<

NUSC Technical Report 7968

14 May 1987 - | | gm FILE COPY

Giobal Model for Sound
Absorption in Sea Water
Part lil: Arctic Regions

K. H. Mellen
PSI - Maring Sclences

P. M. Schoitele
Combat Systems Anclysis Staff

0. G. Browning
Surfsce Ship Sonar Depariment

Naval Underwater Systems Center
Newport, Rhede Island / New London, Connecticut

Approved for public release; distribution is unlimited.




Prbface

This report was prepared for the Naval Underwater Systems Center, Principal
Investigator LT P. M. Scheifele (Code 61M). The report was prepared in
large part by Dr. R. H. Mellen, Planning Systems Incorporated - Marine
Sciences and co-authored by LT P. M. Scheifele, and D. G. Browning of

the Naval Underwater Systems Center, New London Laboratory.

The authors wish to acknowledge T. Bell, B. Fisch, G. amith, Dr. D. Klingbeil,
J. Hanrchan, C. DeVoe, J. Doebler, and J. Dluvmac for their guidance and
assistance with the cirection and format of the zgports.

,,,,

Reviewed and Approved: 14 May 1587

hoegzs ~

' o / YAV
._é}[z_‘g'[g‘ / :
L. Freeman 3. K
Head, Sarface Ship Saoar Depertmen? Head, A Analysis Staff

7 Y eSS .y Y
4 o o Tk i - Wi/ N X
XA ) b ’

e
o
ol .

S S et

B oy




UNCLASSIFIED

ITY CLASSIF 1ON HIS PAG

REPORT DOCUMENTATION PAGE

3. REPORT SECURITY CLASSIFICATION
UNCLASSIFIED

1b. RESTRICTIVE MARKINGS

22. SECURITY CLASSIFICATION AUTHOQRITY

3. DISTRIBUTION/ AVAILABILITY QF REPORT

2b. DECLASSIFICATION / DOWNGRADING SCHEDULL

Approved for public release;
"distribution is unlimited.

4. PERFQRMING QRGANIZATION REPORT NUMBER(S)

5. MONITORING ORGANIZATION REPORT NUMBER(S)

TR 7969
60. NAMZ OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL
Naval Underwater (f apphcable)
Code 61M

. Systems Center

7a, NAME OF MONITORING ORGANIZATION

B¢ ADDRESS (Gty, State, and ZIP Codle).

New London Laboratory
Now London, CT 06320

7b. ADORESS (City, State, and ZIP Code)

2. NAN.. OF FUMDING / SPONSORING
ORGAMIZATION

8b. QFFICE SYMBOL
0f appiicabie)

9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

8¢. ADORESS (City, State, and ZIP Code)

10. SOURCE OF FUNDING NUMBERS

PROGRAM PROJECT
ELEMENT NO. NC.

TASK
NQ,

WORK UNIT
ACCESSION NO

11, TITLE (Include Secumty Classification)

GLOBAL MODEL FOR SOUND ABSORPTION IN SEA WATER - PART II1: ARCTIC REGIONS

12. PERSONAL AUTHOR(
R. H. Mellen

S
ePSI), P. M. Scheifele and D. G. Browning (NUSC)

13a. TYRE OF REPORT 13b. TIME COVERED

14. DATE OF REPORT (Year, Month, Day) [15. PAGE COUNT

FROM TO 1987 May 14
16. SUPPLEMENTARY NQTATION
17 CQSATI COOES 18. SUBJECT TERMS (Continue an reversa if decestary Ind dentfy by Giock number)
FIELD GRQUP SUB-GROUP

'3 ABSTRACT (Continue on reverse if necessary and identify dy block number)

. - Sound absorption in sea water is known to be caused by ionic reloxotions
involving magnesium sulfete, boric ocid and magnesium carbonate. The
mechanisms of the three relexstions heve been determined by laborotory
experiments and are now yell-understood

Absorption is regionally dependent, due mainly to the pH-dependence of
the bonic acid retexation. In the nomina! sea-water pH range 7.7-8.3, the
magnitude increases by roughly o faclor of four ot the lower frequencies. -
A 3-retexation model has been developed from results of both leboratory
ond see experiments. Predictions based on archival pH date have been found
to be in good sgreement with sound-channel measurements.

