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ABSTRACT
Several years of long-term high temporal resolution ocean ambient noise data from the tropical Pacific
Ocean are analyzed to detect oceanic rainfall. Ocean ambient noise generated by rainfall and wind are
identified through an acoustic discrimination process. Once the spectra are classified, wind speed and
rainfall rates are quantified using the empirical algorithms. Rainfall-rate time series have temporal resolutions of 1 min. These data provide a unique opportunity to study the rainfall events and patterns in two
different climate regions, the intertropical convergence zone (ITCZ) of the tropical eastern Pacific (10° and
12°N, 95°W) and the equatorial western Pacific (0°, 165°E). At both locations the rain events have a mean
rainfall of 15 mm h⫺1, but the events are longer in the eastern Pacific. After the rain event is defined, the
probability that a rain event can be detected using the change in air–sea temperature often associated with
the rainfall is investigated. The result shows that the rain event accompanied by the decrease of air
temperature is a general feature, but that using the temperature difference to detect the rainfall has a very
high false alarm rate, which makes it unsuitable for rainfall detection.

1. Introduction
The rainfall climatology of the eastern tropical Pacific Ocean is dominated by the intertropical convergence zone (ITCZ). The narrow ITCZ is marked by
heavy and persistent rainfall. The positions and intensities of the ITCZ are highly sensitive to the underlying
sea surface temperature distribution (Weller et al.
1999). The East Pacific Investigation of Climate Processes (EPIC) project was a 5-yr process study to improve the description and understanding of the Pacific
cold tongue–ITCZ complex and the stratus deck region
of the southeastern and eastern Pacific Ocean.
The technique of using underwater acoustic signals
generated from raindrops to detect and quantify the
rainfall amount has been developed through laboratory
studies on individual drop splashes (Pumphrey et al.
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1989; Medwin et al. 1990; Medwin et al. 1992; Nystuen
and Medwin 1995) and field studies (Nystuen 1986;
Nystuen et al. 1993; Nystuen and Selsor 1997; Black et
al. 1997; Nystuen 2001). The rainfall rate directly converted from the acoustic sound level has the potential
for very high temporal resolution as the measurement is
an instantaneous acoustic measure (Nystuen and Amitai 2003). During the EPIC 2001 phase of the study, the
underwater acoustic sensors—passive aquatic listeners
[PALs; also known as acoustic rain gauges (ARGs)]
were deployed at 10° and 12°N, 95°W and were in place
for several years. Periods of rain and wind are identified through an acoustic discrimination process (Ma
and Nystuen 2005). About 10 000 min of rainfall and
70 000 rain-free data points (at 9-min interval) are identified in these two locations. The time series of acoustically converted rain rate have temporal resolutions of
1 min. This presents an opportunity to define a rainfall
event based on the temporal separation of the detected
rain spectra. A similar rainfall analysis is also applied to
the climate region in the western tropical Pacific Ocean
(0°, 165°E). The southeastern Pacific (20°S, 85°W) only
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had 35 mm of rainfall during a 1-yr span of deployment
in 2002. Thus, the rainfall analysis is not performed for
this region. The ancillary air temperature data and the
sea surface temperature on the deployment moorings
are used to study the feasibility of rainfall detection
using the decrease in air temperature often associated
with rainfall.
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TABLE 1. The percentage of time of the overall acoustic signals
and noise.

Wind (%)
Rain (%)
Drizzle (%)
Noises (%)

10°N,
95°W

12°N,
95°W

0°,
165°E

20°S,
85°W

64.70
1.10
0.40
33.80

71.40
0.75
0.25
27.60

72.20
0.37
0.23
27.20

79.25
0.02
0
20.73

2. The instrumentation
The PALs were mounted on the Tropical Atmosphere Ocean (TAO) project (McPhaden et al. 1998)
moorings since 1998. The PALs and selected ancillary
instruments on the moorings are described in the following subsections.

