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ABSTRACT:
The soundscape of the Northeast Pacific Ocean is studied with emphasis on frequencies in the range 63–125 Hz. A

34-year (1964–1998) increase and seasonal fluctuations (1994–2006) are investigated. This is achieved by develop-

ing a simple relationship between the total radiated power of all ocean sound sources and the spatially averaged

mean-square sound pressure in terms of the average source factor, source depth, and sea surface temperature (SST).

The formula so derived is used to predict fluctuations in the sound level in the range 63–125 Hz with an amplitude of

1.2 dB and a period of 1 year associated with seasonal variations in the SST, which controls the amount of sound

energy trapped in the sound fixing and ranging (SOFAR) channel. Also investigated is an observed 5 dB increase in

the same frequency range in the Northeast Pacific Ocean during the late 20th century [Andrew, Howe, Mercer, and

Dzieciuch (2002). ARLO 3, 65–70]. The increase is explained by the increase in the total number of ocean-going

ships and their average gross tonnage. VC 2021 Acoustical Society of America. https://doi.org/10.1121/10.0003960
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I. INTRODUCTION

Anthropogenic sound in the ocean is a growing source

of concern because of its possible detrimental effect on

marine life such as marine mammals (Richardson et al.,
1995; Southall et al., 2007; Southall et al., 2019) and fish

(Slabbekoorn et al., 2010; Popper et al., 2014). Human

activities that produce underwater sound include seismic

surveys with airgun arrays (International Association of Oil

and Gas Producers, 2011) and global commercial and indus-

trial shipping (Hildebrand, 2009, Frisk, 2012). Sertlek et al.
(2019) estimates that approximately 83% (0.88 out of

1.07 pJ/m3) of sound energy above 100 Hz in the Dutch

North Sea originates from shipping, followed by 16% from

seismic surveys, 1% from explosions [controlled detonations

of World War 2 ordnance], and less than 1% from wind.

Although these values do not apply to a deep ocean sce-

nario, they indicate the importance of anthropogenic sources

in a modern soundscape and illustrate the benefits of an

energetic approach to ocean sound budgets.

Increases in deep water ocean sound levels have been

estimated as large as 0.5 decibels per year (dB/a) on average

between 1950 and 1970 at 50 Hz (Ross, 1974) and about

0.3 dB/a between 1950 and 2007 in the frequency band

25–50 Hz (Frisk, 2012). Spectral density levels of low fre-

quency sound in the Northeast Pacific Ocean in the fre-

quency range 16–100 Hz increased by between 3 and

12 dB—depending on the frequency and location—from the

mid-1960s to the end of the 20th century (Andrew et al.,
2002; McDonald et al., 2006; Andrew et al., 2011;

Chapman and Price, 2011). This increase has been widely

attributed to shipping (Andrew et al., 2002; McDonald

et al., 2006; Andrew et al., 2011; Frisk, 2012) No further

increase was observed, on average, following continuous

monitoring at the same locations during the shorter period

1994–2007 (Andrew et al., 2011). The continuous monitor-

ing revealed an annual cycle attributed to baleen whale

migrations in the frequency band 16–20 Hz and seasonal

weather patterns at higher frequency (63–100 Hz).

Part of the 1965–2000 increase in the Northeast Pacific

can be explained by a 2% per year average increase in the

number of large ships (doubling in 35 years; see Fig. 1),

which, in the absence of other changes (and assuming an

incoherent addition of radiated sound power) would explain

a total increase of about 3 dB in 35 years. The average gross

tonnage per ship increased by 1.5% per year (two thirds

increase in 35 years) during the same period (Hildebrand,

2009), suggesting that part of the missing 0–9 dB (the part

of the 9–12 dB increase not explained by the 3 dB associated

with the increased number of ships) might be related to an

increase in the average size or propulsion power of shipping

vessels. McDonald et al. (2006) argue that higher source
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levels of “at least some of the vessels are needed to explain

the additional 7–9 dB increase in the 30–50 Hz band.”

Increasing acoustic transparency due to acidification

has been proposed as a possible cause of increasing ocean

sound (Hester et al., 2008, Brewer and Hester, 2009) but

this mechanism is considered unlikely to lead to a significant

contribution (Rouseff and Tang, 2010; Joseph and Chiu,

2010; Udovydchenkov et al., 2010). The frequency range in

which the 1965–2000 increase is largest (30–40 Hz) is also

occupied by baleen whale vocalizations (Curtis et al., 1999;

Burtenshaw et al., 2004; McDonald et al., 2008). It is, there-

fore, possible that in this frequency range, the increase is

partly or mostly due to a change in the number or geographi-

cal distribution of vocalizing whales, the call rate or inten-

sity, or some combination of these.

The focus of the present work is on explaining the

observed seasonal and long-term (multi-decadal) changes in

the Northeast Pacific Ocean and, in particular, on the contribu-

tion from shipping between 63 and 125 Hz. In addition to the

number of ships (M), changes in ship tonnage (g), and sea sur-

face temperature (SST) are considered as potential factors

affecting the increase. In particular, we hypothesize that

• the long-term trend can be explained by changes in M and

g alone with no change in the source level; and
• the seasonal fluctuations can be explained by changes in

SST alone.

The rest of the paper is structured as follows. A theoret-

ical formula for spatially averaged mean-square sound pres-

sure (saMSP) is derived in Sec. II for near-surface sound

sources such as ships. The resulting expression depends on

the source level, depth, and number of sound sources, the

attenuation coefficient of seawater, and the SST.

Measurements of ambient sound spectra recorded at a num-

ber of deep water receivers close to the North American

Pacific coast from (Andrew et al., 2011) in a frequency

range normally attributed to shipping sound are summarized

in Sec. III, and assumed properties of the sound sources and

propagation medium are described in Sec. IV. Theoretical

predictions are compared with measurements in Sec. V,

using an average over multiple receivers as a proxy for a

global average, and an explanation is suggested for seasonal

variations in saMSP in terms of the corresponding seasonal

fluctuations in the SST. A summary and discussion in

Sec. V is followed by conclusions in Sec. VI.

Acoustical terminology follows ISO (2017).

II. THEORY: AVERAGE SOUND FIELD (MULTIPLE
SOURCES)

A. Sound energy density and mean-square sound
pressure

The contribution of a large number of individual sound

sources to the mean-square sound pressure (MSP) at some

fixed location can be estimated by considering an enclosed

region of space filled with a large number of sources, the ith
of which makes a contribution Hi to the total sound energy

such that the total energy (in joules) added over the entire

volume is

Htot ¼
X

i

Hi: (1)

In a medium of speed of sound c and density q, the energy

density of the sound field is related to the MSP according to

Pierce (1989)

HV ¼
p2

qc2
; (2)

where the overbar indicates an average over time. Assuming

spherical spreading, the MSP at a distance r from a point

source of power W is

p2 ¼ qc

4p
W

r2
exp �2arð Þ; (3)

where a is the absorption coefficient.