10 OISTRIBUTION 7 AVAILABILITY OF ABSTRACT

O UNCLASSIFIEDAUNLIMITED SAME AS RPT  [T] OTIC USERS

21. ABSTRACT SECURITY CLASSIFICATION
UNCLASSTFIED

12a NAME OF RESPONSIBLE INDIVIDUA
P. M. Scheifele

22b TELEPRONE (Include Area Code)

22¢. OFFICE SYMBOL
(203) 440-6589 ;

Code blM

DO FORM 1473, samar

83 APR eadition may be used until exhausted.
All other editions are obsoleta.

SECURITY CLASSIFICATION OF TWI§ PAGE
UNCLASSIFIED




UNCLASSIFIED

SECQURITY CLASSIFICATION QF THIS PAGE

19. ABSTRACL (Cont'd.)
/'/
= Since pH varies with depth as well as location, absorption also depends
on the rey paths. A predictive global model for the World Ocean has been
developed, employing contour charts of the pH correction-factor (K-factor)
ot the depths 0, 0.5, 1, 2, and 4 km. Profiles required for loss-integration ,
along ray paths cen be generatelby the slgorithm provided. Tors + ~pr & &X7oriy
The purpose of this report is to extend<the model to cover Arctic regions.
in polar waters, sound speed generally increases monotonically with depth
and upward refraction causes a conceniration of energy near the surface.
Excess sttenuation, evidently due to underice scattering, mekes long-range
propagation feasible only at very low frequencies. Reverberationis alsoan (7/us
order of magnitude higher than that at lower latitudes&Absorption effects
are therimportant only for direct-paths end high frequencies. For depths
of 1 km or less, the ranges of concern ere therefore no greater than about
50 km in ice-covered waters.
The range of pH in the Arctic Ocean is roughly 8.0-8.3, carresponding to
on absorption range of a factor of two at most. Because the variability
occurs much closer to the surface, the depths 0, 0.1, 0.3, 0.5 and 1 km have
been selected for the K-contour charts. Depths greater than | km are found
only in basin regions and veriability is negligible at these depths. -~
The proposed method for predicting sound absorption in Arclic regions
appears to satisfy sccuracy requirements.

URCLASSITIED

SECURITY CLASSIFICATION JF TS PAGE




Toble of contents pege
introduction 1
. Background.... . .2
ABSOIPLION MOTBL.......oee oo seeeeamessse s senmesssmresees 3
Model and data COMPAITSON ... eeeeeseesesseemsseseseenes 4
ATTLIC BNVITONMENL ..o eemrseeesssesssessssessessesseseesessssnes 6
ATCHIC BLLBNAUALION. ..o eeseeseeseeesssarseareeens 7
TCB MOGBT ..ottt eemeesees e srareeeeeesameseenees &)
) SCALering 10SS ThBOMY....uccirrociir oo cseennr e sesssnsse s ssnssrsne s sneees 10
v
ALLBNUBLION SUMMBIY ..o sseeessmmsenmsssssssssssssmsesessssssees 14
BOCKSCOMIING. .o 15
ADSOMPLION PIrBATCTION oot eeseemmsneeseeeneeenes 17
Model prediclion COMPOIISON. ...t s e 30
CONCTUSTON. .o et eeeeesesseese s erees e ereere e seesse s 33
REBIBIBNCES .ottt eesssesseessssressesss s essennens T )
Accession For _
NTIS GRAXI af ‘
DTIC TAB Ly i
Unannouncead 1) E
Juatification
- ‘ - BY
_E;ntribution/ ) ]
Availability Codes
* T Avall and/or
Dist Special




'.’:“l.

.LD.LEQQHQU_OQ ) Sound sDeed

(km/s)
- 1.43 1.6 1.49

lllJl

NV ANV T R
SRLLY AL, a0 T NG
52 = S0 {;‘ LR

Depth (km)

—

L=

20

0

o 4
[5)
-
o
N
O
n
[
[
O
”
]

40
Range (km)

Figure 1: Arctic Oce‘oh sound-speed profile and ray diegram.

The Arctic Oceen is & unique acoustic environment, principally because
the sound speed increases monotonicelly with depth end the surface is
generally covered by on ice loyer. Upward refraction and scettering st the
rough ice-water interface produce reverberation and attenustion, both of
which place severe limitations on SONAR performance.

Figure 1 shows a8 typica! sound-speed profile and ray diagram. In deeper
waters, the maximum RSR cycle distence cen be of the order of 50 km. In
this range, reverberoation and absorption in the medium cen be the most
important factors. At longer ranges, most of the energy is concentrsted in
roys with smell grazing angles and multiple reflections at the ice-woter
interface are then involved. Scattenng causes losses in both energy and
signal coherence and these losses can exceed sbsorption loss by more than
en order of moagnitude.

The mein purpose of Liis report is to e tand the current global-model for
sound sbsorplion in see woter [1,2] te inciuue Aictic regions. The model is
based on the three principel chemicol relaxations contributing to sound
absorption. An opproximote formula has besn developed ond predictions
compered favorabiy with experimental deta from many perts of the world
Ocean. The environmental faclors involved in absorption prediction ore pH
and temperature. Investigation of the effects of pH on propsgetion loss
will be o principal concern. However, reverberation and attenuation due to
scotlering will also be addressed because of their greot importance in the
overall preblem.




Background

By the end of Wwil, it was known thet absorption ot SONAR frequencies
is more than order of magnitude greater in sea water than in fresh water.
Subsequent propagation experiments provided accurate estimates of the
magnitude. By the early 1950's, leboratory resonstor experiments had
identified the ceuse os 8 magnesium sulfate relaxation end deteils of the
mechanism and the relaxation parameters had been worked out. In 1962,
Schutkin and Marsh [3] proposed a formule for sea-water absorption, based
on both the measured relaxation perameters and field experiments in the
frequency range 2-30 kHz.