a. Passive aquatic listeners (PALs)
The PALs consist of an ITC-8263 hydrophone, signal
preamplifiers, and a recording computer (Tattletale-8).
The nominal sensitivity of these instruments is ⫺160 dB
relative to 1 V Pa⫺1 and the equivalent oceanic background noise level of the preamplifier system is about
28 dB relative to 1 Pa2 Hz⫺1. A data collection sequence consists of four 1024-point time series collected
at 100 kHz (10.24 ms each) separated by 5 s if triggered
by rain or drizzle. Each time series is fast Fourier transformed (FFT) to obtain a 512-point (0–50 kHz) power
spectrum. These four spectra are averaged together and
spectrally compressed to 64 frequency bins, with frequency resolutions of 200 Hz from 100 to 3000 Hz and
of 1 kHz from 3 to 50 kHz. These spectra are evaluated
individually to detect the acoustic signature of rainfall
and then they are recorded internally. The temporal
sampling strategy is designed to allow the instrument to
record data for up to 1 yr and yet detect the relatively
short time intervals associated with rainfall. To achieve
this goal, the PAL enters a low-power mode (sleep
mode) between each data sample.

b. R. M. Young anemometer
An R. M. Young Company (RMY) anemometer is
mounted on the TAO mooring at 4-m height. The data
values are 10-min-averaged wind vectors. The error estimate is ⫾0.3 m s⫺1 or 3% of the wind speed, whichever is greater (Freitag et al. 2001).

c. R. M. Young rain gauge
Precipitation measurements on the TAO buoys are
made using R. M. Young model 50203–34 selfsiphoning rain gauges mounted 3.5 m above the ocean
surface. The instruments have a 100 cm2 (11.3-cm di-

ameter) catchment cylinder mounted on top of a fill
tube. The measuring tube has a maximum capacity of
500 mL, which is equivalent to 50 mm of rainfall accumulation, after which it automatically drains via a siphon. Siphon events take about 30 s, and are typically
identified by sharp declines in volume for two consecutive samples (Serra et al. 2001).

3. Data description
a. Ocean ambient sound data
The ocean ambient sound data were collected using
PALs deployed on the TAO moorings at different locations with depths from 20 to 98 m (Ma and Nystuen
2005). These depths were chosen so that the measurements would be in the mixed layer, reducing the complexities of sound refraction from the surface (sound
source) to the sensor, but deep enough to reduce locally
generated noise from the surface component of the
mooring itself. The signal contains sound from the desired natural quantity (rain), plus sound from wind and
noises from other sources. About 90 buoy months of
acoustic data are used from two climate regions, the
western Pacific warm pool (WPWP) and the intertropical convergence zone (ITCZ). Although each PAL is
focused on rainfall detection, the long-term acoustical
spectra from the deployment sites are available for
wind speed measurement and various noise budget
studies. The data have been classified into sound categories of wind, rain, and noise using the discrimination
process described in Ma and Nystuen (2005). Table 1
shows the resulting sound budgets for these deployments.
Once the sound source is identified, wind speed and
rainfall rate can be calculated. The surface wind speeds
conversion uses the algorithm given in Vagle et al.
(1990):
W ⫽ 关10共SPL8kHzⲐ20兲 ⫹ 104.5兴Ⲑ53.91,

共1兲

⫺1

where W is the wind speed (m s ) at 10-m height and
SPL8kHz is the sound pressure level at 8 kHz. The rainfall-rate conversion uses the algorithm given in Ma and
Nystuen (2005):
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FIG. 1. The acoustic rainfall and wind estimates at 10°N, 95°W from May to December 2001.

dBRⲐ10 ⫽ 共SPL5kHz ⫺ 42.4兲Ⲑ15.4

and
共2兲

dBR ⫽ 10 log10共R兲,
⫺1

where R is the rain rate (mm h ) and SPL5kHz is the
sound pressure level at 5 kHz. The acoustically measured wind speeds and rainfall rates are shown in Figs.
1–4 for 10°N, 95°W; 12°N, 95°W; 0°, 165°E; and 20°S,
85°W, respectively. The acoustic data have the sampling intervals of 9 min for wind, 3 min for drizzle, and
1 min for rain. Each panel in Figs. 1–4 represents 1
month of data, and only the rainy months are shown.
The surface anemometers are also shown for the intercomparison. PALs do not give wind speed estimates
during rainfall, since the rain-generated sound is loud