Substituting Eq. (3) in Eq. (2), integrating the energy

density over all space, and assuming the total acoustic

energy H is twice the potential energy gives (Ainslie et al.,
2009)

H ¼ W

2ac
: (4)

It is convenient to introduce the equivalent free-field sound

power, DWi, defined as the source power that would be nec-

essary to make a contribution Hi to the acoustic energy in an

infinite uniform medium such that

DWi ¼ 2acHi: (5)

The average energy density in an enclosure of total volume

Vtot containing all sources of interest is

hHVi ¼
Htot

Vtot

; (6)

FIG. 1. Size of global shipping fleet according to Hildebrand (2009) and

Shipbuilders’ Association of Japan (2019).
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where the angled brackets indicate a spatial average.

Rearranging Eq. (5) for Hi and substituting in Eq. (1)

gives

Htot ¼
1

2ac

X
DWi: (7)

Substituting this result and Eq. (2) in Eq. (6), rearrang-

ing for p2
� �

, and expressing the result in terms of the spec-

tral density at frequency f gives

P � h p2
� �
if ¼

qc

2aVtot

X
i

DWf ;i: (8)

A large contribution to ambient sound in the sea is made by

sources close to the sea surface, for which it is helpful to

think in terms of the sound radiated by a dipole comprising

a point monopole source at a (small) depth d and its surface-

reflected image. The power radiated by two monopoles in

anti-phase depends on the volume velocity of each mono-

pole and the separation between them. Specifically, the ele-

ment of the power spectral density dWdp
f radiated by such a

dipole into an annulus of angular width dh (in elevation)

into the ocean (represented by a uniform half space) is

dWdp
f ¼

8pSf

qc
sin2 kd sin hð Þcos h dh; (9)

where Sf is the spectral density of the source factor (ISO,

2017) of each monopole source and k is the wavenumber

2pf=c. In the ocean, there exists a (seasonally dependent)

critical grazing angle at the sea surface (henceforth, abbrevi-

ated “critical surface angle” w; see Fig. 2), separating ray

paths that interact with the seabed from those that do not.

Sound rays whose grazing angles at the surface are less

than this critical surface angle, w, are trapped by refraction

above the seabed (and by reflection at the sea surface) and,

consequently, able to contribute to the global average sound

field via the associated waveguide. The equivalent free-field

power in this situation is the part of the power radiated by

the dipole that is trapped in this waveguide, found by

changing the integration variable in Eq. (9) to u ¼ sin h and

integrating from u ¼ 0 to u ¼ sin w

dWf ;i ¼
4pSf ;i

qc
1� sinc 2kdi sin wð Þ½ �sin w: (10)

Ray paths steeper than the critical surface angle are reflected

from the seabed and, consequently, experience bottom reflec-

tion loss at each cycle. We, therefore, assume the contribu-

tion to the integral from angles greater than w is negligible.

B. Application to low frequency shipping sound
(global average sound model)

Given S(f) and a(f), one can use Eq. (8) [combined with

Eq. (10)] to predict the contribution from shipping or other

near-surface sound sources to the global average sound bud-

get. At frequencies in the range 200 Hz–10 kHz, the attenua-

tion a(f) in Eq. (8) can be approximated by the contribution

due to the boric acid relaxation (Francois and Garrison, 1982;

the magnesium sulfate term is unimportant at f < 10 kHz),

aBðf Þ ¼ AB

f2

f2 þ f 2
B

: (11)

Below 200 Hz, an additional term of uncertain origin of

order 0.3 Np/Mm (2.6 dB/Mm) in magnitude is needed

(Kibblewhite and Hampton, 1980). [A similar lower

limit is obtained by reasoning that low frequency sound,

if not absorbed in the deep ocean, will eventually

reach shallow water or land, making it unavailable for

the deep water energy partition implied by Eq. (5).]

Denoting this additional term amin, the total attenuation

coefficient is

aðf Þ ¼ aBðf Þ þ amin: (12)

Assuming dWf ;i and DWf ;i are equal and substituting for

dWf ;i in Eq. (8) using Eq. (10) gives (assuming incoherent

addition of source powers)

FIG. 2. Illustration of the critical surface angle.
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P ¼ 2p
Vtota

XM

i¼1

Sf ;i 1� sinc 2kdi sin wð Þ½ �sin w (13)

or, equivalently,

P ¼ 2p
M sin w

Vtot

hSf fð Þi
aB fð Þ þ amin

1� sinc 2kdeff sin wð Þ½ �;

(14)

where M is the total number of ships in the region under

consideration (an enclosed region of volume V) such that

hDWii ¼
1

M

XM

i¼1

DWi; (15)

and deff is an effective monopole depth after averaging,

defined as

deff ¼
1

2k sin w
sinc �1 Sf h fð Þsinc 2kd sin wð Þi

hSf fð Þi : (16)

Given estimated values of the number of ships worldwide

(M), their mean source factor spectral density hSf ðf Þi, and

effective monopole depth (deff), one can use Eq. (14) to pre-

dict the spectral density of the saMSP.

According to Eq. (14), the saMSP depends on the sea-

water attenuation coefficient but not on the seabed charac-

teristics. This is because the long range sound paths

contributing to low frequency ocean sound travel through

the ocean at angles close to the horizontal direction and do

not interact with the seabed. Steeper paths are stripped away

and, hence, do not contribute to the deep ocean sound field

as illustrated by Fig. 9 of Farrokhrooz et al. (2017), which

shows a sharp transition at 17�.

C. Dependence on attenuation coefficient and critical
surface angle

Equation (14) shows that saMSP is inversely propor-

tional to the attenuation coefficient (a) as expected from Eq.

(4). At high frequency (2kdeffsinw� 1) it is proportional to

sinw, whereas at low frequency (2kdeffsinw� 1), Eq. (14)

takes the form

P ¼ 4pM

3Vtot

hSf fð Þi kdeffð Þ2 sin3w
aB fð Þ þ amin

; (17)

which is proportional to sin3w.