In 1965, Thorp [4] reported sound-channel propagstion experiments in
the Bermuda-Eleuthera areo indicating en anomaly ot lower frequencies.
The extra loss was fitted by adding & | kHz relaxation to the S&M formuls
ond the result became known as the “Thorp formule” [5).

Mediterroneen experiments were reported by Leroy [6], showing & similar
anomaly but with somewhat higher magnitude and relaxation fregquency.
Experiments carried over the next twe decades in other areas confirmed
the high degree of variability of the extre loss and regional dependence has
therefore become much more critical [7]. The msjor factor involved in this
variability has been identified as the pH value [8].

The principsl chemical relexation responsible for the pH-dependent loss
hos been shown to involve boric acid [9). The chemicel mechanism has been
identified as the boric acid/carbonate equilibrium and the parameters have
been measured in the laboretery by means of the resonator method (10},
The loboratory investigations also reveated o pH-dependent relaxation
involving magnesium carbonate, which has been found to play e minor but
significent role in sea water absorption [11].

An absorptlion formule, based solely on known chemicel processes, would
be far too complex and the sccuracy would be limiled es well. However,
since the range of environmental perameters in the World Ocean is very
limited, simplifying approximetions can be made; namely, thot the losses
for both pH-dependent reiexations increase exponentialiy with pH end the
relexation frequencies increase exponentisily with temperoture. Thorp's
formula can then simply be modified by adding the third relexstion and
including the required pH and temperoture corrections.

A 3-reloxolion formula has elready been developed. Predictions based on
archival pH date have been tested against oll the ovailable sound-channel
with good results [1,12]
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Absorption Model

A=A| (M9804 )+A2(B(0H)3)+A3(H9C03)
An=(s/35) apf2fn /(£2+£7)

) 1760
8,=0.5x100&M/2 ¢ _ 50410

H-8 1770
02=0.1810(’ ) f,=0.9x10

- 1730
a;=0.03x10""®  fy=45x10

Atlantic 4°C pH8.0
A=0.00712+0.112/(1+12)+0.1812/(62+12)
N.Pacific 4°C pH 7.7
A=0.00712+40.0512/(1+12)+0.00 12/ (62+12)
Mediterranean 14°C pH8.3
Az0.00612+40.2612/(1.42+§2)+0.7812/(122+12)
Red Sea 22°C pHs8.2
A=0.00412+0.2712/2(1.0%+12)+ 1.112/(242 +1?)
sub-Arctic -1°C pH 8.3 |
A=0.0112+0.17 1¥(0.85%12)+0.24 1¥(4%+12)

Figure 2: Simplified absorption formulae.

In the 3-relexation formula of Figure 2, A is in dB/km, frequency f snd
relaxotion frequencies fn ore in kHz, temperature T is in °C and pH=8.0 the
referance value. PH valugs in the World Dcean very roughly from 7.7 to 6.3,
which corresponds to an ebsorption ratio of as much as 4/1 at the lower
freguencies.

The magnesium sulfete term includes the depth factor D(km), which is
sdapted from the prassurs correction of Fisher and Simmons {13]. Depth
dependencies of the othaer two relaxations are not yet known; however,
measuremants in both deep and shallow channels indicate thet borc acid
gffects are negligible. Megnesium carbonate effects may be grester but
cen be neglected because its contribution is so small. Selinity dependence
tas besn approximested 8s S/35 where S 1s parts par thousand.

Specific coefficients for several experiments! aress, are shown in the
bottom box. Note Lhat the maghesium sulfata terms are approximations
volid only for frequencies less then 10 kHz.
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Figure 3: Thorp’s data snd 3-relaxation mode!l.

Figure 3 compares Thorp's dats with the 3-relaxation model. Individusl
components are identified and the top curve is their sum. The oversll fit to
the date with the new model is as good or better than that with the Thorp
formula: A= 4012/(4100+12) + 0.112/(1+12) ¢B/kyd.

Note that the A2 (boric acid) coefficient is 10& lower than thet of the
second term in the Thorp formula; i.e. the value in dB/km becomes eque! to
the Thorp value tn dB/kyd. The differences in total absorption 6t the Jower
frequencies are mede up by the A3 (megnesium carbonate) component.

The parameter adjustment is mainly justified on the basis of data-fit,
the third component being essential to the model. when the sea-weter
resonator date were Titted with 8 2-relaxation model, there were serious
discrepencies at higher pH velues. For example, at pH=B.5, formula values
that were (oo iow by a factor of more then two at the Jower frequencies,
which wos clear evidence of the existence of a third component. Ses water
synthesis experiments were carried out and the mechanism was tdentified
as the magnesium-carbonste relexation The relaxation paremeters and the
temperature and pH dependencies were determined by measurement.