and masks the signal from wind when it is present. Although it may be possible to estimate wind speed during periods of drizzle or during the extreme rainfall
using changes in the sound signal due to bubble cloud
effects, no attempt is made here to estimate wind speed
during rain, drizzle, or otherwise noisy conditions. The
correlation coefficients between the wind measurements from the PALs and the buoy-mounted R. M.
Young anemometers are shown in Table 2. Different
time-averaging intervals for the wind measurements,
and a comparison using all data points and only data
when the wind speeds are above 2.2 m s⫺1, are considered. The correlation for the wind speeds above (2.2
m s⫺1) is expected to be slightly higher than the one
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FIG. 2. The acoustic rainfall and wind estimates at 12°N, 95°W from May to December 2001.

calculated from all data points because low winds do
not generate breaking waves, and thus there is no
acoustic signal. Table 2 indicates that a 30-min to hourly
average of acoustic wind speeds is sufficient to have a
comparable result with the surface anemometer data
(correlation more than 0.85). Longer time-averaging intervals improve the correlations, but not significantly.
For the data shown in Figs. 1–4, the acoustic wind
speeds are smoothed by taking a three-datapoint (27
min) running mean. The correlation coefficients at
12°N are higher than 10°N. The higher amounts of rainfall and larger percentage of local mooring noises can
contribute to this result. The scatterplots for timeaveraging intervals of 3 h, 6 h, 12 h, and daily at

12°N, 95°W are shown in Fig. 5. The acoustic
wind speeds do not have measurements of less than
2.2 m s⫺1, due to the physical limitation (no signal from
breaking waves), which is reflected in the measurement
algorithm [Eq. (1)]. (The algorithm has a minimum output value of 2.2 m s⫺1.) The annual mean wind speed
is 5.2 m s⫺1 and the maximum wind speed is about
14 m s⫺1 for this year-long acoustic wind record.
For the rainfall, this part of the ocean has a distinctive wet and dry pattern, each associated with the seasonal movement of the ITCZ. This rainy season is from
May to roughly the end of November. The clusters of
rainfall from the ITCZ region of the eastern Pacific
suggest a separation time of about 4–6 days (Figs. 1 and
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FIG. 3. The acoustic rainfall and wind estimates at 0°, 165°E from April to November 2000.

2), while the clusters of rainfall from 0°, 165°E are separated by about 8–12 days (Fig. 3), which is roughly twice
as long as that in the eastern Pacific. At 20°S, 85°W,
rainfall rarely occurs; the annual accumulation was only
30 mm. The resolution of the time series of rainfall rates
in Figs. 1–4 is 1 min, with the maximum rainfall rate of
374 mm h⫺1 recorded at 10°N, 95°W, but for only 1 min.
The maximum 10-min rainfall rate from the surfacemounted R. M. Young rain gauges was 83 mm h⫺1. This
difference is expected as the acoustic rainfall measurement is an instantaneous measurement, whereas the
surface rain gauge is an accumulation gauge, necessarily smoothing extreme values. The monthly rainfall accumulation is shown in Fig. 6. At 10°N, 95°W, the

month of September 2001 had a rainfall accumulation
of 590 mm, which accounted for one-third of the annual
precipitation for 2001. In addition, accumulation during
two extreme rainy days in September 2001 accounted
for one-third of the monthly accumulation of that
month. This shows the episodic character of the rainfall
climatology in this region. At 12°N, 95°W, the rainfalls
are more evenly distributed throughout the wet season
with monthly accumulations ranging from 150 to 250
mm. Histograms of acoustic rainfall rates versus the
accumulations using a bin width of 2 mm h⫺1 are shown
in Fig. 7. The rainfall rates in the 10 mm h⫺1 bin have
the highest contribution to the overall accumulation of
rainfall at these locations. Note that Fig. 7 may be bi-
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FIG. 4. The acoustic rainfall and wind estimates at 20°S, 95°W from March to October 2002.

ased because the acoustic detection of lighter rainfall
rates (⬍2 mm h⫺1) is limited.

b. Ancillary data
Ancillary data collected on the mooring are used for
intercomparison of the rainfall and wind speed signal
from the acoustic records.

