TRMM Microwave
Imager (TMI) rain map. (d) Precipitation radar (PR) rain map. In (a)-(d), the black lines indicate the trajectories of
floats 60—62 and the dashed lines indicate the path of Fanapi. Note that the aircraft flight and wind field were about

7 h earlier than the TRMM observations.

Here, we use the same data to separate the rain signal from the
wind signal. We decompose underwater ambient sound into
three components based on the sound variations over various
time scales. We find that minute-scale sound fluctuations are
mainly caused by intermittent rain. It is confirmed by comparing
with aircraft and satellite observations, although simultaneous
ground-truth measurements are sparse and noisy. This yields a
simple method to detect rain. However, more simultaneous
measurements are needed to develop a reliable algorithm for
quantitatively estimating rain rate at high winds.

The rest of this paper is arranged as follows. Section 2 intro-
duces the field experiments. Section 3 describes how to decom-
pose underwater ambient sound and detect rain in sound
fluctuation. Section 4 confirms the identified rain events by
spatiotemporally matched satellite and aircraft observations.
Section 5 presents rain features in tropical cyclones observed us-
ing underwater ambient sound. Section 6 contains a summary.

2. Field experiments

Underwater ambient sound measurements were made in
three tropical cyclones: Hurricane Gustav (2008) in the Gulf of
Mexico, and Typhoons Fanapi (September 2010) and Megi
(October 2010) in the western Pacific Ocean as part of the
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Impact of Typhoons on the Ocean in the Pacific (ITOP) pro-
gram (D’Asaro et al. 2011, 2014). Measurements were made
from eight Lagrangian floats, each equipped with one hydro-
phone, air-deployed ahead of these storms by WC-130J aircraft
operated by the U.S. Air Force Reserve 53rd Weather Recon-
naissance squadron “Hurricane Hunters.” Floats 50 and 51
were in Gustav, 60, 61, and 62 in Fanapi, and 66, 67, and 68 in
Megi (Zhao et al. 2014). These aircraft flights also mapped the
surface wind field and rain rate using onboard instruments. Af-
ter the storm passage, the Lagrangian floats were recovered by
a research vessel. Float positions were determined by interpolat-
ing between a few GPS positions taken during the storm pas-
sage guided by time-integrated velocity measurements from
Electromagnetic Autonomous Profiling Explorer (EM-APEX)
floats deployed at the same time as the Lagrangian floats
(Sanford et al. 2011; Hsu et al. 2017). For example, Fig. 2a shows
the trajectories of floats 60, 61, and 62 (black lines) and the
tracks of four aircraft surveillance flights relative to the storm
(gray lines) over the four consecutive days preceding landfall on
Taiwan on 19 September 2010. These measurements have been
used to study the drag coefficient and ocean responses during
the same storms (e.g., Pun et al. 2011; Lin et al. 2013; Mrvaljevic
et al. 2013; Zhao et al. 2014; Hsu et al. 2017, 2019; Zhou et al.
2022). For each surveillance flight, one wind field was
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constructed as described in Zhao et al. (2014). Figure 2a shows
the wind field constructed using aircraft observations on
18 September 2010. For Hurricane Gustav, wind fields were
produced using the operational HWIND program (Powell et al.
1998, 2010).

a. Hydrophone measurements

During the passage of tropical cyclones, the hydrophone
switched between the work and sleep modes every 30 min due to
limited data storage. In the work mode, the hydrophones sam-
pled underwater ambient sound twice per second. The sound
measurements thus are in 30-min segments. There are 39 (50),
38 (51), 60 (60), 56 (61), 56 (62), 55 (66), 53 (67), and 51 (68) seg-
ments (float serial numbers are in parentheses), respectively, giv-
ing a total of 408 data segments and about 190 h of sound
measurements. Each raw time series has been Fourier trans-
formed to obtain a power spectrum from 40 to 50 kHz, with a
spectral resolution of 40 Hz. The sound pressure level (SPL) in
decibels (dB) is defined as

SPL = 20 log(P/P, ), (4)

where P is the hydrophone-measured sound pressure and Pt
is the reference pressure 1 uPa? Hz 2. The hydrophones were
intercalibrated in laboratory before and after the deployments
and agreed with each other, with an RMS difference of
1-2 dB (Zhao et al. 2014).

