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The Thermal Index for Assessing Diver Exposure Risk to Ultrasonic Sonars
Divers can be exposed to ultrasonic fields from hand-held imaging sonars (used to
navigate and search in turbid waters, typically 300 KHz to 1.5 MHz) and from diver
detection sonars (large area, underwater surveillance in maritime security,
typically 70 KHz to 100 kHz). No reports of harm have been reported by divers
exposed to these sonars or by the manufacturers of the sonars. Nevertheless, the
question of ultrasonic exposure safety and recommendations regarding safe use
have apparently never been addressed. One established ultrasonic safety metric
is the thermal index (TI) used by the medical diagnostic community. Modern
diagnostic equipment provides its operator with several versions of TI, depending
on the diagnostic objectives and scanning methodology. TI can be applied in other
applications provided that an appropriate model of ultrasonic heating can be
developed for the exposure faced. A new heating model is especially required
given the departures in diver sonar exposures from the controlled and very
focused diagnostic conditions assumed in medicine require a different thermal
model as the basis for TI. A very conservative thermal model for diver exposure to
ultrasonic sonar is developed here for underwater exposure conditions that are
largely uncontrolled, unpredictable, and incidental to other mission objectives.
The resulting thermal index and its implications for safe sonar use are illustrated
for two diver hand-held imaging sonars and for a diver detection sonar. The
conservative recommendations are not expected to interfere with relatively free
sonar use by divers.
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Executive Summary
This project will make safety recommendations regarding the use of a particular diver hand-held
imaging sonar deployed the Canadian Fleet Diving Unit, for use by its divers in turbid waters with low
visibility.
One very well established ultrasonic safety metric is the thermal index (TI) used by the medical
diagnostic community. Modern diagnostic equipment provides the operator with three different
versions of TI, depending on the diagnostic objectives and ultrasonic scanning being used. TI can be
applied in other applications, but departures from the very controlled and repeatable diagnostic
conditions assumed in medicine require a different thermal model as the basis for TI.
A very conservative thermal model for diver exposure to ultrasonic sonar is developed here for
underwater exposure conditions that are largely uncontrolled, unpredictable, and incidental to other
mission objectives. The resulting thermal index and its implications for safe sonar use are illustrated for
two diver hand-held imaging sonars and for a diver detection sonar. The conservative recommendations
are not expected to interfere with relatively free sonar use by divers.
These results, and the results elsewhere for the mechanical index (MI), will be used to make specific
recommendations to the CAN Fleet Diving Unit. The results will be of interest to the users and
manufacturers of these sonars more generally.

Martin L. Taillefer, CD, M.Sc., B.Sc.
President & Managing Director
Maritime Way Scientific Ltd
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1 Introduction
The two main safety metrics developed by the medical community for exposure to ultrasonic waves in
diagnostic ultrasound are the thermal index (TI) and mechanical index (MI) [1, 2, 3]. There is a
requirement to apply both to the exposures that are delivered by the high-frequency sonars that
military divers might face in the course of their work. In particular, under low visibility conditions, divers
often use a hand-held, high-frequency sonar help locate objects, orient themselves, and for navigation.
The risk under consideration, then, is the exposure to ultrasonic waves that other divers face if they are
illuminated directly by the beam of the sonar, or by indirect reflections of the beam from highly
reflective surfaces.

1.1 Objective:
The objective here is to bring the thermal index (TI) developed for risk assessment in diagnostic
ultrasound to bear on the diver sonar situation.
Modern diagnostic ultrasound equipment, and hence much of the related literature, report three
different classes of thermal indices to the operator of the equipment [1, 4]: ܶ ܵܫfor soft tissue based on
three different models of thermal effects arising from three different scanning modes; ܶ ܤܫfor bone;
and;ܶ ܥܫfor cranial bone. Each of thermal index is based on a different model of illuminated scene, its
vulnerability to heating, scanning mode, and transducer head, and the set covers most of cases routinely
faced and carried out under very controlled, repeatable conditions in medical diagnostics. Significant
departures from those conditions require a new model of heating for computing the thermal index. The
modelling methodology for diagnostic ultrasound was developed at length in [5]. Here the method is
adapted (apparently for the first time) to the largely uncontrolled conditions of exposure of divers to the
ultrasonic beam of a sonar.
It must not be forgotten here that ultrasonic waves can have significant mechanical effects on the
human body (cavitation), which are in no way addressed by the thermal measure, and which may have
more restrictive safety recommendations for the exposure of divers to ultrasonic sonars that are not
addressed here.