1) WIND

SPEED

Wind measurements are made using an R. M. Young
anemometer mounted on the TAO moorings. By using
the Coupled Ocean–Atmosphere Response Experiment (COARE) version 2.5 flux algorithm (Fairall et

TABLE 2. Correlation coefficients of acoustic wind speed
estimates and surface anemometer wind speeds.
10°N, 95°W

Time-avg
interval

All

10 min
30 min
Hourly
3h
6h
12 h
Daily

0.835
0.861
0.871
0.894
0.902
0.906
0.903

12°N, 95°W
⫺1

⬎2.2 m s
0.841
0.871
0.884
0.909
0.915
0.914
0.914

All

⬎2.2 m s⫺1

0.919
0.940
0.940
0.950
0.953
0.958
0.959

0.921
0.943
0.942
0.953
0.954
0.959
0.962
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FIG. 5. The acoustic wind estimate vs an R. M. Young anemometer at different timeaveraging intervals for 12°N, 95°W. The numbers in the legend box represent how many data
points are in each scatterplot.

al. 1996), these values are converted to equivalent 10m-height wind speeds. The 10-m winds are slightly
stronger than the 4-m winds values by factors of 1.01 ⬃
1.02. This is smaller than the error estimate of the anemometer.

2) RAINFALL
Precipitation measurements are made with an R. M.
Young rain gauge on TAO buoys. The 1-min volume

samples are stored on board the mooring while at sea
and are available for postprocessing after recovery.
Once the mooring is recovered, the 1-min accumulations are first flagged for obviously erroneous data. A
16-min Hanning filter is then applied to these data to
generate smoothed 10-min accumulations. The estimated instrumental error for 10-min derived rainfall
rates is 0.4 mm h⫺1 when there is rain present, and
it is 0.1 mm h⫺1 when there is no rain (Serra et al.
2001).

FIG. 6. The monthly rainfall accumulation at 10°N, 95°W and 12°N, 95°W. The RMY
accumulation is shown for 10°N (dashed line) but not for 12°N due to RMY failure during the
deployment.
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FIG. 7. The accumulations vs the rainfall rates for 10° and 12°N, 95°W.

3) AIR

TEMPERATURE

The air temperature measurements are acquired every 10 min from the mooring’s resistance temperature
recorder (Pt-100) with a resolution of 0.04°C and an
accuracy of ⫾0.2°C at 3 m above the sea surface.

4) SEA

SURFACE TEMPERATURE

The sea surface temperatures are acquired from a
temperature sensor every 10 min with a resolution of
0.001°C and an accuracy of ⫾0.03°C at 1-m depth.

4. Rainfall event analysis
Ideally, one would like to define a “rain event” so
that a “typical” event for a region can be described, and
so that the influence of a typical rain event on the underlying ocean can be described. It is apparent from
Figs. 1–3 that rain events occur in clusters separated by
several days, weeks, or even months and that within
these clusters, individual events occur, separated by
minutes, hours, or days. In fact, rainfall is intermittent
even within an organized atmospheric system. This

FIG. 8. The rainfall event definition for the event separation time of 20 min.
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16.6
17.4
18.6
20
21.7
24.5
28.1
17.6
18.1
18.7
22.6
27.1
41.18
74.8
4.3
4.5
4.6
5.0
5.3
6.0
6.9
150
146
141
130
122
108
94
22.5
25.8
27.4
29.1
34.5
40
48.7
23.0
28.4
31.5
34.9
49.3
70.7
121.8
28.1
30.9
32.8
36.5
42
48
55.8

Event
No.

244
222
216
188
164
143
123
10
15
20
30
60
120
240

6.9
7.6
8.0
9.0
10.3
11.8
13.8

28.4
32.6
35.9
42.7
56.2
76.5
115.6

Event
No.