Each Lagrangian float carried a variety of instruments including
a pumped conductivity, temperature, and depth (CTD) sensor, a
pumped gas tension device (GTD), a motor to control drogue,
and another motor to control the float’s buoyancy (D’Asaro et al.
2011, 2014). These instruments generated noise of different tem-
poral and spectral features. Sound measurements contaminated
by noise were removed as described in Zhao et al. (2014). One ex-
ception is GTD, which ran for 90% of the time for floats 50 and
51 (Gustav) and 66, 67, and 68 (Megi) and caused significant con-
tamination on the <5-kHz sound data. However, the >5-kHz
sound measurements are not affected by the GTD noise, and thus
kept for rain detection in this study (using 5-30-kHz sound).

b. Aircraft wind and rain estimates

The Air Force WC-130J and the NOAA WP-3D collectively
conducted four flights in Typhoon Fanapi, three in Typhoon Megi,
and four flights in Hurricane Gustav. During each flight a nadir-
looking Stepped-Frequency Microwave Radiometer (SFMR) esti-
mated rain rate and wind speed using passive microwave
radiation from the ocean surface (Uhlhorn and Black 2003;
Uhlhorn et al. 2007). The wind and rain estimates used in this
study are 30-s-averaged values. The 30-s temporal resolution is
sufficient to resolve minute-scale variations, which will be com-
pared with minute-scale variations in sound. However, the 30-s-
averaged measurements may miss high-frequency variations.
Figure 3 gives the estimated wind speed and rain rate near the
center of Fanapi during a 4.5-h flight on 18 September 2010.
Figure 3a shows the flight pattern. Figures 3b and 3c present time
series of wind speed and rain rate. They show a narrow inner
band of high wind and heavy rain at the eyewall. There are also
several outer rainbands. Combining data from all eyewall
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penetrations, the result suggests that wind speed and rain rate
are closely correlated (Fig. 3d), as previously observed by
Houze et al. (2006). Figure 3e presents the mean and standard
deviation of wind speeds as a function of distance from the
storm center in 10-km bins. For a flight speed of 90 m s !, a
10-km bin is equivalent to 1.7 min in time, which just meets our
need to study the minute-scale variations in rain and wind
(section 4e). The wind variations of 1-2 m s~ ! are relatively
small in comparison with the mean, and the rain variations are
as large as 5 mm h™! and are comparable to the mean. This sug-
gests that rain is more intermittent than wind over minute-scale
time scales.

In the same format, Fig. 4 gives the SFMR-estimated wind
speed and rain rate in Typhoon Megi on 16 October 2010.
Figure 4a shows that the wind field of Megi is azimuthally asym-
metric (unlike Fanapi), which may lead to larger wind variation
in 10-km bins. However, Fig. 4 shows similar features as in
Fig. 3. For the same reason, Fig. 4e also suggests that rain is
much more intermittent than wind. This feature will be used to
distinguish the sound signatures of rain (section 3).

The NOAA WP-3D aircraft also routinely estimates rain rate
using its tail and lower-fuselage radars. These estimates corre-
late well with SFMR when these instruments are properly cali-
brated (Jiang et al. 2006). The lower-fuselage radar yields a time
series of reflectivity images (dBZ). Its sampling rate is two im-
ages per minute. Each image is created using measurements in
one round made by the rotating antenna. The advantage of the
active radar (relative to SFMR) is its large spatial coverage of
about 200 km in radius. In the past, lower-fuselage radar images
have been used to study the spatial structure of tropical cyclones
(e.g., Rogers and Uhlhorn 2008). The radar images were down-
loaded from the website of the NOAA/AOML/Hurricane Re-
search Division. In this study, we use them to confirm an
acoustically detected rain event (section 4d).

c¢. TRMM satellite rain estimates

The TRMM satellite measures rainfall and energy exchange
in tropical and subtropical regions between 35°S and 35°N
(Kummerow et al. 1998). The primary rainfall instruments on
board TRMM are the active Precipitation Radar (PR), the pas-
sive TRMM Microwave Imager (TMI), and the Visible and
Infrared Scanner (VIRS). Precipitation inferred from the VIRS
brightness temperature is less reliable; however, it is useful to
combine with other satellites for long-term observations of precipi-
tation. The VIRS temperature field covers a wide swath of
720 km. The TMI rain estimates have a swath of 878 km and a
spatial resolution of ~5 km. The PR estimates have a swath
that is approximately 247 km wide and a spatial resolution of
0.25-0.3 km. Jiang et al. (2011) compiled a database of the tropical
precipitation, cloud, and convective cell feature (TCPF). The
TCPF catalogs the TRMM estimates using an event-based format
and facilitates the use of TRMM'’s multisensor observations.