-4_
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Figure 4: Model and data comparison.

Figure 4 compares the 3-relaxation model predictions with date from
soung-channel experiments in the North Atlantic (Thorp), North Pacilic,
Mediterranean Sea and estimates for the Arctic (dashed curve).

In the Norih Pacific case [14], the lower vslue pH=7.7 reduces both the
boric acid (A2) and the magnestum carborate (A3) coef{icients by a factor
of w0 compared to the N. Atlantic. Relaxation frequencies depend oniy on
temperature and remain the seme.

In the Mediterrariean case [15], the higher value pH=8.3 increases both
the boric acid (A2) ond the magnesium carbonate (A3} coefficients by 8
factor of two comparad Lo the N. Atiantic. The curves da not differ by such
a large factor at the lower frequancies because the reiexstion frequencies
are higher. The effect of lower relaxation freguencies in the Arclic, for
the same value pH=8.3, is shown by the dashed curve.

The value pH=8.0 has been assumed for Thorp's experiment anc 1s used 8s
reference value in the 3-relaxaiion model. Predictions, based on archival
pH values, show good agreement within experimental limits for 8ll regions
of the World Ocean examined. However, small adjustments of peremeters
can be rede if new absorption and/or pH dete indicote the need.

Details of the mode! tn the Arctic regions will be considered ~oxt.
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Figure 5. Arclic Ocesn festures

Figure S shows the genersl features of the Arclic Ocean. Depths grester
then 3 km oeccur in only five main reqions; namely, the Conadien, Makorov,
Fram, Nansen and Norwegien basins. in these regions, good propagotion via
the half-channel con be expected to very long ronges. Spreading 1oss is
then cylindncel, however, scattenng losses limit useable frequencies to
less then 100 Hz for ranges much grester than 100 km.

The basins sre separoted by the various mdges, the most prominent being
the Lomonosoyv, which runs through the pole. Surrpunding the deep basins
are the shelf regions, in which the depths repidly decresse to less then
S00 m. In the shallower waters, the botiom csn cause even highar losses
beceuse the deeper-going roys ere cut off.
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Figure 6. Arctic attanuation measurements.

Figure 6 compares measured attenustion dais with astimated 2hsorption
for central Arclic waters. The solid circlys are 1959 data [16] end open
ctrcies ore Tristen/Fram-82 data [17)

The striking features of the data sre the megnitude and resemblence o
relaxationsl gbsorption. in the low-Trequency range, vaiuves are more than
10 times greater than predicted absorption The relaxstion-ltke bghavior
is belleved due to experimental condttions. Attenuation usuatly limits the
useable range to fess than 100 km al higher {requencies and absorption
dominates in this regime. Smaller losses at low frequencies require much
longer renges for measurement and scattering then becomes deminont

The likely low-freguency 10ss mechanism is scettering at the ice-watlsr
interface. Scattering theory shows that 10ss-per-bounce depends aimeet
lineariy en grazing angle. Since the skip distance hes roughiy the seme
dependence, 10ss-vs-range tends to depend more on gradient then angle for
grazing angies less than sbout 6°

Larger-angle reys encounter 8 much sma:ler gradient, however, 1nitis;
divergence-10ss is greeter and they tend to contmbute hittie at the longer
renges Cutoff by the bottom may be an important factor

-
-7 -




ice Model

The first sttempts to model underice scatiering were based on the theory
of Marsh [16]. The Marsh formula for forword-scatter loss employed the
Neumann-Pierson sea-surface specirum snd the assumption was made that
the ice-water interface acts like o pressure-relesse surface.

The theory eppeared to give plausible results; i.e. values consistent with
gxperiment were predictad for the RMS stardard devistion 2.4 m for the
underice roughness. This value was in feir sgreement with measurements
of underice profiles by upward-looking SSN sonar.

The epproximations in Marsh theory make it valid over 8 limited range of
frequencies and grazing angles. Recent sdvences in scattering theory by
Brekhovskikh & Lysanoy [19] now permit celculation of forward-scatter
loss for all angies and frequencies. To carry out the necessary numerical
calculetions, it is convenient to have an analytic statisticel model of the
underice-roughness. .

In the Tristen/Fram-82 experiment [17], underice profiles were obtained
concurrently with the propagstion measurements. Profile data for 400 km
range were anslyzed in | km segments and averages were {aken over ten
contiguous segments. The power spectra, correlation functions and PDF's
(probability-density function) of draft were celculated by the FFT method.
Standard devistions were derived from the PDF's and correlation lengths
were estimeated by fitting with the model correlation function.

Average values of carrelation length and RMS stenderd devistion were
found to be 44m and 2m, respectively, and the scatter of the 10 km dste
was reasonably uniform. Correlstion between standard devietion and dratt
was quite high; however pints of correlation length vs standard deviation
showed considerabie scatter.

rigure 7 is 9 skexch of & small segment of an underice profile. The power
spectrum shows typical FFT dats and the curve-fit with the I-dimensional
analytic spectrum. The correlation function R(r) and the 2-dimensional
spectrum have been derived anslytically from the {~dimensionel spectrum.
The angular-distribution of R(r) hos been taken to be effectively isotropic
and K, is the mndified Bessel function.