1.2 Thermal Index:
Ultrasonic waves are potentially harmful through the heating that the waves can deliver to soft tissue
and bone, which depends on the intensity of the ultrasonic sound waves, on the absorption of that
energy by the human body, and on the time duration of exposure. Guidelines for the safe use of
ultrasonic waves in ultrasonic diagnostics set maximum limits on the Thermal Index (ܶ )ܫdefined [1, 2, 5]
as the energy ܧ of the ultrasonic waves delivered to a location in the body, divided by the energy ܧଵͼ
that, under the same test conditions, would raise the temperature of bone or tissue by 1 ⁰C,
ܶ ܫൌ

ܧ
Ǥ
ܧଵͼ

(1)

The greatest risk on diagnostic ultrasound is the risk to a fetus, particularly during the early stages of
development in the first trimester. The high value of diagnostic ultrasound for care during pregnancy
has motivated considerable research into the risks posed to the fetus, which is the human tissue and
bone that is most vulnerable to harm to ultrasound. The National Council on Radiation Protection and
The Thermal Index for Assessing Diver Exposure Risk to Ultrasonic Sonars
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Measurements (NCRP, USA) advises that the risks of ultrasound diagnostics may offset the benefits of
ultrasound exposures to the fetus when the temperature rise at the focal point of the ultrasound beam
is calculated to be more than 3 degrees Celsius for ten minutes or more [6]. More generally, some
diagnostic ultrasound machines can cause a temperature rises of 6 ⁰C at the spot where they are
continuously focused, which is generally avoided by movement of the ultrasound probe.
The following recommendations, made by the Canadian Ministry of Health [1] and the NCRP (USA) [5, 6],
have been drawn out of the development of the thermal index:
1. If ܶ ܫ ͳ, then do not withhold the ultrasonic exposure out of concern for its adverse thermal
effects;
2. If ܶ ܫ ͳ, then do not withhold the ultrasonic exposure out of concern for its adverse thermal
effects if the dwell (exposure) time ݐ, expressed in minutes, satisfies the maximum dwell-time
condition:
 ݐ൏ Ͷି்ூ

(2)

3. If ܶ ܫ ͳ and the maximum dwell-time condition is violated, then use informed clinical
judgement concerning the anticipated benefits and risks about the exposure.
These are the best established recommendations for risk to ultrasonic waves, and they would be
conservative recommendations for the exposure of adult divers, even for those who may be pregnant,
so they are adopted here.
The adult eye is also identified as being particularly vulnerable to ultrasonic waves owing to the
relatively high absorption of the lens of the eye. A diver’s mask provides good shielding from ultrasonic
waves owing to the high acoustic impedance mismatch between water and the air gap created by the
mask. Canadian safety recommendations [1] from the Ministry of Health in connection with diagnostic
ultrasound is that the thermal index (TI) should be less than 1, much as above, but modelling of the
thermal heating of components of the eye by ultrasound is not undertaken here, assuming, in effect,
that the divers are wearing dive masks.
Localized temperature differences of 1 ⁰C would generally be noticeable. The bio-effects of heating of
adults by ultrasonic exposure are mainly those of hyperthermia (elevated body temperature [7]), which
would presumably not ordinarily be an issue for a calm diver in relatively cold waters, though it may be a
concern for divers under heavy exertion. The bio-effects are not considered here because the 1 ⁰C safety
recommendations followed here (reviewed above) are considered to be safe across a very wide
spectrum of elevated body temperatures [7].

2 Ultrasonic Energy for 1 ⁰C Temperature Rise:
As in the method of Chapt 3 and 4 in [5], assume that all of the energy lost by ultrasonic waves in one or
another part of the human body is converted into heat. Then the heat production rate is
ݍ௩ ൌ ʹߙܫ


ǡ
ଷ

(3)
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in which  ܫis the intensity of the sound in units of power per unit area (here we will use SI units W/cm2),
and ߙ is the attenuation (relative loss) of the sound energy per unity length travelled in the body
(Nepers/cm). Example values for ߙ are reported in Fig. (3.1) of [5]. These are duplicated here in Fig. (1).
The assumption in (3) that all ultrasonic energy loss is lost into heat is a conservative assumption. It
overestimates the heat energy generated for bone where other loss mechanisms of scattering and
reflection are significant [8],
The momentary rate of temperature increase οܶΤο ݐis the small change in temperature οܶ (in units of
degrees Celsius, ⁰C) divided the exposure time ο( ݐin units of seconds, s) required to produce that
temperature change, in the limit as the exposure time becomes very short. The rate of momentary rate
temperature increase in one or another part of the human body is equal to
οܶ ݍ௩ 
ൌ  
οܿ ݐ௩ 