The TRMM observations in Typhoon Fanapi are demon-
strated in Fig. 2. Figure 2b shows brightness temperature mea-
sured by the VIRS. Figures 2c and 2d present the rain maps
estimated by the TMI and PR, respectively. The TMI map
cannot clearly resolve the spatial distribution of rain, due to
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FIG. 3. The surveillance flight in Typhoon Fanapi on 17 Sep 2010: (a) The wind field constructed by simulating the
aircraft observations into a parametric wind model. The gray line indicates the flight track. The red line indicates the
storm path. (b) Wind speed and (c) rain rate estimated by SFMR on board the aircraft. (d) Rain—wind scatterplot and
linear fit, showing that heavy rain is usually associated with high wind. (¢) Wind speed and rain rate as a function of
distance from the storm center. In 10-km bins, their means and standard deviations are shown as vertical bars.

its low spatial resolution. Fortunately, the PR map shows eye-
wall and rainbands clearly because of its 250-m spatial resolu-
tion. Despite TRMM'’s wide-swath coverage, there are only a
few cases in which our Lagrangian floats and TRMM match
both in time and space. Willis (2010) compared the SFMR
and TMI estimated rain rates in the western North Pacific
(including Fanapi), and found overall good agreements, but
with rain rate over 10 mm h™! occurring more frequently in
the satellite-based estimates.

3. Rain detection by underwater ambient sound

In this section, we examine underwater ambient sound for
signatures of rain. At low winds, the rain-generated sound is
much louder than the wind-generated background sound
(Fig. 1a), so that rain can be easily detected in underwater
ambient sound (Nystuen 2001; Ma et al. 2005). However, the
wind-generated background sound increases with increasing
wind speed and becomes comparable to sound generated by
rain, making it difficult to discriminate them. Here, we dem-
onstrate that rain can be detected by the minute-scale sound
fluctuation, instead of absolute sound level used in previous
studies.

Brought to you by University of Washington Libraries | Unauthenticated | Downloaded 09/15/25 07:24 PM UTC

a. Decomposition of sound measurements

Our decomposition method is illustrated using data segment
Q101623 from float 67 (Fig. 5). Figure 5a gives the 30-min sound
record measured in Typhoon Megi starting from 2330 UTC
16 October 2010. The broadband sound levels from 40 to
50 kHz have a wide range from 30 to 90 dB. The sound fluctua-
tion at each frequency can be as large as 10 dB. Figure Se shows
wind speed and float depth during this period. The wind speed
is about 24 m s~ !, higher than the wind condition discussed in
Ma et al. (2005). The Lagrangian float ranges from 15 to 42 m in
depth as designed. Note that the sound levels are nearly invari-
able with depth except for a few meters near the surface (refer
to Fig. 10 in Zhao et al. 2014). Because of the large variation of
background sound with wind speed (Fig. 1), rain cannot be de-
tected using a threshold absolute sound level.

We decompose the underwater ambient sound into three
components according to their time scales. First, we calculate
background sound, defined as the mean of the lowest 10%
sound level over the 30 min period (Fig. 5b). The background
sound generally rises and falls with increasing/decreasing
wind speed and the presence of bubble clouds (Zhao et al.
2014). Second, sound fluctuation is obtained by removing the
background sound from the original data (not shown). Third,
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FIG. 4. As in Fig. 3, but for the surveillance flight in Typhoon Megi on 16 Oct 2010.

the sound fluctuation is divided into two components using
two matched temporal filters. The second-scale fluctuation is
obtained by high-pass filtering the sound fluctuation using
20-s running mean. The minute-scale fluctuation is obtained by
low-pass filtering the sound fluctuation. The two components
are shown in Figs. Sc and 5d, respectively. By this method, the
original underwater ambient sound is decomposed into three
components: background, minute-scale fluctuation, and second-
scale fluctuation.

Figure Sc reveals that the minute-scale fluctuations may ex-
ceed 10 dB and that the loud events may have varying sound
spectra. For example, during minutes 10-11, the sound spectra
have a peak between 20 and 30 kHz; while during minutes
24-26, the spectra have a peak between 10 and 20 kHz. We ar-
gue that these are the acoustic signatures of intermittent rain,
and that the spectral variation is due to rain of different rates
and different types (Fig. 1). We test this hypothesis below by
comparing with TRMM and aircraft observations (section 4).
Figure 5d shows the second-scale fluctuation, which contains
sound bursts mainly caused by breaking surface waves that
usually last for several seconds (Farmer and Vagle 1988). Fur-
ther analysis will be presented in a separate paper.

Figure 6 shows a high-wind example from float 60 (segment
J091801). During this period, the wind speed is 47 m s~! and
the float depth ranges from the sea surface to 55 m (Fig. 6e).
Figure 6a shows that the sound level is overall very low, in
particular, at high frequency, due to the attenuation of bubble
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clouds in the surface layer (Zhao et al. 2014). In this case, the
sound signatures of rain are even harder to detect. Similarly,
the minute-scale and second-scale sound fluctuations are
given in Figs. 6¢c and 6d, respectively. When the float is at
depth, the high-frequency sound is totally attenuated by bub-
ble clouds. However, there are several loud sound events
around the 10 kHz sound, which are interpreted as rain
events. We will compare the sound fluctuations with aircraft
estimates in section 4b.

b. Rain detection

We propose a rain detection method using the minute-scale
sound fluctuation (Figs. 5c and 6¢). We identify rain by two
criteria: 1) the SPL averaged over 5-30 kHz in the minute-
scale fluctuation exceeds 4 dB, and 2) the event duration lasts
longer than 1 min. In Figs. 5 and 6, the rain events are indi-
cated by a two-level green line. High means rain and low
means no rain. This algorithm likely identifies heavy rain
events (loud sound), but may miss light rain, and any results
derived from it are sensitive to the empirical threshold values
(section 5).