1. Attenuation a: Dependence on bulk properties

The attenuation coefficient a is known to depend on

temperature, salinity, and acidity (Francois and Garrison,

1982). According to Joseph and Chiu (2010) and

Udovydchenkov et al. (2010), the effect of long-term

changes in the pH on the ambient sound level is less than

0.01 dB/a, and this is consistent with the application of

Eq. (14), which predicts a maximum increase of 1.6 dB at

the frequencies of highest sensitivity to pH (below 1000 Hz)

for an average drop of 0.2 pH units to 2250. The predicted

influence of the changes in salinity and temperature at the

sound channel axis is smaller still.

2. Critical surface angle w: Dependence on SST

The critical surface angle term, which leads to a depen-

dence on the sound speed at the sea surface c0 and the sea-

bed cH, is considered next.

The sound speed is a function of the pressure, tempera-

ture, and salinity, all three of which may be approximated,

in the absence of mesoscale oceanographic features (e.g.,

fronts or eddies) as vertically stratified. At the sea surface,

the main seasonal dependence arises from changes in the

temperature, which means that for the present purpose, w
can be thought of as a time-dependent function of the SST,

T0(t), i.e., w¼w(T0).

Defining dc(T0) as the difference in the sound speed

between the seabed (z¼H) and sea surface (z¼ 0) and using

Medwin’s equation (Medwin, 1975) for the speed of sound

in seawater [with practical salinity (Pawlowicz, 2013)

S ¼ 35] results in

dc T0ð Þ ¼ dc 0 �Cð Þ þ T0 Bþ AT0 þ DT2
0

� �
; (18)

where

dc 0 �Cð Þ ¼ EH � TH Bþ ATH þ DT2
H

� �
; (19)

and

A ¼ 0:055 m s�1=�C2;

B ¼ �4:6 m s�1=�C;

D ¼ �2:9� 10�4 m s�1=�C3;

E ¼ 0:016 m s�1=m; (20)

giving the following expression for the critical surface angle

as a function of T0:

w T0ð Þ 	

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2dc T0ð Þ

cH

s

¼ 2
dc 0 �Cð Þ þ T0 Bþ AT0 þ DT2

0

� �
cH

" #1=2

: (21)

Equation (21) can be used in combination with Eq. (14) to

predict the dependence of the saMSP on the temperature

and, therefore, in principle, on season or time of day with a

maximum expected when the surface is the coldest (late

winter or early morning). Validation of Eq. (14) would

require global average sound measurement, which is not

presently available. However, the time series of multiple

consecutive years are available only from selected deep

water stations (Andrew et al., 2011; Prior et al., 2011, 2012;

Van der Schaar et al., 2014; Miksis-Olds et al., 2013;
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Miksis-Olds and Nichols, 2016; Harris et al., 2019). A pos-

sible compromise until a more comprehensive network can

be established is to estimate the seasonal or diurnal depen-

dence of the measured sound level for an ocean basin and

compare with the measurements averaged over the available

stations in that basin.

Normalizing Eq. (17) relative to T0¼ 0 �C, the low fre-

quency saMSP is proportional to the ratio

w3 T0ð Þ
w3 0 �Cð Þ ¼ 1þ T0 Bþ AT0 þ DT2

0

� �
dc 0 �Cð Þ

" #3=2

: (22)

The temperature at depth 3000 m (or greater) can be

thought of as approximately constant in each major ocean,

equal to 2.5 �C–3.0 �C in the Atlantic Ocean, 0 �C in the

Southern Ocean, and 1.5 �C in other oceans, including the

Pacific Ocean (Ainslie, 2010, Fig. 4.2). Therefore, within

each ocean, the right-hand side of Eq. (22) is a function of

T0 and H only. Figure 3 shows the ratio w3(T0)/w3(10 �C)

expressed as a level difference in decibels vs T0 for all of

the world’s oceans except the Arctic Ocean, calculated

using the parameters of Table I.

The form of Eq. (21) is such that the critical surface

angle vanishes when some critical sea surface tempera-

ture (CSST) Tc, the value of which is determined by the

sound speed in water at the seabed, is exceeded. If this

happens within some extended geographical region, the

contribution to ambient sound outside that region from

the surface sound sources within it will be heavily

damped because of the absence of a waterborne propaga-

tion path from the source to the receiver. For the same

reason, if the sources in question are in an enclosed

basin, such as the Gulf of Mexico, extreme summer

afternoon temperatures in that basin could result in quiet

conditions in the entire basin. The world’s largest oceans

(Pacific, Atlantic, and Indian) have CSSTs between

19 �C and 23 �C (Table I).

III. SUMMARY OF MEASUREMENTS

Measurements of ambient sound for four locations

along the North American west coast, covering between

them a 12-year period between December 1994 and

November 2006, inclusive, are reported by Andrew et al.
(2011). The four locations (Fig. 4; see also Burtenshaw

et al., 2004) are referred to as receivers “d (Point Sur)”

(Point Sur, CA), “f (San Nicolas)” (San Nicolas Island, CA),

“g (Oregon)” (close to the border between northern

California and southern Oregon), and “h (Washington)”

(close to the border between northern Oregon and southern

Washington) with spectra plotted in Fig. 5. The time series

of monthly medians in three decidecade bands centered at

16, 80, and 400 Hz are plotted in Fig. 6 and cover a period

of approximately 12 years between December 1994 and

November 2006. [A decidecade is a logarithmic frequency

interval equal to one-tenth of a decade (ISO, 2017). This

bandwidth is approximately equal to one-third of an octave

and, for this reason, is sometimes referred to as a “one-third

octave.”] The reason for the use of a median (over multiple

snapshots, each of duration 200 s) to represent the monthly

average SPL was to approximate the processing used by

Wenz (Andrew et al., 2011). The frequencies mentioned

FIG. 3. (Color online) Relative sound level in decibels (relative to the level

at T0¼ 10 �C), calculated as 10 log10[w3(T0)/w3(10 �C)] using Eq. (22) for

the Pacific, Indian, Atlantic, and Southern Oceans with the parameters of

Table I. The legend includes, in parentheses, the critical sea surface temper-

ature (CSST) Tc of each ocean, averaged as appropriate.

TABLE I. The mean water depth (Costello et al., 2010), temperature at the seabed TH, and critical sea surface temperature (CSST) of major seas and oceans

sorted by CSST Tc, found by solving Eq. (21) with the left-hand side set to zero. Also included is the ocean volume (Costello et al., 2010) to provide an indi-

cation of the total size. All seas or oceans whose volume exceeds 5 Mm3 and mean water depth exceeds 3000 m are included.