(4)

where ܿ௩ is the heat capacity of the human tissue or bone being heated in units of energy per unit
volume per degree temperature change (here in SI units of J/(cm3 ⁰C)). This rate of temperature increase
applies conservatively, under the assumptions that there is no mechanism for cooling; i.e.,
1. no perfusion by the blood, and no cooling by outer seawater; and
2. no diffusion of heat away from the heated regions of the body.
(In equation (4.1) of [5], for instance, the first sets the thermal diffusivity ߢ to zero, and the second sets
the perfusion time constant ߬ to be infinitely large, leaving only (4) above.) Example values for ܿ௩ are
reported in Table (4.1) of [5]. These are duplicated here in Table (1).
Using equations (3) and (4), it can be shown that the rise in temperature οܶ over extended exposure
times ȟ ݐwill be
οܶ ൌ

ʹߙ
ܫοݐǤ
ܿ௩

(5)

Setting οܶ to be 1 ⁰C and solving for ܫο ݐgives the incident energy density ܧଵͼ required to raise the
temperature by 1 ⁰C of a thermally insulated 1 cm thick layer of 1 cm of biomaterial,
ܧଵͼ ൌ

ܿ௩
 ଶ Ǥ
ʹߙ


(6)

And the thermal index ܶܫ, conservatively estimated for an exposure time οݐ, is the ratio of the incident
ultrasonic energy of actual exposure  ܧto ܧଵͼ ,
ܶ ܫൌ

ܧ
Ǥ
ܧଵͼ

(7)
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2.1 Upper Bound on Attenuation ࢻ:
The highest TI will result for human tissues or bone that have the highest attenuation coefficient ߙ. An
upper bound was sought for ߙ in the literature. Bone and fat generally have the highest attenuation.
Attenuation is higher, moreover, at high ultrasonic frequencies than at low.
From Fig. (1) it can be seen that, for sonars with maximum frequency ݂௫ less than 1 MHz, ݂௫ ൏ ͳ
MHz, the maximum attenuation ߙ (excluding bone) occurs for tendons. Elsewhere (page 73 in [5]), the
nominal attenuation for bone at 2 MHz is taken to be 3 Np/cm; hence 1.5 Np/cm at 1 MHz owing to the
roughly linear dependence of attenuation on frequency. This is lower than the attenuation ʹǤ͵Ͳ͵ ൌ
ሺͳͲሻ Np/cm (i.e., 20 dB/cm) at 1 MHz in the range reported for bone in [9]. The upper bound
ߙԢ  ሺͳͲሻ Np/cm/MHz will be assumed here. Multiply this value by the frequency in MHz to prorate
the upper bound for the human body to other frequencies,
ߙ  ߙ ᇱ ݂ெு௭ ൌ ሺͳͲሻ ݂ெு௭ Ȁ 

(8)

2.2 Lower Bound on Heat Capacity ࢉ࢜ :
The highest TI will result for human tissues or bone that have the lowest heat capacity ܿ௩ . A lower
bound was sought for ܿ௩ in the literature. It is generally accepted that the average specific heat of the
human body is 3470 J/(kg ⁰C). Assuming the average density of the human body to be equal to that of
water, 1000 kg/m3, that gives an average heat capacity of ܿ௩ ൌ ͵ǤͶ J/(cm3 ⁰C). More particularly, from
Table (1) it can be seen that the minimum heat capacity ܿ௩ ൌ ʹǤͲ occurs for fat, whereby it is assumed
here that
ܿ௩  ʹǤͲ

ଷ 

Ǥ

(9)

2.3 Upper Bound on the Thermal Index ࢀࡵ:
An upper bound ܶ ܫby inserting the lower bound on ܧଵͼ into (7). From the maximum attenuation (8)
and the minimum heat capacity (9) it follows that, for any part of the human body1,
ܧଵͼ 

ܿ௩
ʹǤͲ
ͳ
Ͷ͵Ͷ 
ൌ
ൌ
 ଶ ൌ

Ǥ
ʹߙ ʹሺ ͳͲሻ݂ெு௭ ሺ ͳͲሻ݂ெு௭ 
݂ெு௭ ଶ

(10)

For example: If the chest area of a diver dive suit or equipment is very close to an ultrasonic sonar,
intercepting the entire ultrasonic sonar beam, and the sonar beam is characterized by cross-sectional

It may be noted that energy density ܧଵͼ in mJ/cm2 is used here rather than power ܹௗ in mW, as
found equation (9) of [2] for instance. This is because it has been conservatively assumed that there
are no cooling mechanisms, and the biomaterial therefore continues to increase its temperature
linearly without limit as the exposure time increases.