We have applied the above decomposition and detection
methods to all 408 thirty-minute sound segments from eight
Lagrangian floats and created 408 figures with the same
format as Figs. 5 and 6. We have archived the denoised sound
data, and made them freely available to the community
(see data availability statement). Because of the exploratory
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FIG. 5. Decomposition of underwater ambient sound. This example shows one 30-min sound
segment from float 67: (a) Underwater ambient sound. (b) Background (30-min mean) sound
level. (c) Minute-scale sound fluctuation. (d) Second-scale sound fluctuation. (e¢) Wind speed
and float depth. The sum of (b), (c), and (d) gives (a). The two-level green line in (c) indicates

rain (high) or no rain (low).

nature of this work, some parameters are determined empiri-
cally. Interested researchers are encouraged to reanalyze the
data using their own parameters or methods.

4. Comparisons with aircraft and TRMM observations

In this section, we present four cases of spatially and tempo-
rally matched hydrophone and aircraft or satellite observations.
We also give a statistical comparison of acoustic and aircraft
rain estimates. The consistent features are used to support our
method for detecting rain.

a. TRMM and aircraft observations in Typhoon Megi

Our first case compares the hydrophone measurements with
TRMM and aircraft observations in Typhoon Megi on 16 October
2010 (Fig. 7). Figures 7a and 7b present the rain maps observed
by the TMI and the PR at 2337 UTC 16 October 2010. Figure 7a
shows a large map of precipitation associated with Megi, due to
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the TMI’s 878-km wide swath. However, its 5-km spatial resolu-
tion is insufficient to resolve small-scale rain structures. Thanks to
the PR’s 247-km swath and 0.25-0.3-km spatial resolution, Fig. 7b
shows a small rain map with higher spatial resolution. One can see
the rainband at the eyewall and several outer rainbands. At the
imaging time, the WC-130J aircraft was within the storm center
(Figs. 7a,b, green dots) and flew northward (blue line). Figure 7¢c
plots the rain rates along the section estimated by the SFMR, the
PR and the TMI. During this period, float 67 was to the north of
the storm (Figs. 7a,b, black circles) and its horizontal drift was neg-
ligible. Figure 7d gives the minute-scale sound fluctuation ob-
served by float 67 and rain events detected in the sound
fluctuation (Fig. 5c). Floats 66 and 68 were nearby but in sleep
mode (not shown).

We found two consistent features between the hydrophone
and TRMM observations. First, both suggest rain during mi-
nutes 5-12. Float 67 shows loud events in sound fluctuation,
which are attributed to rain (green line) and the nearly
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FIG. 6. As in Fig. 5, but for one 30-min sound segment from float 60. The wind speed during this
period is about 47 m s~ .

simultaneous TRMM image shows float 67 in a rainband
(Figs. 7a,b). These observations are matched both in time and
space. Second, both indicate intermittent rain during the
30-min period. The hydrophone minute-scale fluctuation suggests
several rain events. Meanwhile, the TMI and PR rain maps show
that float 67 was surrounded by rainbands. Thus, TRMM and hy-
drophone both show intermittent rain events and varying rain
rate during this period. Although it is hard to compare them point
by point, the data are consistent with our hypothesis that the
minute-scale sound fluctuation is caused by rain.

Figure 7c compares the rain rates from three instruments:
the PR, the TMI, and the SFMR. They all yield rain rates of
25-35 mm h™! at the eyewall around minute 15. Before minute 15,
however, the TMI estimates are much larger, which may be caused
by the different spatial resolutions between TMI and SFMR. This
discrepancy explains the difficulty in comparing rain rates from dif-
ferent techniques, even though they match in space and time.

b. Aircraft observations in Typhoon Fanapi

Our second case compares the hydrophone measurements
with aircraft observations in Typhoon Fanapi on 17 September

Brought to you by University of Washington Libraries | Unauthenticated | Downloaded 09/15/25 07:24 PM UTC

2010 (Fig. 8). Figure 8a shows the flight track overlying the wind
field. The WC-130J aircraft flew within 14 km of float 60 at
minute 7 and within 1 km of float 62 at minute 25 (float 61 was
in sleep mode). The aircraft was in the storm center during
minutes 9-14. Figure 8b plots wind speed and rain rate along
the leg (Fig. 8a, magenta section). The wind speed is low around
minutes 9-14, because the aircraft was inside the eye. Float
60 was at the eyewall with a wind speed of 47 m s~ '. Float
62 was about 100 km from the center with a wind speed of
30 m s™'. Sound measurements from both floats suggest several
rain events in this period. The sound fluctuation from float
60 suggests a rain event during minutes 7-8 (Fig. 8c), consistent
with the aircraft estimated rain rate (Fig. 8b). The sound fluctua-
tion from float 62 suggests a rain event during minutes 25-26
(Fig. 8d), consistent with the aircraft estimated rain rate (Fig. 8b).
These consistent observations support our hypothesis that the mi-
nute-scale sound fluctuation is caused by rain.