The statistical parameters are correlation length and standard deviation
The oriqinal theory of Marsh required only standerd devistion because the
correlstion length is implicit in the Neumann-Pierson spectrum.

-8-
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Scattering-loss theory

The reflection coefficient Q is taken here as the retio of the coherent
signal-intensity in the speculor direction to the incident intensity. In the
perturbation approximetion we let Q=1-5L where SL<<1. By removing the
Neumann-Pierson spectrum from the Marsh formula, his result becomes
5L=3.3 k372 |"1/2 12 5ing, where 8 is the grazing angle, k=201/C is scoustic
wavenumber &nd C is the sound-speed.

The ray skip-range is given by R(B)=2C tan8/g. Loss vs range is therefore
almaost independent of ray-anglie for constant gradient g. Teking g=.06/sec.
(nesr the surface) and the values h=2m, L=44m, the sttenuation coefficient
becomes A=4.34 SL/R(8) 215 £3/2 gB/km, where { is in kHz.

This approximistion yives good agreement with the data trend of Figure 6
but it is low by roughly & factor of two. The discrepency is due mainiy to
the lowsr velue of rms roughness. More exsct computation, using computer
codes for estimating propeagation loss and adding the celcuiated reflection
ioss~-par-bounce, gives tomparable results,

The Mersh formula is vaiid oniy over a limited comain. Since it involves
correlstion length, the scetter hesm-psttern is clearly involved. A general
thsory for all domains is given by equation 9.6.3 of B&L, which is & double
integral over the surface-roughness spectrum.

in ths paper, the B&L intagra! is transformed into scaiter-angle space
to show where the srergy goes. For the anaiutic ice spectrum, the problem
then reduces {0 a single integral to be evaluated numerically. Evsluation of
the B&L double-integra! gives ioenticai results.

Aégmptctxc solutions of the integr sl are also oblsined, which show the
following limiting conditions

in the Eckart regime [20], the scatterad energy tends towerd specuier
end the losses go as {2, Values then becoms higher than the Marsh formuls;
however, the method of small perturbations (MSP) requires the condition
kh sinB <1, which is violeted &t the higher frequencies.

In the Marsh regime, the losses go as 13/2 and the scattering beemidth
becomes important. Some energy will then escape and be sbsorbed in the
bottom, which could explair, why there is no evidence of incoherent energy
ot longer ranges.

In the Rayleigh régime, scattering becomes diffuse and losses go as M
For the correiation length 44m, low-frequency roll-off cen be expected
below sboutl 50 Hz end lusses will then be less then the Marsh formula.

The results are summarized in the following equeticns:

-10-



Coherent Energy Reflectivity Q=1-SL

-1 4. 2 . %2 2 o w
SL=(2w) k h'sinB {d6'sin 8'cos6’ [dB{rdrR{r}J,(k'r)
0 -¥ 0

k'=k (cos?B+c0s28"-2cosgcosBeos8”) ”

k=291/C R(N=,r Ky(Q,r)

szrdra(rwg( k'r)=2(1+(k'/ap)’ J *=F,

First integral
(2" fdoF =1+ )((1+u) )2

1]

F,

L u.—.(k/Qu)z(cnszmcuszB‘) v:2(k!Qo)2 ces8cosE’

Second Integral

; %2
SL=tkh) sinBjdB'sin 8'cosO'F,
S 0 .

Final integral to evaluate numerically

Eckart SL=(Zkh sing)? RU1 KL
Marsh SL=3.3(kh)’sira(ki) > Ruccl kL>>1

2 2
Rayleigh SL=2(kh) (kL) sinB8/3 kL«
L=2/Q,  Ru=kL sin8/2}

Asymptotic £ aroximations

The theory is based on Bragg-scattering wherein k' defines a matching
between the acoustic (k) anc the surface (Q) wavenumbers as & function of
the incident (€) and scatter (8') grazing angles.

The first integrel over radius r yields an analytic function inveiving the
retio k'/Q,. {J; is the Bessel furction)

The second integrai over szimuthal angle g is also anglytic, leaving only
sn integral over scatter angle 8 to evaluate numericslly. The asymplotic
solutions provide 8 check. (Parameter Ru refers to Rutherford-sca‘@tering.)

-11-




SD | Akh})" sinB 8210°  10-1000 Hz

0 10 20 30 40 S0 60 70 8 90
Scatter angle 8¢

Figure 8: lce spectrum integrands vs scatter angle.

Integrands of the scattering-loss equation are 8 measure of scattering
directivity. Figure 8 show plots of emplitude vs scattering grazing-angle
for en incident grazing angle 8=10°. The curves have been normalized by

dividing by {kh)?sin8 in order to restrict the range. At low frequencies, the
scattering becomes diffuse in the halt-space, while, et high frequencies,
it tends to become speculer.