1
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area  ܣൌ 15 cm X 3 cm = 45 cm2, frequency ݂ெு௭ ൌ ͲǤͷͲͲ MHz, total acoustic average power of
ܹ ൌ ʹͻͲͲͲ mW per pulse, pulse length ߬ ൌ ͲǤͲͲͳ ms and pulse (ping) frequency ݂ ൌ ʹͲ Hz, then the
average incident acoustic energy in the exposure time ο ݐis ܹ ݂߬ οݐΤ ܣmW/cm2, and the diver’s
temperature increase in the illuminated portion of the chest area is certain be less than 1 ⁰C if
ܹ ݂߬ οݐΤ ܣ ܧଵͼ ൏ Ͷ͵ͶΤͲǤͷ ൌ ͺͺ mJ/cm2; which implies that the exposure time οݐshould be kept
less than ο ݐ ܧܣଵͼ Τ݂߬ ܹ ൌ Ͷͷ ൈ ͺͺΤሺͲǤͲͲͳ ൈ ͳͲ ൈ ʹͻͲͲͲሻ ൌ  sec or about 1.1 minutes.
The lower bound (10) implies that TI for any part of the human body is bounded by

ܶ ܫ൏ ሺ ͳͲሻ݂ெு௭ ܧǤ

(11)

In order for ܶ ܫto meet the safety recommendations of diagnostic ultrasound, it suffices for the right
side of (11) to meet the safety recommendations of diagnostic ultrasound. If the right side violates the
safety recommendations, then one must venture into further detail about the way particular parts of
the human body are exposed, in order to check the risk of the more vulnerable body parts mode
particularly. Ideally the exposure levels  ܧof the sonar under assessment will be low enough that that
additional work is not required.

Figure 1 Absorption coefficients (Np/cm) for a variety of mammalian tissues
(adapted from [5], attributed to Goss et l. 1979).
The Thermal Index for Assessing Diver Exposure Risk to Ultrasonic Sonars
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Table 1 Thermophysical constants (adapted from [5])
Density

Thermal
Conductivity

g/cm3
0.85
1.05
1.05
1.05
1.05
1.06
1.05
1.00
1.3
1.7

W/m °C
0.19
0.52
0.55
0.55
0.57
0.59
0.55
0.63
0.58
2.3

Fat
Brain
Kidney
Muscle
Liver
Heart
Whole Blood
Water
Bone (cancellous)
Bone (cortical)

Heat Capacity
per unit
volume
J/cm3 °C
2.0
3.9
4.1
3.7
3.8
3.9
3.8
4.2
2.1
2.7

Thermal
Diffusivity
mm2/s
0.095
0.13
0.13
0.15
0.15
0.15
0.14
0.15
0.28
0.85

3 Exposure Level ࡱ from a Sonar:
Following [10], let the highest acoustic intensity measured at any point in the sonar’s ultrasonic beam,
when averaged over the time duration pulse ߬ (the spatial-peak pulse-average of the ultrasonic field) be
ܫௌ . And finally, let the ping-rate of the sonar be ݂ in Hz (not MHz). Then the average of ܫௌ over a
long exposure time to the sonar—namely, the spatial-peak temporal-average intensity ܫௌ் as in [10]—
is given by
ܫௌ் ൌ ܫௌ ݂߬ 


ǡ
ଶ

(12)

and the exposure to incident energy over an extended time period ο ݐis given by
 ܧൌ ܫௌ் ο ݐൌ ܫௌ ݂߬ οݐ

ଶ

(13)

Ǥ

Using (13), the thermal index for the exposure is therefore bounded by
ܶ ܫ൏

ܧ
ܧଵͼ

ൌ ܫௌ ݂߬ ሺ ͳͲሻ݂ெு௭ ο ݐൌ

ܫௌ
ܫௌ̴ଵι

ǡ

(14)

in which
ܫௌ̴ଵι ൌ

ͳ
ሺ ͳͲሻ݂ெு௭ ݂߬ οݐ




Ǥ
ଶ

(15)