¢. TRMM observations in Typhoon Fanapi

Our third case compares the TRMM rain estimates and
hydrophone sound measurements in Typhoon Fanapi on
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FIG. 7. Comparison of rain observations by TRMM, aircraft, and hydrophone: (a) TMI rain map. (b) PR rain map. The spatial coverage
of (b) is shown by a green-outlined box in (a). The TRMM observation time is 2337 UTC 16 Oct 2010. Dotted lines indicate the track of
Typhoon Fanapi. Gray lines indicate the flight track. The black circle denotes the current location of float 67. The green dot denotes the
current location of the aircraft, which was flying from south to north along one leg. (c) Rain rates estimated by TMI, PR, and SFMR in
15 min along the blue section in (b). (d) Minute-scale sound fluctuation from float 67 (Fig. 5Sc). The TRMM observation time is labeled by
the vertical line. The two-level green line indicates rain (high) or no rain (low).

18 September 2010 (Fig. 9). The TMI and PR rain maps are ~ TMI rain map (Fig. 9a) shows float 62 was on the dry side of
shown in Figs. 9a and 9b, respectively. The TMI map fully Fanapi. The PR map shows that float 60 was on the edge of a
covers the storm with a low spatial resolution. The PR map  rain event. It was thus ambiguous as to whether it was raining.
has a high spatial resolution, but only covers the northern part ~ Considering the intermittent and complex nature of rain,
of the storm. The locations of floats 60 and 62 are indicated by  these observations are generally consistent with our hypothe-
two circles (float 61 was in sleep mode). Figures 9c and 9d give  sis that the minute-scale sound fluctuation is caused by rain.
the minute-scale sound fluctuations measured by these two
floats. The wind speed for both floats was 17-18 m s~ 1. One
can see that floats 60 and 62 have different rain conditions. Our final case compares the matched hydrophone measure-
Float 62 detects several rain events, consistent with the TMI  ments with the lower-fuselage radar images from the NOAA
rain map (Fig. 9a) that shows it was on the rainy side of Fa- WP-3D aircraft in Hurricane Gustav. Because of the wide
napi. This qualitative consistency supports our hypothesis that  swath of the radar images (with a radius of about 200 km),
the minute-scale sound fluctuation is caused by rain. comparisons can be made over a period of 10 min, as the air-
However, float 60 detects no rain events in the 30-min pe- craft was about 170 km northwest of the float. The sound fluc-
riod and, in particular, at the time that the TRMM satellite  tuation from float 50 suggests one rain event lasting about
flew over the site (minute 25). The weak fluctuations in sound 6 min (Fig. 10a). The rain event was captured by the radar
at 30-50 kHz may be due to light rain at low wind speeds images, which show one rain cloud (high reflectivity) mov-
(Fig. 1a, IIT), but were missed by our detection algorithm. The ing across float 50 from south to north (Figs. 10b—i). At

d. Radar observations in Hurricane Gustav
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F1G. 8. Comparison of the rain observations by SFMR (aboard aircraft) and hydrophone in Typhoon Fanapi:
(a) Wind field superimposed with the storm path (dashed line), flight track (gray line), and float positions (circles).
(b) SFMR estimated wind speed and rain rate along the magenta section in (a). (¢) Minute-scale sound fluctuation
from float 60. (d) Minute-scale sound fluctuation from float 62. Float 61 was in sleep mode. The vertical lines label the
times the aircraft flew over the floats. The two-level green lines indicate rain (high) or no rain (low).

minutes 7-8 (Fig. 10b), float 50 was at the northern edge of
the rain cloud; rain was not detected at the float (Fig. 10a).
The following six images over 9 min show that the float was be-
neath the rain cloud and that rain was detected by the float. By
minute 17, the rain cloud moved past the float (Fig. 10i); thus,
no rain was detected at the float again (Fig. 10a). This excellent
correspondence between the hydrophone measurements and
aircraft observations strongly supports our hypothesis that the
minute-scale sound fluctuation is caused by rain.