The integrands can be considered es the energy scattered from en eree of
radius equal to the correlstion length. 1t is therefore coherent with the
incident plane-weve. Summing over a random ensemble of aress makes the
result incoherent.

The inlegrends are similar to conventional beam-patterns; however, they
are & measure of the flux in 8 cone and are not the usual cross-sections.
The fraction of scettered energy remaining in the refractive régime cen be
readily estimated from the curves. For example, if 15° reys hit the bottom,
more than 1/2 can be lost for each surface- refiection at frequencies less
then | kHz. After several reflections, the incoherent levels will converge
rapidly end become negligible.

- ]2..
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Figure 9: Ice spectrum scattering coefficients vs frequency.

in Figure 9, velues of the integral obtained by numerical integration are
plotted as a function of frequency Tor grazing angles 4-16°, which is the
range of interest. Note that the curves have been normeiized by dividing
the scatter-loss by (khY*sin8. This makes the Marsh formule (deshed line)
and the Reyleigh low-frequency asymptote independent of angle while the
Eckart high-frequency asymptotes become proportional to sinB. The Mersh
formule becomes inaccurale 8t the lower frequencies where the Rayieigh
limit becomes 1mportant end elso ol the higher frequencies where the
Eckert 1imit becomes importent.

Loss estimates below 100 Hz by the Marsh spproximetion have alresdy
proven low by more than o factor of 2. The volues obtained by integration
become even srnaller at 1ow frequencies. Since the conditions for the MSP
theory are epparently valid in this renge, the ceuse of disagreement is not
clear. The values do increase in the Eckart régime, but the MSP conditions
rapidly become invalid here.

One possible additional loss mechenism is dissipation within the ice;
however, very high backscatter levels sre also observed end this suggests
thot there is more scetiering than cen be accounted for. :

-13-




Attenustion summary
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Figure 10: Atlenustion vs trequency models.

The attenuation results are summarized tn Figure 10, showing the two
scattering mode!s and the experimentsl dats.

The solid curve on the left {s the Mersh formula in which scattering lces
increases as 13/2, Predictions ere low by more than a factor of two st the
tewer frequencies.

The dashed curve is the humencal-integration mode! covering all three
réegimes. The roll-off below 100 Hz indicates 8 gradus! transition to the
Rayleigh régime tn which scattering becomes diffuse and scettering loss
approaches an f* asymptote. The increase in magnitude sbove 200 Hz is the
transition to the specular Eckart-régime where the asymptote is 12

Clearly, the more general scattering mode! 8nd more accurate knowledge
of the underice statistics has not improved agreement between experiment
and theory. Without the pressure-relesse assumption for the ice-water
interface, finile impedance effects would cause the magnitudes to fall off
even more rapidiy below 200 Kz, Atr trapped near the bottom of the ice is
a possible mechanism for effectively zero impedance; however, further
experiments are required for verification. Even with this assumption, the
sgreement with data is still far from satisfactory.
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Figure 11: Backscatter strength vs grazing angle.

From the theory of Marsh [21], the ratio of the scatlered to the incident
intensity is proportional to k* sin? 8 S,(Q), where Q=k’ and k' is the Bragg

wavenumber For backscattering, 8'=-8 and the backzstiering strength is:
SS(dB)= 40 log(sing) 10 loglk* (@} Q=2k cosB

Since the strength goes as k! and the spectrum goes asymptaticelly as ™,
the result is independent of frequency above about 50 Hz and is simply:
$5(dB)~-30 + 40 10g (tans)

The data points in Figure 11 are gverage values for the band 40-500 Hz.
The grazing angles ere a1l close to 10° and no trend s obvious for such a
limited renge.

The Marsh formule prediction falls well below the data. The two-scale
model of Kur'yanov [22] sttempts to account for the effects of finite siope
by assuming that the scatterers are small in scale compared to the scale
of t\ie gross roughness. The model of Greene and Stokes (23] assumes that
the slope distribution of the gross roughness is non-Gaussian and thet the
backscattering 1s dominated by regions of highest slope, {.e. 8t pressure
ridges. Curve "G&S" shows the prediction for the siope value 30°.
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Figure 12: Backscatter strength vs frequency.

Figure 12 shows the backscattering data vs frequency for grazing angles
near 10°. The "G&S™ prediction falls off below 50 Hz because the scoustic
vravelength becomes greater than the homzontal scale of roughness.

Finite impedance at the tce-water inlerface could 6150 have significant
effect 8t low frequencies here; i.e. 1f the impedance discontinuity begins
1o disappear below 200 Hz, scattering in any direction will rapidly become
negligible. Therefore, without the pressure-release assumption, matters
would be even worse.