5.4
6.2
6.6
6.9
8.2
9.5
11.6

Event
No.
Avg
actual
rain time
(min)
Avg
duration
(min)
Avg
accumulation
(mm)
Avg
actual
rain time
(min)
Event
separation
(min)

Avg
accumulation
(mm)

Avg
duration
(min)

210
183
173
162
139
118
97

Avg
duration
(min)
Avg
accumulation
(mm)

Rain events at 0°, 165°E
Rain events at 12°N, 95°W
Rain events at 10°N, 95°W

TABLE 3. Rainfall events at 10°N, 95°W; 12°N, 95°W; and 0°, 165°E. The 20-min separation time is selected for further analysis.
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Avg
actual
rain time
(min)
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means that defining an event is difficult. The acoustic
data provide a very high temporal resolution of rainfall
detection; thus, the temporal separation of rainfall detection can be used to define what will be called a separate event. Take the temporal separation of 20 min as
an example. A “rainfall event” will be defined as a
group of rainfall detections with time intervals in between data points that are all smaller than 20 min.
There is no “new” event if the next rainfall detection is
less than 20 min away. The schematic diagram of rainfall event definition is given in Fig. 8. Given this definition, there are 216 events at 10°N, 95°W, and 173
events at 12°N, 95°W. The numbers of rainfall events
with their correspondent separations are shown in
Table 3. Three event quantities are defined: the event
accumulation (EACC) is the rainfall accumulated during the event, the event duration (EDU) is the time
from the beginning to the end of the event, and the
actual rain time (ART) is the time that rain is actually
falling during the event. The averages of these three
quantities are also given in Table 3. As the event separation time increases, the event number decreases, but
the EACC, EDU, and ART increase. Figure 9 shows
the scatterplot of EDU versus ART for separation
cases of 10, 15, and 20 min. The average EDU and
average ART are roughly the same when the event
separation is smaller than 20 min. However, the average EDU begins to become larger than the average
ART when the separation time is greater than 20 min
and continues to grow as the separation time increases.
When the ratio of EDU to ART becomes large, it is an
indication that there is a gap of nonrain in the event,
suggesting that two separate events have been combined together. A separation time of 20 min for the
EPIC region, or 20–30 min for the western Pacific site,
is chosen (ratio of EDU/ART ⬇ 1.10), as this separation time subjectively partitions the data into “events.”
The EACC and ART have a fixed ratio even when the
separation time is different. Figure 10 is a scatterplot of
EACC versus ART using the separation times 10, 15,
20, 30, 60, 120, and 240 min at 10°N, 95°W. The regression is given by
ART ⫽ a ⫹ b共EACC兲,

共3兲

where a is the intercept, b is the slope, the ART is in
minutes, and EACC is in millimeters. The a and b values for three different locations are given in Table 4.
This indicates that the EACC is about one-quarter of
the ART regardless of the event separation time, and
indicates that the mean rainfall rate during the time
when it is actually raining is constant, ⬃15 mm h⫺1.
We can now generate statistics for rain events. Consider the case of 20-min separation, when the average
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FIG. 9. The actual rain time vs duration for event separation cases of 10, 15, and 20 min.
The dashed lines contain at least 50% of the predictions.

FIG. 10. The event accumulation vs the actual rain time for event separations of 10, 15, 20,
30, 60, 120, and 240 min. The dashed lines contain at least 50% of the predictions.
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TABLE 4. The intercepts and slopes for Eq. (3).
Location

a (intercept)

b (slope)

10°N, 95°W
12°N, 95°W
0°, 165°E

0.3
⫺2.2
0.8

4.0
4.4
3.9

duration is about 33 min and the average accumulation
is 7 mm in the EPIC region. In contrast, at 0°, 165°E
these numbers are about 19 min and 4.6 mm (Table 3).
In other words, the average event in the EPIC region is
bigger and longer with higher accumulation than in that
in the western Pacific. The histograms of events versus
durations (bin width of 3 min) and accumulations (bin
width of 3 mm) are shown in Figs. 11 and 12. The mode
of the distribution is at 11 min, but with important longduration outliers. The largest events at 10° and 12°N
are 80 and 58 mm, respectively. The longest event duration is about 4 h at 10°N and 3 h at 12°N. The mode
of the accumulation histogram is at the smallest event
accumulation bin (0–3 mm), but one-half of the annual
precipitation at 10°N, 95°W and 12°N, 95°W comes
from the events with accumulations larger than 15 mm.
At 0°, 165°E, large events only account for about onethird of the total rain. This means that the rainfall climatology includes longer rainfall events in the eastern

tropical Pacific Ocean. Yet the mean rainfall rate during rain is the same, roughly 15 mm h⫺1 (Table 4).