e. Variability in wind, rain, and sound

We hypothesize that the minute-scale sound fluctuations
are mainly due to rain. An alternative hypothesis is that
they are due to minute-scale wind variations. Here we exam-
ine the two possibilities by comparing their contributions
to sound fluctuations. We first examine the variation coeffi-
cient Cv using aircraft SFMR-estimated wind and rain. As
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described in section 2b, both of the wind and rain estimates
are 30-s averaged; therefore, they can resolve minute-scale
fluctuations but miss the <30-s high-frequency variation.
Here Cv is defined to be the ratio of the standard deviation
to the mean, which are from the 10-km binned values shown
in Figs. 3e and 4e. Figure 11a shows that Cv is 4%-17% for
wind and 28%-110% for rain, indicating that rain is much
more variable than wind. Furthermore, Fig. 11b presents the
standard deviation of minute-scale sound fluctuations at
8 kHz for each 30-min segment (section 2a). It shows that
the typical values for winds > 20 m s~ ! are 4 + 2 dB. Seg-
ments with rain generally have larger fluctuations than
those without rain. This feature is also consistent with the
idea that the minute-scale sound fluctuations are mainly due
to rain. But the argument is circular and not definitive, be-
cause the rain classification (larger fluctuation) implies this
result (section 3b).
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FIG. 9. Comparison of rain observations by TRMM

and hydrophone in Typhoon Fanapi: (a) TMI rain map.

(b) PR rain map. The TRMM observation time is 1326 UTC 18 Sep 2010. Dashed lines indicate the track of Fanapi.
Black circles indicate the present locations of floats 60 and 62. (¢) Minute-scale sound fluctuation observed by float 60.
(d) Minute-scale sound fluctuation observed by float 62. The TRMM observation time is labeled by vertical lines. The

two-level green lines indicate rain (high) or no rain (low).

Could the sound fluctuations be due to wind fluctuations?
The black line in Fig. 12a shows the 5-kHz sound level as a
function of wind speed from Fig. 11 in Zhao et al. (2014).
The colored dots show the variation of sound level due to
wind fluctuations assuming Cv 8% (refer to Fig. 1la,
green lines) for winds of 20, 30, and 40 m s~ '. This is simu-
lated by randomly varying the wind speed with Gaussian
noise specified by Cv for each wind speed category in 3000
realizations. The resulting standard deviation in sound level
indicates that fluctuations of less than 2 dB result from
winds of 20 and 30 m s~ ! (Fig. 12b, red and blue bars).

Could the sound fluctuations be due to rain fluctuations?
The black line in Fig. 12c shows the 8-kHz sound level as a
function of wind speed from Eq. (2). The colored dots show
the variation of sound level due to rain fluctuations assuming
Cv = 60% (refer to Fig. 11a, red lines) for rain rates of 0.1, 1,
and 10 mm h™!. This is simulated by randomly varying the
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rain rate with Gaussian noise specified by Cv for each category
for 3000 realizations. Figure 12d gives the resulting standard
deviation of sound level. It shows that the rain-induced sound
fluctuations are about 6 dB larger independent of rain rate
(blue and red bars).

In summary, for winds < 35 m s~ °, the wind variations are
too small to explain the observed minute-scale sound fluctua-
tions at 8 kHz. At all rain rates, the rain fluctuations slightly
overestimate the observed 8-kHz sound fluctuation, perhaps be-
cause the model is for 5 kHz rather than 8 kHz or because the
model does not work well at these high wind speeds. Neverthe-
less, this supports the idea that the minute-scale sound fluctua-
tions are mainly due to rain. For winds > 40 m s~!, however,
the sound level at 8 kHz decreases dramatically because of in-
creasing bubble absorption, and the sound fluctuations due to
wind fluctuations are of the same magnitude as those of rain.
Thus, rain and wind may both contribute to minute-scale sound

-1
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FIG. 10. Comparison of sound fluctuation and radar reflectivity: (a) Minute-scale sound fluctuation from float 50 in Gustav. Rain is de-
tected during minutes 9-16. (b)—(i) Reflectivity images from lower-fuselage radar aboard the NOAA WP-3D aircraft. Their imaging times
are labeled in (a) by vertical lines. The black curves and circles indicate the trajectory of float 50 and its present location. Sound fluctuation

and high-reflectivity cloud correspond well in time and space.

fluctuations, which makes it even more challenging to detect
rain, if possible.

5. Rain features in tropical cyclones
a. Sound spectra of rain

In this section, we examine the sound spectra of rain by com-
paring spectra from sound segments in which rain is detected
and not detected (section 3b). The sound measurements with
rain are further divided into six groups by wind speed, from
which six sound spectra are obtained. The resultant sound spec-
tra with rain are shown in Fig. 13a. Similarly, six sound spectra
without rain are calculated and shown in Fig. 13b. The sound
spectra with and without rain both decrease with increasing
wind speed, because of the attenuation by bubble clouds.