It 1s clear thet surface backscatter-sirengths in ice-covered regions ore
extremely high. It ts also clear that the theoreticsl models for both the
backscattering strength and forward-scattering toss are not in adequate
agreement with experiment, even with the pressure-release assumpticn
and composite-roughness models.

The only logical conclusion appears to be that the scaltering theory1s et
Tault. Further theoretical tnvestigations are obviousiy needed toseetf a
model cen be developed that accounts for the observed magnitudes. Effects
of the ice impedance must be included and this could require experiments
to determine the pertinent physical properties.
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Absorption prediction

0
Depth|{(km)

[

2 L

3L o N. Pacific

e N Atlantic
. ] A Med. Sea
/ ¢ Arclic

4 ' 1 S 1 & L L L i

pH 7.6 75 80 82 8.4

Figure 13: Comparison of pH profiles.

Figure 13 compares an Arctic pH profile with the extreme cases in the
lower 18titudes. Although the pH values tend to e feirly high, it is clesr
that sound absorption has a far less important role in the Arctic becsuse
the excess attenustion is so great

in earlier reports {1,2], the probiem of pH variability and prediction of
s effects on absorption was addressed. From enelysis of propagation dats
from the lower latitudes, it was shown that one method of estimating the
depth variations is to use selected depth-vaiues for various propagation
modes; i.e. axial values for sound cheannels, surface values for surface
ducts 8nd 2 km values for convergence zones.

Contours of pH for the surface and for depths 0.5 km and 1 km from the
world Qcean Atlas Vol. 1124) were used together with contours for 2 km
depth from Vol. 2 in developing eppropriate charts for the three modes of
propagation. Since the Russian pH contour intervels are large (0.! pHunit),
interpoiation wes required to schieve the gesired sccuracy. Correction of
values Lo »7-s/¢y pressure was a1so required. The sound-channel charts
were based on the enalysts of Russian pH contours by Lovett {25]) while the
CZ and surfece charts were dertved mainly from the Russian report.
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In cases where there is no single clearly dominant mode, effective loss
can be estimated by integrating over all ray poths using o pH profile. Five
contour charts were provided for the selected depths 0, 5, 1,2 eand 4 km
for tiis purpose. The GEOSECS [26] dats have also been used to derive the 2
km contours in parts of the Pacific Gcesn not covered by Russian work.

The estimation problem at higher latitudes differs in several respects
because the thermociine disappesrs, making refraction uniformly upward.
Water depths tend to be smaller elso. Since details of pH variability nearer
the surface are more important, a change in scale is indicated. PH contours
in the World Ocean Atlas: Arctic Ocean Vol. 3 cover 8 depth range 0-3 km.
Oniy the range 0-1 km is required for calculetions.

A=A, (MgS04)+A ,(B(OH),)+A .(MgCO5)
Ag=(5735) agf 2 fn JUF2+£2)

_ 1/60

a,=0.5x10 DkM20 £ = 50410
1770

a,= 0.1xK f,=0.9x10
1730

3= 0.03xK f5=45x10

The pH parameter K=10®5) has been substituted in the global model
formuia sbove. Ssiinity dependence is taken as S/35, with the cavesat that
errors mey be excessive outside the range 30-40 ppt. Temperature profiles
can be demvea from the SVP used in the computer code. Actuslly, they may
not be required because the range is so small. Salinity variations appesr to
be negligidle.

Figure 14 shaws the rough outline of the | km depth contour. Propagation
can be expected Lo be absorplion-himited for ranges up Lo roughiy 50 km in
this region. In shatlower waters outside the region, effects of the bottom
can become significent and ranges are correspondingly less.

Figures 15 and 16 show suriace contours of the K-factor for winter and
summer, denved from pH contours in the World Ocesn Atlas: Arctic Ocesn.
The complexity of the structure during wermer periods s probebly due to
melling and runoff. This veriability should not affect sbsorption becsuse
the derper portions of the ray paths are the most critical.

Figures 17-22 show the K-factor contours for ell the depths given in the
world Ocean Allas: Arctic Ocesn Seasonel varations are expected to be
much smaller at depths of 100m or greater and the structure appears to be
relatively simple
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Figure 15 Surtace K contours-winter
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Figure 16. Surfece K contours-summer
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20 100m K Contours
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Figure 17 100m K contours
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Figure 18 300m K contours
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Figure 22: Arctic Ocean K-profiles.

The K-contour method has provan to give adequate accuracy in modeling
the actusl profiles throughout the ¥orid Ocesn. The algorithm to be used
agein here was suggested by Dr. A H. Nuttsll

The K values for D=0, 0.1, 0.3, 05,1 km are labeled D where n=0,1,2,3,4.

The protile is generated from the equation
K(D}=K(D,)* [Cy + €, D + C, D? + C, D3 + C, D%) expl-(eD)"]
where 8=4/xm and b=1.5 are found {0 give "best” results for Arctic regions.
The five equetions to be solved for the coefficients C&re then given by.
Co*€ D, +C,0 2+C, D 3C 0 *4=IKD,) - X(D)]expl(4D,)' 7]
Either aigebraic or matrix methods can be used.