Sea or ocean Mean water depth, H (m) Temperature at seabed, TH (�C) CSST, Tc (�C) Volume, V (Mm3)

North Pacific Ocean 4641 1.5 23.3 299.6

Philippine Sea 4347 1.5 21.5 24.8

North Atlantic Ocean 3872 3.0 21.1 132.8

South Atlantic Ocean 3961 2.5 20.8 159.5

Indian Ocean 4036 1.5 19.6 233.4

South Pacific Ocean 3993 1.5 19.4 305.9

Tasman Sea 3369 1.5 16.0 11.3

Arabian Sea 3279 1.5 15.5 13.9

Southern Ocean 3486 0 14.4 70.7
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here and throughout are nominal decidecade center frequen-

cies. Precise center frequencies of the decidecade bands are

calculated according to IEC (2014).

Hardware anomalies in system h resulted in a

frequency-dependent upward bias between December 1997

and August 2002. In order to correct for these anomalies,

biased measurements were adjusted by a constant value in

each decidecade band (Fig. 7). This constant value was

determined by equating the mean power spectrum in the

time window December 1997–August 2002 to the mean

spectrum outside this window.

Where time is expressed in units of months, the time ori-

gin is 1 January 1995 and the definition 1 month � 30.4375

day (one-twelfth of a Julian year) is used. The data available

cover the period from 21 November 1994 (t ¼ �1:3 months)

to 30 November 2006 (t ¼ 143:0 months).

There is 1 period of 14 consecutive months from May

1998 to June 1999, inclusive, for which data from all 4

receivers are available. The same 14-month sequence is

used to calculate the 4 individual spectra of Fig. 5. Figure 6

shows a time series of monthly median SPLs for three decid-

ecade bands with center frequencies (400, 80, and 16 Hz)

chosen to illustrate three qualitatively different temporal

patterns for the period of duration 12 years from 1995 to

2006 (left). The red curve in Fig. 6 shows the quantity

(Ldfgh) for the 14-month sequence,

Ldfgh ¼ 10 log10

1

4

X
j¼d;f;g;h

p2
� �

j

1 lPa2
dB; (23)

where p2
� �

j is the monthly median of the decidecade band

MSP at site j. In the frequency range 200–400 Hz, ambient

sound in the Northeast Pacific is known to be correlated

with wind speed (Curtis et al., 1999). An irregular pattern of

maxima during the winter season—peaking around January

or February in 1997, 1999, and 2001–2006—is apparent

in this frequency range, represented by the 400 Hz band

(Fig. 6, upper graphs). This pattern is attributed to wind-

driven sound with the main peaks presumably associated

with winter storms.

For the bands centered at frequencies 63–125 Hz, repre-

sented by the 80 Hz band (Fig. 6, middle graphs), the time

series is also characterized by a winter maximum. For these

intermediate bands, the pattern is more regular with a maxi-

mum close to March each year, correlated with temperature

changes. The spatial average is dominated by contributions

from receivers d and h because the sound pressure level

(SPL) at receivers f and g is about 5 dB lower. Similar

annual cycles are reported at Wake Island (Van der Schaar

et al., 2014; decidecade centered at 63 Hz; Miksis-Olds and

Nichols (2016); 5–115 Hz) and Cape Leeuwin (Harris et al.,
2019; 5–105 Hz).

Andrew and co-workers attributed sound in the bands

centered at 80 Hz and above to wind (Andrew et al., 2011),

but the regular temporal pattern suggests a common origin

from 63 to 125 Hz (Fig. 8). The correlation of the SST with

the well-known seasonal variation of distant shipping

sounds (Andrew et al., 2011) is consistent with the assump-

tion that the main contribution to the North Pacific sound-

scape in this frequency range comes from distant shipping

[see Sec. II A for Eq. (10) and the preceding text, Ainslie,

2012, and Ainslie, 2013).

The 16–32 Hz bands (represented here by the 16 Hz

band) exhibit a seasonal pattern with a broad maximum in

autumn visible either at d or f in most years during the

period 1995–2006. This broad maximum is clearly

visible during the period August–November 1998 in the

FIG. 4. Location of the four receivers. Reproduced from Andrew et al. (2011).

FIG. 5. (Color online) The decidecade band sound pressure level (SPL; re

1 lPa2) vs the frequency at each of the four receivers, averaged over the 12-

year period December 1994–November 2006 (unconnected dark symbols)

and the 14-month period May 1998–June 1999 (interconnected pale sym-

bols), and averages (Ldfgh) over all four receivers.
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four-receiver average but is absent from receiver f (or at

least weaker than in other years) in 2001, a year in which

there are no data for receiver d. McDonald et al. (1995),

Curtis et al. (1999), Burtenshaw et al. (2004); McDonald

et al. (2006), and Gavrilov et al. (2012) associate this fre-

quency range with baleen (fin and blue) whales.

In conclusion, distant shipping dominates the monthly

averaged soundscape (at the locations considered here) in

decidecade bands with center frequencies between 63 and

125 Hz, being exceeded by baleen whale vocalizations at

lower frequencies (up to 32 Hz) and wind-driven sound at

higher frequencies (down to 200 Hz). These considerations

FIG. 6. (Color online) The time series of the monthly medians of the decidecade band SPL (re 1 lPa2) for each of the four receivers d, f, g, and h vs time in

each of three decidecades at nominal center frequencies 400 Hz (upper graphs), 80 Hz (middle), and 16 Hz (lower); the red curves are averaged over all four

receivers using Eq. (23) (Ldfgh). (Left) 12 years from December 1994 to November 2006, inclusive; (right) 14 months from May 1998 to June 1999, inclu-

sive. The purpose of zooming into the 20-month window (right-hand graphs) is to contrast the regular seasonal pattern at 80 Hz with the more irregular pat-

terns at 16 Hz (likely associated with baleen whale calls) and 400 Hz (winter storms).
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lead to three distinct frequency bands with monthly aggre-

gates dominated by whale vocalizations (up to 32 Hz), wind

(200 Hz and above), and ships at intermediate frequencies

(63–125 Hz) with transitions from whale sounds to shipping

and from shipping to wind around 40–50 Hz and 160 Hz,

respectively. Sites d and f show harmonics of 16 Hz baleen

whale calls up to about 100 Hz (see Fig. 3 of Andrew et al.,
2011).

This attribution of sources to specific frequency bands

differs from that of Andrew et al. (2011), which associates

the 25–50 Hz decidecade frequency bands with shipping

traffic. In the following, the frequency bands centered at

63–125 Hz are compared with theoretical predictions of

shipping sound in the same bands.