Figure 13c gives the spectral differences between Figs. 13a
and 13b. It shows that the sound signature of rain is strongest
between 5 and 10 kHz and has a maximum amplitude of about
8 dB. In tropical cyclones, convective rains have large raindrops
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that produce loud sound across a wide frequency range as
shown in Fig. 1 (Nystuen et al. 1993; Ma et al. 2005). The
spectra in Fig. 13c are more strongly peaked. This may be
due to three factors: 1) at low frequencies and high winds,
the wind noise is louder than the rain noise, so the rain noise
cannot be detected; 2) at high frequencies and high winds,
bubble clouds attenuate sound, including the rain noise;
3) our rain detection method uses the amplitude at 5-30 kHz,
which may bias the rain spectra toward a peak at those
frequencies.

b. Statistics of rain events

Here we examine rain events and rain time derived from
underwater ambient sound. According to our method and
criteria, we have detected a large number of rain events
with varying duration times. For example, there are five
rain events in segment Q101623 (Fig. 5) and six rain events
in segment J091801 (Fig. 6). A total of 723 rain events have
been identified in all the sound measurements by the eight
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FI1G. 11. (a) Variation coefficient defined as the ratio of the standard deviation to the mean (Fig. 3e for Fanapi and
Fig. 4e for Megi). Rain (red) is more intermittent than wind (green). (b) The 8-kHz sound fluctuation from all eight
floats. Each symbol represents one 30-min sound segment. Red circles and green dots indicate sound segments with

and without rain, respectively.

floats. The statistics of the rain events are given in Fig. 14.
Figure 14a shows that the rain events usually last for a few mi-
nutes, rarely longer than 10 min. This feature is consistent with the
fast translation speed and the spatial rainband pattern of tropical
cyclones. Figure 14b shows the rain time in percentage for all
floats. Rain time accounts for 8%-16% of the total observation
time. There are no notable differences among the three tropical
cyclones (Gustav, Fanapi, and Megi). Again, the statistical results
are sensitive to our empirical threshold values. Some light rain
may be missed in our statistics (Fig. 9c). Future comprehensive

algorithms are needed to address the complex nature of rain in
tropical cyclones.

c. Estimation of rain rate

Ma et al. (2005) developed an empirical relation between
sound level and rain rate using 90 months of simultaneous un-
derwater sound measurements and traditional rain gauge meas-
urements (Fig. 15a). They found that rain has signatures in the
1-10-kHz-frequency bands and built an empirical algorithm
for estimating rain rate using 5-kHz sound, that is, Eq. (2).

7l 8 Khz Sound v Wind Speed with 8% variation
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FIG. 12. (a) The 8-kHz sound fluctuation due to rain variation. The black line shows the relation between sound
level and wind speed from Fig. 11 in Zhao et al. (2014). The dots show the sound level due to wind variation around
three wind speeds. (b) The standard deviation (colored bars) of the colored dots in (a). (c) As in (a), but for the
5-kHz sound fluctuation due to rain variation. The black line shows the relation between sound level and rain rate in
Ma et al. (2005). (d) The standard deviation (colored bars) of the colored dots in (c). The sound fluctuations induced
by rain variation are much greater than those induced by wind variation.
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FIG. 13. Spectra of underwater ambient sound with and without rain: (a) Spectra with rain. (b) Spectra without rain. (c) Differences be-
tween (a) and (b). The spectral anomalies caused by rain are 2-8 dB, with a peak around 10 kHz. The rain signatures in >10-kHz sound

weaken with increasing wind partly because of bubble clouds.

However, we cannot directly extend this low-wind algorithm to
the high-wind regime. To illustrate the challenge, the 5-, 10-,
and 20-kHz sound levels are given in Fig. 15b. They all first in-
crease and then decrease with increasing wind speed, due to
breaking wind waves and bubble clouds. Such a feature has
been shown in contrasting the 5- and 20-kHz sound levels
(Nystuen 2001; Zhao et al. 2014). The sound levels are not a
monotonic function of wind speed; therefore, it is challenging
to develop an algorithm for estimating rain rate in tropical
cyclones. Fortunately, the sound levels of different frequencies
have different response functions (Fig. 15b, black lines), sug-
gesting that a multifrequency algorithm is feasible.

(a) Rain duration

# of rain events

1 3

5 7 9 11 13

Time (minute)

15 17 19

It is premature to develop such an algorithm in this paper
because of the lack of simultaneous measurements. For the low-
wind condition, Ma et al. (2005) collected 90 months of simulta-
neous measurements. Here, we have only a limited number of
cases where sound measurements match aircraft or TRMM esti-
mates. Note that traditional rain gauges do not function well in
the harsh tropical cyclones. Even worse, the aircraft and TRMM
rain estimates have large uncertainties in rain rate, as evidenced
by the notable discrepancies among them (e.g., Fig. 7c). All of
these features suggest the challenge as well as the importance of
developing the underwater ambient sound technique for studying
rain in tropical cyclones.