5. Detection of rain events using air–sea
temperature difference
Because detection and measurement of rainfall at sea
are difficult, other methodologies for identifying rain
events have been pursued. One of these is to use the
air–sea temperature difference change that occurs as
the rainfall begins. S. Yuter et al. (2003, personal communication) attempted to detect drizzle by comparing
the time series of the actual drizzle area fraction from a
C-band radar and the air–sea temperature difference
[⌬T ⫽ sea surface temperature (SST) ⫺ air temperature (AT); more information available online at http://
www.usclivar.org/MTG-PanAmerican-0903.html]. Figure 13 shows the acoustic rainfall rates and air–sea temperature differences for a 20-day period at 12°N, 95°W.
This figure suggests that the rainfall events are positively associated with ⌬T and demonstrates that there is
a cooling of the near-surface atmosphere (AT) by precipitation. The year-long record from 12°N, 95°W
shows that the mean SST is 28.11°C with a standard
deviation of 2.0, and the mean AT is 26.68°C with a
standard deviation of 5.9. The correlation of SST and
⌬T is 0.03, while for AT and ⌬T it is 0.97. This means

FIG. 11. Histogram of rainfall duration with a bin width of 3 mm h⫺1 and an event
separation of 20 min.
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FIG. 12. Histogram of rainfall event accumulation with a bin width of 3 mm and an event
separation of 20 min.

that the air–sea temperature differences are caused
mainly by the fluctuations of AT.
To assess the potential of rainfall detection using the
⌬T thresholds, the acoustic rainfall events (20-min
separation) are compared with observed ⌬T from the
moorings, which are interpolated into 20-min intervals.
Different ⌬T thresholds are tested for the data from
10°N, 95°W and from 12°N, 95°W. The ⌬T values from
10 min prior to the rainfall event and 10 min after the
rainfall event are examined for two quantities: average
⌬T and maximum ⌬T. This ensures that a ⌬T can be
retrieved even in the shortest rainfall event. Three
events from 12°N, 95°W with failed SST records are

disqualified. The analysis uses the acoustic rainfall data
as ground truth. If the ⌬T (maximum or average) in a
rainfall event is higher than the given threshold, this
event will be defined as “detected.” If a ⌬T sample is
higher than the threshold but without an associated
rainfall event, the sample will be defined as a “false
alarm.” The results are given in the Table 5. At 12°N,
95°W, the probabilities of detection are 90% (average
⌬T ) and 93.5% (maximum ⌬T ), and the false alarm
rate is 17.4% for the threshold setting at 0.8°C. At
10°N, 95°W, the probabilities of detection are 90.2%
(average ⌬T ) and 93.5% (maximum ⌬T ), and the false
alarm rate is 13.3% for the threshold setting at 1.2°C.

FIG. 13. Air–sea temperature differences (solid line) and 1-min acoustic rainfall rates
(stars).
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TABLE 5. The probabilities of rainfall detection and false alarm rates using the air–sea temperature difference.
10°N, 95°W
216 rain events
Temperature threshold
(°C)

Avg (⌬T ) events
detected

0.8
1
1.2
1.5
2
2.5
3
3.5

203
199
195
174
155
123
85
53

27 708 no rain ⌬T samples

%

Max (⌬T ) events
detected

%

False alarms

%

94
92.1
90.2
80.5
71.8
56.9
39.3
24.5

209
204
202
192
178
147
122
88

96.7
94.4
93.5
88.8
82.4
68.0
56.4
40.7

6505
4904
3686
2430
1117
538
275
127

23.5
17.7
13.3
8.7
4.0
1.9
.99
.46

12°N, 95°W
170 rain events
Temperature threshold
(°C)