Also, relevant are Wenz’s 1960s measurements as

reported by Andrew et al. (2002). These are 3–12 dB lower,

depending on the frequency and location, than the 1990s

measurements reported by Andrew et al. (2002), suggesting

an increase of between 0.1 and 0.4 dB/a on average. Despite

a steady increase in the number of ships (Fig. 1) and multiple

studies aimed at identifying long-term trends (Andrew et al.,
2011; Miksis-Olds et al., 2013; Van der Schaar et al., 2014;

Miksis-Olds and Nichols, 2016; Harris et al., 2019), the pre-

sent authors are unaware of evidence that a similar increase

has continued into the 21st century. One study (Harris et al.,
2019) identified a downward trend in the Southern Ocean.

IV. SOURCE AND MEDIUM PROPERTIES

In this section, the assumed properties of the sound

sources (surface vessels) and propagation medium (ocean

water) are presented. These properties are used for the pre-

dictions of Sec. V.

A. Source properties

Both the total number of ships in the world fleet and the

average volume per ship increased nearly threefold between

1964 and 2017 (Table II). This increase in volume implies

that the source depth increased by about 45% (Sec. IV A 1).

Also needed is the average source factor Sf fð Þ
� �

. As we

have no information concerning possible temporal variation

in this parameter, we treat it as constant, independent of

time between 1964 and 2017 (Sec. IV A 2).

1. Effective source depth (deff)

To apply Eq. (14), we need an estimate of deff as a func-

tion of known parameters, such as gross tonnage, g, which is

related to ship volume, Vship (the volume of all enclosed

spaces of the ship) according to (International Convention

on Tonnage Measurement of Ships, 1969)

g ¼ Vship

1 m3
0:2þ 0:02 log10

Vship

1 m3

� �
: (24)

The 1964 and 2017 values of the source depth are calculated

by assuming that deff is proportional to V
1=3
ship with the 1998

value fixed at the arbitrarily chosen value of 5 m.

2. Source factor spectrum (Sf)

The source factor used is based on Wales and

Heitmeyer (2002), abbreviated WH02, which describes

measurements of the monopole source level, averaged over

272 merchant vessels in the Mediterranean Sea and Eastern

Atlantic Ocean between 1986 and 1992. The reported for-

mula for the mean source spectral density level, LS;fh i, is

hLS;f i ¼ 230 dB� 35:94 log10

f

1 Hz
dB

þ 9:17 log10 1þ f

340 Hz

� �2
" #

dB: (25)

FIG. 7. (Color online) The adjustment added to correct the bias in receiver h
(Washington) output between December 1997 and August 2002, inclusive.

FIG. 8. (Color online) The spatially averaged SPL (re 1 lPa2) in the decide-

cade bands from May 1998 to June 1999 centered at 63, 80, 100, and

125 Hz [open circles show measurements averaged over the four receivers

(Ldfgh) for the 14-month window in 1997–1998 using Eq. (23); filled circles

(80 Hz only) are additionally averaged over multiple years; curves show the

theoretical prediction of Eq. (14) for a frequency of 80 Hz and the three

temperatures 12 �C, 14 �C, and 16 �C]. Vertical dotted lines indicate the

start and end of 1998.
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To use WH02 data, it is necessary to convert from the

reported mean value of the source level to the mean source

factor needed in Eq. (14). The spectral density Sf of the

source factor of a single vessel is related to the source spec-

tral density level LS,f according to

LS;f � 10 log10

Sf fð Þ
1 lPa2 m2=Hz

dB: (26)

If, following WH02, the source level follows a normal dis-

tribution with mean LS;fh i and standard deviation r, the

source factor is log-normally distributed and, therefore

(Johnson et al., 1994; Sertlek et al., 2019),

10 log10

hSf fð Þi
1 lPa2 m2=Hz

dB ¼ hLS;f i þ
r=dBð Þ2

20 log10e
dB:

(27)

The value of r (obtained from Fig. 6 of WH02) depends on

the frequency and is set to 5.3 dB for frequencies below

150 Hz and 3.1 dB for frequencies above 400 Hz, decreasing

linearly with increasing frequency in between. With these

values, the resulting correction term proportional to r2 is

between 0.5 and 1.4 dB. The term Sfh i in Eq. (14) is calcu-

lated from Eq. (27), using Eq. (25) for LS;fh i.

B. Medium properties

The total volume of all oceans combined is estimated to

be Vtot¼ 1.33 Mm3 (Charette and Smith, 2010; Costello

et al., 2010). The SST in the Northeast Pacific is estimated

to be T0¼ 14 �C (Yashayaev and Zveryaev, 2001), the aver-

age of the range 12 �C–16 �C.

The minimum low frequency attenuation in the North

Pacific is estimated to be amin¼ 0.3 Np/Mm (2.6 dB/Mm;

Kibblewhite and Hampton, 1980, Fig. 6), the average of the

range 0.2–0.4 Np/Mm.

Ocean acidity is characterized by the pH parameter K,

introduced by Mellen et al. (1987), and is related to the pH

according to

K ¼ 10pHNBS�8: (28)

A value of K ¼ 0:6 is used (Ainslie, 2010, Fig. 4.14), corre-

sponding to pHNBS ¼ 7:78 (pHSWS ¼ 7:63).

In the context of trends over multiple decades, all

medium properties, including the SST, are assumed to be

unchanged during the period 1964–2017. Seasonal fluctua-

tions in the SST are considered in Sec. V C.

V. COMPARISON BETWEEN THEORY AND
MEASUREMENT

In this section, the measurements of Sec. III are com-

pared with theoretical predictions made using Eq. (14) and

the source and medium properties specified in Sec. IV.

A. Point Sur, CA (1963–1965 and 1994–2001): Spectra

Measurements at Point Sur (receiver d) exhibit an

increase of 3–11 dB in the sound level from the 1960s to the

end of the 20th century (Andrew et al., 2011). Figure 9

shows the SPL measured by Wenz (1969) at Point Sur

between 1963 and 1965 (circles) and Andrew and co-

workers between 1994 and 2001 (squares) as reported by

Andrew et al. (2002). The largest increases in the level

occurred in the decidecades centered at 32 and 40 Hz. The

TABLE II. Shipping parameter values used for Fig. 9. The 1998 values of M and deff are also used for Fig. 10.