(b) Rain time
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FIG. 14. Statistics of rain events in tropical cyclones: (a) Histogram of rain duration. (b) Histogram of rain time (%).
The statistics are sensitive to the empirical threshold values in the detection method.
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FI1G. 15. Estimation of rain rate using underwater ambient sound: (a) The Ma05 algorithm developed in the low-
wind condition. The lines are plotted using Egs. (6)—(8) in Ma et al. (2005). (b) The 5-, 10-, and 20-kHz sound levels
(with rain). The Ma05 algorithm is applicable to the low-wind condition (gray box). At winds > 15 m s, the sound
level is significantly affected by wind speed. Different sound frequencies have different response curves (black lines),
suggesting that high-wind algorithms can be developed using multifrequency sound.

6. Summary

Rain plays an important role at the air-sea interface in tropi-
cal cyclones and is a major destructive factor of these storms.
Previous rain estimates by aircraft and satellites have limited
spatiotemporal coverage and large uncertainties; thus, any new
technique to estimate rain rate is valuable. Ma et al. (2005) de-
veloped an algorithm for estimating rain rate using underwater
ambient sound for the low-wind regime, but it cannot be ex-
tended to the high-wind regime of tropical cyclones. At high
winds, the wind- and rain-generated sound levels are compara-
ble, and both are attenuated by bubble clouds in the surface
layer. These processes lead to a complex variation of sound with
wind and rain; therefore, rain cannot be detected from absolute
sound level.

We explored the possibility of measuring rain by underwater
ambient sound using rare sound measurements made by hydro-
phones on board Lagrangian floats in tropical cyclones. We
searched aircraft and satellite observations in these field experi-
ments and found a few spatially and temporally matched cases
among these observations. To detect the sound signatures of rain,
we proposed a method to decompose ambient sound into three
components (Figs. 5 and 6): (i) background, that is the 30-min
mean for each sound segment, (ii) second-scale fluctuation, that
is for periods shorter than 20 s, and (iii) minute-scale fluctuation
between 30 min and 20 s. Among them, the second-scale fast fluc-
tuations are primarily due to surface wave breaking and the
>30-min slow fluctuations are due to rising/falling wind and bub-
ble clouds with the passage of tropical cyclones (Zhao et al. 2014).

We argue that the minute-scale sound fluctuations are pri-
marily the sound signatures of rain. In the minute-scale sound
fluctuation, we detect rain using the following two criteria:
(i) the sound level averaged over 5-30 kHz is greater than
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4 dB, and (ii) the event duration is longer than 1 min (Figs. 5
and 6). Our detection method was supported by the following
consistent features:

¢ A spatial and temporal match between acoustic rain detec-

tion and satellite and/or aircraft estimates was found in

three cases. The acoustic rain detection is consistent with

the satellite or aircraft rain estimates (Figs. 7-9).

An outstanding 6-min-long rain event in Hurricane Gustav

was consistently detected by both underwater ambient sound

and the active lower-fuselage radar aboard the NOAA WP-

3D aircraft (Fig. 10).

e For wind speeds < 40 m s~ , the minute-scale sound fluctua-
tions are much larger than would be expected from wind varia-
tions and are comparable to those expected for rain variations,
supporting the attribution of the minute-scale fluctuations to
rain (Figs. 11 and 12). However, our data are barely sufficient
to justify the detection method, and surely insufficient to pro-
duce a useful algorithm for estimating rain rate from ambient
sound.

1

We examined the features of rain in tropical cyclones using the
rain events derived from underwater ambient sound. It was found
that rain makes sound of 2-8 dB louder in a wide band from 1 to
40 kHz, consistent with large raindrops of convective rain typical
of tropical cyclones. The peak sound level appears around
5-10 kHz (Fig. 13). A total of 723 rain events were detected in
190 h of data, accounting for 8%-16% of the time. Each rain
event lasts for a few minutes and rarely longer than 10 min
(Fig. 14). Note that our results are sensitive to the empirical
threshold values (4 dB and 1 min) in the rain detection method.
To avoid misinterpretation, we make our sound data freely avail-
able to the community (see data availability statement).
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The algorithm for estimating rain rate from underwater am-
bient sound in the low-wind condition (Ma et al. 2005) cannot
be extended to the high-wind regime of tropical cyclones. We
observed that the sound levels at different frequencies have
different response curves (Fig. 15), which suggests that future
empirical algorithms can be developed using multifrequency
ambient sound. The development of such algorithms requires
simultaneous and collocated measurements of rain rate and
ambient sound spanning at least the 5-20-kHz-frequency
range, at a sampling rate of 1 Hz or higher, and continuously
in several tropical cyclones.
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