Avg (⌬T ) events
detected

0.8
1
1.2
1.5
2
2.5
3
3.5

153
148
144
136
119
85
49
23

26 983 no rain ⌬T samples

%

Max (⌬T ) events
detected

%

False alarms

%

90.0
87.0
84.7
80.5
70.0
50.0
28.8
13.5

159
157
152
150
137
117
80
51

93.5
92.3
89.4
88.2
80.5
68.8
47.0
30.0

4698
3274
2339
1532
791
395
165
70

17.4
12.3
8.6
5.6
2.9
1.4
0.6
0.3

These results are similar to the study of S. Yuter et al.
(2003, personal communication), but the thresholds are
lower. Yuter et al. reported that the probability of detection and false alarm rate, for the ⌬T threshold at
1.8°C, are 90% and 15%, respectively. However, they
studied the heavy drizzle in the stratocumulus regions
(18°S, 85°W) where the drizzle is prevalent, and they
compared every ⌬T within the event, not the average or
maximum ⌬T. Thus, complete agreement between
these two results should not be expected.
A low false alarm rate is desired for rainfall detection
given the intermittence of naturally occurring rainfall.
Comparing the detection analysis of the PALs and the
R. M. Young rain gauges from Ma and Nystuen (2005),
a false alarm rate smaller than 0.5% is desirable to
make the instrument reliable for year-long rainfall detection at sea. As the temperature threshold setting increases, the false alarm rate decreases, but the probability of detection becomes lower as well (Table 5).
For a false alarm rate smaller than 1% (threshold of
3.5°C), the probability of detection will be reduced to
20%–30%. This is much too low to measure rainfall
properly. Thus, as a solo indicator, the air–sea temperature difference should not be used in rainfall detection,
but it is still an important reference for the occurrences
of rainfall, especially for the large accumulation events.
Note that with a detection threshold of 3.5°C, the prob-

ability of detection is 40.7% using maximum ⌬T, yet the
accumulation in these detections is 68% of the total
accumulation.

6. Conclusions
Long-term rainfall data from the eastern and western
Pacific Ocean were acquired using passive underwater
sound analysis. A typical rainfall event is defined using
the high temporal resolution acoustic record. A separation time of 20 min provides the best regression fit
between rain duration and actual rain time among the
values tried. The largest events at 10° and 12°N had
accumulations of 80 and 58 mm, respectively. The longest event duration is about 4 h at 10°N and 3 h at 12°N.
About one-half of the annual precipitation at 10°N,
95°W and 12°N, 95°W comes from the events with accumulations larger than 15 mm. At 0°, 165°E, large
events only account for about one-third of the total
rain. This means that the rainfall climatology includes
longer rainfall events in the eastern tropical Pacific
Ocean, yet the mean rainfall rate during rain is the
same, roughly 15 mm h⫺1.
There is a cooling of the near-surface atmosphere by
precipitation during most of the rain events. By using
the rain event defined by the acoustic method, the
probability of detection of rainfall from the difference
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of the air–sea temperature can be calculated. For a ⌬T
threshold of about 1°C, the detection of rain events is
about 90% with a false alarm rate of about 15%. However, this is a relatively high false alarm rate that makes
the change in air–sea temperature difference unsuitable
as a solo indicator for rainfall.
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CORRIGENDUM

CORRIGENDUM
An error occurred on the title page of “Detection of Rainfall Events Using Underwater Passive Aquatic Sensors and Air–Sea Temperature Changes in the Tropical
Pacific Ocean” by Barry B. Ma and Jeffrey A. Nystuen, which was published in Monthly
Weather Review, Vol. 135, No. 10, 3599–3612, resulting in an incorrect affiliation being
printed for the first author.
The correct affiliation for the first author is Department of Marine Science, Naval
Academy of Taiwan, Kaohsiung, Taiwan.
The staff of Monthly Weather Review regrets any inconvenience this error may have
caused.
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