Parameter 1964 value 1998 value 2017 value

Total number of vessels (Fig. 1), M 40 380 85 620 115 760

Increase in level attributed to increasing fleet size [Eq. (14)] 10 log10
M

M1964
dB 0.0 dB 3.3 dB 4.6 dB

Total gross tonnage [Hildebrand, 2009; Shipbuilders’ Association of Japan (2019), G 150 � 106 530 � 106 1290 � 106

Average gross tonnage per ship, g ¼ G=M 3710 6190 11 140

Average ship volume, Vship [see Eq. (24)] 13 200 m3 21 600 m3 38 200 m3

Effective monopole source depth, deff 4.24 m 5.00 m 6.05 m

Increase in level attributed to increasing ship volume 10 log10
d2

eff

ðd2
eff
Þ1964

dB 0.0 dB 1.4 dB 3.1 dB

Total expected increase since 1964 0.0 dB 4.7 dB 7.7 dB

FIG. 9. (Color online) The measured and predicted SPLs (re 1lPa2) vs the

frequency. Measurements are for Point Sur (receiver d) from Andrew et al.
(2002) for 1963–1965 (circles) and 1994–2001 (squares). Predictions are

saSPL for 1964 (dashed), 1998 (solid, dark), and 2017 (solid, light).

T0¼ 14 �C; amin¼ 0.3 Np/Mm (2.6 dB/Mm).
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level in the one-fifth decade frequency band comprising

these two decidecades, calculated from Table II in Andrew

et al. (2011), increased from 92.6 dB re 1 lPa2 in 1963–1965

to 102.3 dB re 1 lPa2 in 1994–2007. The 32 Hz band is asso-

ciated with blue whale vocalizations (Burtenshaw et al.,
2004; McDonald et al., 2006).

Also shown in Fig. 9 (40–160 Hz bands, of which

63–125 Hz are the bands of interest) are theoretical predic-

tions using Eq. (14) for the years 1964, 1998, and 2017 with

the parameters of Table II. The predicted increase from

1964 to 1998 in the frequency range 63–125 Hz is 4.7 dB,

similar to the observed change in that frequency range

(Fig. 9). The predicted increase from 1964 to 2017 in the

same frequency range is 7.7 dB. Absolute levels are not

directly comparable because the measurement is for a single

site, whereas the prediction is for a spatial average. The

measurements of Chapman and Price (2011), made in 1978

and 1980 at a different site in the Northeast Pacific, show an

increase relative to Wenz’s 1965 measurements at Point Sur

of about 3 dB in the 63–125 Hz bands.

B. Northeast Pacific Ocean (1997–1999): Spectra and
sensitivity

To compare any measurement with Eq. (14), a spatial

average is needed. In principle, this spatial average should

be for an entire ocean basin. In practice, we make do with

the four receivers available, recognizing that in the absence

of a basin scale measurement network, the presently avail-

able data set is necessarily incomplete.

The use of Eq. (14) is also subject to uncertainty in

some of its input parameters, especially in the low frequency

absorption coefficient amin and the SST (T0, a proxy for the

critical angle, w). Sensitivity to these two parameters is con-

sidered next (Fig. 10).

Our predictions are for the saMSP, the measurement of

which would require a large global grid of receivers in lati-

tude, longitude, and depth. Even if one’s ambition is limited

to an average over (say) the North Pacific Ocean, the

required number of receivers is much greater than four. It is,

therefore, likely that an estimate of the spatially averaged

sound pressure level (saSPL) based on only the four stations

(Ldfgh) is biased, but we are unable to say in which direction.

All four receivers are at remote locations along the US

Pacific coast, and all are in the deep sound channel [ideally,

one would sample at multiple depths, including maxima at

the sea surface and the conjugate depth and minimum below

the conjugate depth (Weston, 1980; Farrokhrooz et al.,
2017]. Further, the global average is based on the MSP,

which is expected to exceed the median (used by Andrew

et al., 2011) by an amount that depends on the fluctuations

about the mean (Van der Graaf et al., 2012; Merchant et al.,
2012; Dekeling et al., 2014; Van der Schaar et al., 2014);

the median processing presently used (Andrew et al., 2011)

could be replaced with the arithmetic mean (MSP) to pro-

vide an average more directly comparable with the predic-

tion. The difference between mean and median measured at

four deep ocean sites is between 0.2 and 1.6 dB (Dekeling

et al., 2014, p. 51) at 63 Hz. It is also possible that the theo-

retical prediction is biased due to the simplifying assump-

tions made in its derivation. In the following, we consider

simplifications to the source model and the propagation

model.

• First, we consider the source model. In the spirit of

Ockham’s razor, we have applied the simplest source

level model compatible with available facts by using the

WH02 spectrum for all ships from 1964 to 1998. The

source depth is assumed to be proportional to other linear

dimensions of a ship, which, in turn, are assumed to be

proportional to the cube root of the average ship volume.

The calculations assume all ships are at sea all of the

time, which is likely to overestimate the average. On the

other hand, sources other than shipping (e.g., geophysical

sources, biota, or other man-made sources such as airgun

arrays), while expected to be minor in the 63–125 Hz

bands, must nevertheless contribute to the total sound

field.
• The propagation model developed in Sec. II makes a

number of simplifying assumptions requiring the water

depth, SST, and attenuation coefficient to be uniform and

independent of geographical position. In reality, the water

depth varies between zero at the coastline and more than

10 km in the deepest trenches. Many of the shipping lanes

are in relatively shallow water and as a result contribute

less to the deep water sound field than the same ships

would have contributed in (cold) deep water. The sound

radiated by ships in shallow water is attenuated by multi-

ple seabed reflections before reaching the continental

slope and deep ocean. Whereas ignoring this attenuation

mechanism might overestimate the low frequency saMSP,

the contribution from ships close to or on the continental

FIG. 10. (Color online) Sensitivity of the spatially averaged decidecade

band shipping SPL (re 1 lPa2) spectrum to the SST T0 (12 �C¼ dark and

16 �C¼ light) and low frequency attenuation amin (0.1–0.8 Np/Mm) calcu-

lated using the Wales-Heitmeyer source spectrum for monopole source

depth deff¼ 5.0 m. The squares indicate the May 1998–June 1999Ldfgh mea-

surements in the frequency range 40–160 Hz (from Fig. 5).
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slope might then be underestimated by not considering

the downslope conversion (Wales and Diachok, 1981;

Dashen and Munk, 1984; Carey et al., 2009). The geo-

graphical dependence of pH (Mellen et al., 1987) will

result in corresponding variations in the attenuation coef-

ficient, but this effect seems minor compared with the

bathymetry and SST variations. Finally, the choice of

14 �C and 0.3 Np/Mm might bias the estimate of the atten-

uation at high and low frequencies, respectively.