Example ܫௌ̴ଵι are computed in Table (2) for exposure times ο ݐൌ Ͳǡ ͵ͲͲǡ and 600 s.
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Table 2 Example values of ۷̴ۯ۾۾܁ι۱ for existing kinds of ultrasonic sonars to which divers may be
exposed.
ࡵࡿࡼࡼ̴ι (W/cm2)

Center
Frequency

Pulse
Length

Ping
Rate

ࢌࡹࡴࢠ

࣎

ࢌ

(MHz)

(s)

(Hz)

ο࢚ ൌ  s

ο࢚ ൌ  s

ο࢚ ൌ  s

Acoustic Lens Imaging
Sonar [11]

1.10

0.0005

15

0.877

0.175

0.088

Blazed Array Imaging
Sonar [12]

0.500

0.001

20

0.724

0.145

0.072

Diver Detection Sonar
[13]

0.070

0.040

0.5

0.517

0.103

0.052

Representative Sonar
Type

The ܫௌ of a sonar that produces a pulse with sound pressure level of ܵܲ ܮin dB re 1-μPa2 at a point in
the far field is
ܫௌ ൌ

ͳͲሺௌȀଵሻ

ൈ ͳͲିଵ  ଶ ǡ

ߩܿ

(16)

in which ߩ is the density of water, which is nominally ߩ ൎ ͳͲͲͲ kg/m3 for seawater. The upper bound
on TI for a given ܵܲ ܮis then
ܶ ܫ൏

ሺ ͳͲሻ݂ெு௭ ݂߬ ο ݐሺௌȀଵሻ
ͳͲ
ൈ ͳͲିଵ Ǥ
ߩܿ

(17)

Setting ܶ ܫൌ ͳ and isolating the exposure time ο ݐgives an upper bound on the safe exposure time in
seconds, conservatively estimated, for a given measured ܵܲ ܮin the sonar beam,
ο ݐ൏

ߩܿ
ͳͲሺିௌȀଵሻ ൈ ͳͲଵ Ǥ
ሺ ͳͲሻ݂ெு௭ ݂߬

(18)
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Figure 2 Maximum safe exposure time ο࢚ (with no cooling mechanisms at work) as a
function of the measured free-space sound pressure level ࡿࡼࡸ for the three sonars in
Table (2).

3.1 Point-Like Sonar Source (In the Far Field of the Sonar)
The far field of the sonar occurs where one is far enough from the sonar face that the sonar appears to
be a point source. Nominally this occurs at ranges (distances) [14]
ܴ

ܦଶ ݂ெு௭ ൈ ͳͲ
ǡ
Ͷܿ

(19)

in which  ܦis the largest dimension in meters across the actively radiating parts of the sonar transducer,
and ܿ is the speed of sound in water in meters per second (m/s), which, for seawater, is nominally
ܿ ൌ ͳͷͲͲ m/s. For a typical imaging sonar,  ܦൌ ͲǤͳͷ m and ݂ெு௭ ൌ ͲǤ MHz, placing the far field at
ranges ܴ  ʹǤʹͷ m.
In the farfield, then, it is usual for sonar engineers to report an effective source level ܵ ܮfor the sonar, in
units of dB re 1-μPa2 at 1 m when viewed from points along the central axis of the sonar transmit beam.
And then the ܵܲ ܮas a function of range on axis (without refraction or reflection of sound) is
ܵܲ ܮൌ ܵ ܮെ ʹͲ ଵ ܴ െ ܴܽ

(20)
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Figure 3 Minimum safe range ࡾ on the axis of the sonar for a continuous exposure time of
ο࢚ ൌ  minutes (with no cooling mechanisms at work) as a function of the sonar source
level ࡿࡸ when viewed in the far field from a point on the axis of the sonar beam.

in which ܽሺ݂ு௭ ሻ in dB/m is the attenuation of sound due to the absorption loss by seawater for the
frequency ݂ு௭ expressed in kHz [15],
ܽሺ݂ு௭ ሻ ൌ ͲǤͲͲͳ ቈ

ଶ
ଶ
ͲǤͳͳ݂ு௭
ͶͶ݂ு௭
ଶ

ଶ
ଶ  ͲǤͲͲͲ͵݂ு௭ ǡ
ͳ  ݂ு௭
ͶͳͲͲ  ݂ு௭

(21)

Then the upper bound on the ܶ ܫfaced by a diver at the center of the sonar beam, expressed as a
function of range (subject to the far-field constraint (19)), is
ܶ ܫ൏

ሺ ͳͲሻ݂ெு௭ ݂߬ ο ݐሺሾௌିଶ ୪୭ ோିሺ ሻோሿȀଵሻ
భబ
ೖಹ
ͳͲ
ൈ ͳͲିଵ Ǥ
ߩܿ

(22)

Once again, setting ܶ ܫൌ ͳ and isolating the exposure ο ݐtime gives an upper bound on the safe
exposure time in seconds, conservatively estimated now for exposure on axis at range ܴ (presumably
the smallest proximity, greater than the far-field constraint (19), that diver is foreseen to approach the
sonar during sonar operations), or a given apparent source level ܵ ܮon axis,
ο ݐ൏

ߩܿ
ͳͲሺିሾௌିଶ ୪୭భబ ோିሺೖಹሻோሿȀଵሻ ൈ ͳͲଵ Ǥ
ሺ ͳͲሻ݂ெு௭ ݂߬

(23)

Alternatively, setting ܶ ܫൌ ͳ and isolating the range on axis ܴ gives an upper bound on the safe
exposure time in seconds, conservatively estimated for a given apparent source level ܵ ܮand
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4 Exacerbating Conditions
Reflective acoustic boundaries such as a calm sea surface (sea-state 0) or submerged smooth plane rigid
surfaces can reflect the sonar beam to illuminate and expose divers who are not in the direct main beam
of the sonar, and the source image they create can double exposure levels ܫௌ (see Fig. (4)). Concave
reflective surfaces can furthermore focus and intensify reflected ultrasonic energy. These situations
were not considered here. Exposure of the unprotected eye (divers without goggles) should be avoided.

Figure 4 Schematic diagram of specular reflection of the sonar beam.

5 Conclusions
Estimates of the thermal index ܶ ܫfor assessing safe ultrasonic exposure levels, exposure time, and
stand-off distances were estimated and illustrated for imaging sonars and diver detection sonars.
The estimates are conservative inasmuch as:
1. The safe exposure regime (ܶ ܫ൏ ͳ) was taken from medical diagnostic ultrasound applied to the
particularly sensitive developing fetus during pregnancy.
2. The model of the power required to raise temperature ͳ ⁰C assumed the relatively large
attenuation (highest energy capture) for bone and the relatively low heat capacity (highest
temperature sensitivity) for fat, in order to conservatively set an upper bound on ܶ ܫwith no
need then to consider (as in diagnostic ultrasound) where the ultrasonic illumination falls and
passes through the body.
3. Significant mitigating factors against ultrasonic waves and their thermal effects were ignored
here, namely:
a. the protection against ultrasonic waves that will be provided by a diver’s wet-suit or dry
suit and other equipment such as mask and flotation vest;
b. cooling of the diver by immersion in water; and
c. the time variation, and hence reduced average exposures, that can generally be
expected owing to the motion of both the hand-held ultrasonic sonar beam and of the
exposed diver.
The Thermal Index for Assessing Diver Exposure Risk to Ultrasonic Sonars
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4. In effect, then, the sonar and exposed diver were very conservatively assumed to be stationary,
and the diver is furthermore assumed to be
a. diving without a suit or equipment;
b. the diver body consists of an artificial biological material whose thermal sensitivity to
ultrasonic waves is somewhat higher than any part of the human body, and
c. the water is at body temperature and perfectly still.
One could take steps to remove these very conservative assumptions, but there is no need to do so if
the present constraints on exposure level and time do not interfere with dive operations with a sonar.
As they stand, for instance (Fig. (3)), the safety constraints on the use of imaging sonars with respectable
source levels of ܵ ܮൌ ʹͳʹ dB permit a 10 minute exposure time at 1 m, with closer exposures for
shorter times, and more distant exposures at longer times.
If the conservative safety limits do interfere with diver operations, then the safety limits should be
revisited and adjusted, taking into account of the mitigating that cooling by water temperature
difference and flow will have, as well as the protection that a wet suit or dry suit provide. These were
excluded here owing to (1) the lack of data on the protection that different suits and equipment
provide, (2) the significant analytic complexity that these mitigating factors introduce, and (3) the large
scope that the present conservative safety recommendations already afford to operations.
It must not be forgotten that ultrasonic waves can have mechanical effects that are in no way addressed
by the thermal measure, and which may have other, possibly more restrictive safety recommendations.
These are considered elsewhere in this project.

6
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