A complete explanation of the 5 dB discrepancy (the

difference between saSPL and Ldfgh in Fig. 8) is most likely

a combination of more than one of the above factors, but the

proximity of major shipping lanes to land makes it probable

that at any one time, many of the sources are in shallow

water (including some in ports or anchored). Use of known

water depth and SST distributions, combined with a realistic

shipping distribution based on known shipping traffic, is

expected to result in improved predictions of the saMSP.

A second discrepancy arises in the vertical angle depen-

dence of the sound field. The proposed range-independent

model would result in a distinctive distribution of elevation

angles with a null in the horizontal direction and a peak at

an angle equal to acos c zð Þ=c 0ð Þ
	 


, varying with the receiver

depth z according to Snell’s law. While the expected peak

has been observed (Wales and Diachok, 1981), the null is

filled in (Wales and Diachok, 1981; Farrokhrooz et al.,
2017), indicating important contributions from paths not

predicted by the simple model. Wales and Diachok (1981)

suggest one possible mechanism involving the downslope

conversion from surface vessels on or near the continental

slope (Dashen and Munk, 1984). The horizontal null can be

filled in for geometries involving downslope propagation

(Carey et al., 2009).

Bannister (1986) suggests a seasonal contribution at

50 Hz from distant “wind-noise lanes.” The levels he pre-

dicts for this mechanism are about 10 dB lower and of larger

amplitude (ca. 3.5 dB cf 1.2 dB) than the seasonal patterns

we attribute to distant shipping. However, the same mecha-

nism applies to sound from surface vessels in a surface

channel at high latitude, which would couple in the same

way into the deep sound channel at moderate latitude, simi-

lar to the mechanism suggested by Bannister for wind, thus,

providing an alternative mechanism to fill in the null.

C. Northeast Pacific Ocean: Annual cycle

An annual cycle in ambient sound can be expected due

to seasonal changes in the SST with maximum levels

expected in late winter when the SST is at a minimum

(Ainslie, 2012). Annual cycles in the northern Pacific Ocean

have been reported by Andrew et al. (2011) (US west coast,

25–50 Hz) and Van der Schaar et al. (2014) (Wake Island,

63 Hz), both with a pronounced maximum in winter and an

amplitude (half of the total spread) of ca. 2 dB. A winter

maximum at the (lower) frequencies associated with wind

sound (200–500 Hz) can be attributed to storms, but a winter

maximum at frequencies dominated by shipping suggests a

different explanation is required. The possibility that this

maximum is caused by seasonal fluctuations in the SST is

considered next.

Measurements of the SST averaged in monthly intervals

over the southern North Pacific Ocean (latitude up to 
30�

N) between 1998 and 2010. Signorini and McClain (2012)

exhibit seasonal fluctuations of amplitude TA¼ 1.7 �C about

a mean of about �T ¼ 25.5 �C. The receivers considered in

the present paper (Fig. 4) are all in the Northeast Pacific

where the mean temperature is lower (12 �C–16 �C) and the

amplitude is about 2 �C (Yashayaev and Zveryaev, 2001).

The main shipping lanes are further north, where the mean

temperature is lower still (between 7 �C at 50� N and 14 �C
at 40� N) and the amplitude of the seasonal SST fluctuations

is higher (about 4 �C; Yashayaev and Zveryaev, 2001). In

the following, we base the predictions on temperature varia-

tions of the form

T0 tð Þ ¼ �T þ TA sin
2p
s

t� 5 monthð Þ
� �

; (29)

where s is the period, equal to 12 months, TA is the ampli-

tude, and the 5-month phase shift implies a surface tempera-

ture minimum in early March, 2 months (about 61 days)

after the start of each year (Yashayaev and Zveryaev, 2001).

The time origin is 1 January.

The critical surface angle that follows from the tem-

perature variation [Eq. (21)] is substituted in Eq. (14) to

calculate the theoretical seasonal variation in the sound

level. Figure 8 shows Ldfgh in four decidecade bands

(63–125 Hz), plotted vs time during the period December

1997–June 1999. The symbols show measurements aver-

aged over the four receivers using Eq. (23) to facilitate

the comparison between prediction (curves) and measure-

ment (symbols). Whereas the predictions exceed the

measurements by 5 dB (Fig. 8), apart from some noise

close to the minimum, the amplitude and phase of the

seasonal fluctuations are accurately estimated. Notice

that the minimum predicted at t¼ 43 months, correspond-

ing to the temperature maximum (minimum critical sur-

face angle) in late summer, and coinciding with a

minimum in the measured sound level. The 2 �C ampli-

tude of the temperature oscillations translates to an

amplitude of 1.2 dB in level fluctuations, implying a sen-

sitivity of -0.6 dB/�C.

D. Implications of SST-driven cycle

The hypothesized explanation for seasonal fluctuations

in the saMSP in terms of seasonal fluctuations in SST

implies that the saMSP changes with the SST at a rate deter-

mined by the sensitivity of the critical surface angle w to the

SST

dw
dT0

¼ � 1

c0 tan w
dc0

dT0

: (30)

The sensitivity of the saMSP to the SST,
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dP

dT0

¼ dP

dw
dw
dT0

; (31)

is, therefore (limiting attention to low frequency),

dP

dT0

¼ � 3P=c0

tan2w
dc0

dT0

: (32)

Finally, the sensitivity of the saSPL (the level of the

saMSP) to the SST,

dL

dT0

¼ dL

dP

dP

dT0

; (33)

is

dL

dT0

¼ � 30 log10e

c0 tan2w
dc0

dT0

dB: (34)

Using w ¼ 0:20 and dc/dT¼ 3.2 (m s�1)/�C (Medwin,

1975), corresponding to T0 ¼ 14 �C, practical salinity

S ¼ 35, and depth z ¼ 0, we obtain

dL

dT0

¼ �0:66
dB
�C
; (35)

which compares with the measured value for this quantity of

�0.6 dB/�C [see the discussion following Eq. (29)].

VI. SUMMARY AND DISCUSSION

We have analyzed 16–400 Hz decidecade band measure-

ments of monthly averaged SPLs vs time at four sites in the

Northeast Pacific Ocean from December 1994 to November

2006. We find the bands with center frequencies between 63

and 125 Hz best suited for studying ambient sound contribu-

tions from distant vessels. At higher frequencies (160–400 Hz

bands), the shipping signal is contaminated by wind. Lower

frequencies (16–32 Hz) contain information about the vocal-

izations of baleen whales. The 40 and 50 Hz bands are likely

to contain contributions from shipping and baleen whales.

A. 63–125 Hz

1. Theoretical model (shipping)

We present a theoretical model for the shipping contri-

bution to the saMSP (symbol P). The result is proportional

to the number of ships per unit volume of ocean and the

average source factor ( Sh i) and inversely proportional to the

seawater attenuation coefficient. It also depends on the total

gross tonnage (G), the gross tonnage per ship (g), and the

critical surface angle (w) in a manner that depends on the

frequency. McDonald et al. (2006) suggested that the ship-

ping contribution to the MSP might be proportional to G
(10 log10G dB), whereas Frisk (2012) assumed proportional-

ity to G2 (20 log10G dB). Assuming d 
 g1=3, Eq. (17) pre-

dicts the proportionality of P to Sh iGg�1=3sin3w at low

frequency, roughly consistent with the dependence on ton-

nage as suggested by McDonald (2006).

The model predicts a saSPL (level of saMSP) of 100 dB

in 1998 in the 80 Hz decidecade band in the Northeast

Pacific Ocean (Fig. 8), about 5 dB higher than the observed

value, Ldfgh (averaged over four sites) of 95 dB (Figs. 8 and

10). Possible contributors to the 5 dB discrepancy are listed

in Sec. V B. Of these, we highlight a bias in the prediction

caused by overestimating the number of ocean-going vessels

(the theoretical prediction assumes, unrealistically, that all

ships are in deep water all of the time) and partly to a

0.2–1.6 dB bias in the measurement caused by use of a

monthly median instead of the arithmetic mean.

2. Seasonal fluctuations

The model predicts seasonal fluctuations in P because w
is a function of the SST. A maximum is predicted in early

March when the SST is lowest and an amplitude (of level fluc-

tuations) of 1.3 dB at 80 Hz in the Northeast Pacific Ocean

compared with an observed amplitude of 1.2 dB (maximum

also in March), implying a sensitivity of 0.6 dB/�C.

Because sensitivity to temperature is approximately

inversely proportional to tan2w [Eq. (34)], the seasonal fluc-

tuations might be more noticeable in regions with either a

higher SST or lower CSST or both such as the Indian Ocean

(Wang et al., 2019). For example a reduction in w by a fac-

tor two (to 0.1) increases the sensitivity to temperature by a

factor 4 (to 2.4 dB/�C).

3. Long-term changes: 1964–1998

The predicted increase in the saSPL due to increased

shipping tonnage between 1964 and 1998, assuming no

change in the SST, is 4.7 dB. Assuming an increase in the

SST from 14.0 �C to 14.7 �C in 34 years (corresponding to

0.02 �C /a; Wu et al., 2011) decreases the predicted increase

by 0.4 dB, resulting in a net predicted increase of 4.3 dB,

compared with a measured increase at Point Sur (receiver d)

in the shipping bands (63–125 Hz) of 3–6 dB (Fig. 11).

FIG. 11. (Color online) The increase in the level from 1964 to 1998.

Symbols denote the measured increase at receiver d (Point Sur; Andrew

et al., 2011), the solid line denotes Eq. (14) with T¼ 14.0 �C, the dashed

line denotes Eq. (14) with an increased temperature of 14.7 �C.
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Thus, in this frequency range, the observed increase is fully

explained without invoking the increase in the source level

considered necessary by McDonald et al. (2006). Instead,

the unexplained increase of 9–12 dB occurs in the frequency

range of baleen whale vocalizations (Sec. VI B).

Taken at face value, the 3 dB increase at 125 Hz

(Fig. 11) might seem consistent with the predicted increase

from doubling the number of vessels alone. In reality

though, the 125 Hz band includes a contribution from wind.

If one makes the (arbitrary but plausible) assumption that in

1964 the contributions from wind and shipping were equal

in this band, if the wind contribution remained constant, a

3 dB increase in the band would require a threefold (5 dB)

increase in the shipping contribution.

4. Long-term changes: 1998–2017

The predicted 1998–2017 increase in the level is

approximately 3 dB, but no major study has shown an

increase of this magnitude in the 21st century (Andrew

et al., 2011; Miksis-Olds et al., 2013; Miksis-Olds and

Nichols, 2016; Harris et al., 2019). We do not have an

explanation for this discrepancy but consider the following

questions worth investigating:

• have changes in ship design or maintenance led to notice-

able changes in their draft, source level, or proportion of

time spent at sea?
• have changes in shipping distribution led to an increasing

proportion of ships in warm or shallow water?
• has gradual long-term warming of the sea surface led to a

reduction in the sound detected in the deep ocean from

surface ships?
• does the sound in regions where levels are stable or

decreasing originate from sources other than surface

vessels?

Of these questions, the second and third can usefully be

investigated by means of a more detailed modelling

approach than used in this paper. Detailed shipping and

oceanographic databases exist that could be used alongside

long-range propagation modelling methods, including

effects of fronts and bathymetry, to investigate whether

changing SST or shipping distribution play a role.

B. 16–32 Hz

By attributing the 5 dB increase in the 63–125 Hz bands

to a growth in gross tonnage, we have so far left unad-

dressed the question of what causes the 
10 dB increase at

lower frequencies. Given that the 16–32 Hz bands are asso-

ciated primarily with blue whale calls (Burtenshaw et al.,
2004; McDonald et al., 2006), a plausible explanation

involves an increased population, possibly in combination

with more vocal individuals, perhaps to counter higher

masking noise. The simplest (though highly speculative)

explanation is a tenfold increase in the population of blue

whales in 30 years, implying a growth rate of 0.077 a�1

(115% increase every 10 years). For comparison, a factor

5–10 increase in the abundance in the southern right whale

population is estimated by Cooke and Zerbini (2018).

Since the early 1990s, the population has stayed approx-

imately constant at about 2000 individuals (NMFS, 2020),

consistent with the absence of an increase in the 16–32 Hz

bands since 1994 (Andrew et al., 2011).

VII. CONCLUSIONS

A. Shipping bands: 63–125 Hz

The 63–125 Hz bands are dominated by contributions

from shipping. In this frequency range, the globally aver-

aged MSP is proportional to Gg�1=3sin3w. The observed

5 dB increase from 1964 to 1998 in these bands can be

explained by changes in M and g alone with no change in

the source level. Seasonal fluctuations in these bands can be

explained by changes in the SST alone.

B. Baleen whale vocalization bands: 16–32 Hz

The observed 
10 dB increase from 1964 to 1998

occurs primarily in the 16–32 Hz bands, which are domi-

nated by contributions from baleen whale vocalizations.

C. Transition bands: 40–50 Hz

The intermediate frequency (40–50 Hz) bands include

contributions from shipping in the winter and baleen whale

calls in the summer. Further work would be required to sep-

arate these contributions.
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