Figure 22 shows typical profiies dertved from the K~contour cherts for
several regions in the Arctic Oceen. The profiles appear quite consistent
with the Russian deta. Generally, the pH value is grestest al the surface
and becomes constant ot depths greater than about Q.5 km with @ minimum
near 0.1 km depth in some cases. The range of varietion tends 0 be smali
compared to the world Oceon at lower latitudes [1,2].
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Figure 23: Absorption spectrum renge in the Arctic.

Figure 23 shows the predicted range of variation of absorption spectra
in the Arctic for the pH range 8.0-8.3 or K-factor renge 1-2. Temperature
fs taken as - 1°C and salinity as 35 ppt. Effects of pH below 10 kK2 are due
mainly to changes in the boric acid coefficient. At very low frequences,
the max/min ratio approaches the factor {wo. When compared to Atlantic
spectra for pH=8.0, the range can exceed two because the tempersture is
higher.

The dats points are from the Baffin Bay experiment of DREA {12 vol l).
These are the only avatlable low-frequency Arctic data thet clearly show
the effects of the ebsorption limtt The experiment was cerried out in the
late summer under ice-free condilions. Near-surface temperatures were
sufficiently high to form & weak thermocline and the propagation mode
waes sound-channel, the axis being near 100m in depth. The expenmental
range extended Lo roughly 400 km.The dashed curve for pH=6.2 (K= 1 6)
gives the "best™ dala-fit 8t the higher frequencies

The excess 10ss at the lower frequencies is probabiy due to scattering by
temperature inhomogenetties in the medium, since neither ice or surface
waves can be held responsible
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Mode! prediction comparison

2Alpha (dB) 70°N 10°E 80°N BO°N 180° | B3°N Q0°F
F (kH2) R{km)> | 40 40 40 40
K mod. 31.3 333 30.2 30.7
43 Thorp 25.5 25.5 25.5 25.5
A 9.8:0.6 7.8:0.6 4.7:0.6 52:0.6
K mod. 27.1 29.0 2.1 266
40 Thorp 21.8 218 218 218
A 3.320.6 7.220.6 4.3:0.6 4.8:0.6
K mod. 232 25.0 222 227
3.5 Thorp 18.5 18.5 18.5 18.5
A 4.7:0.5 6.5¢0.5 3.8:0.5 43+0.5
K mod. 19.6 212 18.7 19.1
3.0 Thorp 15.5 15.5 15.5 155
A 4.120.5 57105 3.2+05 36105
K mod. 16.2 17.6 15.4 157
25 Thorp 12.8 128 12.3 12.
A 3.3:0.4 48204 25.04 289104

Figure 24: Model compartson of 2.5-4 S kHz two-way 10sses at 40 km.

In most cases, propagstion in the high Arctic will be absorption-limited
only for single refraction paths. The ranges of concern are therefore much
shorter. Two-way loss predictions for the K model and the Thorp equation
for the range 40 km are compared in Figure 24. The differences between
the models, A=A(Kmod)-A(Thorp), also include the expected  dB error of
the K model, which indicates the degree of significence.

The ray-integration method and the sigorithm profile were used in the K
model calculations. Values of K at the five depths were fitled to generate
the profiles Sslinity was taken as IS ppt and temperature as - 1°C. Losses
8l selected frequencies F(kHz) were c9lcuiated using the ray-integration
method Relslive errors were calculated concurrently using the expected
vilue AK=20.05. The Thorp values were also calculated concurrently so 8s
to minimize reletive errors.

Figure 25 shows similar calculations for frequencies S5-9 kHz al 10 km
range and for frequencies 10-18 kHz at S km range Differences between
models become negligible at the higher frequencies. Resulls above 10 kHz
are in very good agreement with reported experimental veiues [27)
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2Alpha (dB} 70°N 10°E Q0°N 80°N 180° | 83°N QO°E
F (kH2) R (km)> S 5 S 5
K mod. 305 299 305 304
18 Thorp 31.1 311 3 311
A -0.6:0.1 -1.2+01 -0.620.1 -0.7+0.1
K mod. 253 247 2.3 252
16 Thorp 252 25.2 252 252
A 0.120.1 -0.4:0.1 0.2:0.1 0.0:0.1
K mod. 20.4 199 205 204
14 Thorp 198 19.8 19.8 198
A 0.7:0.1 0.1:0.1 0.7:0.1 06201
K mod. 16.0 195 16.1 160
12 | __Thorp 15.0 15.0 15.0 150
A 1.120.1 06201 11201 10401
Kmod. 12.1 116 12.2 120
10 Thorp 10.8 108 108 108
A 1.2:0.1 08:01 1.4:0 | 12201
2Alpha (B) 70°N 10°t go°N B80°N 180° | B3°N 90°E
F (kH2) R (km)» 10 10 10 10
K mod. 213 203 213 211
9 Thorp 18.6 186 186 186
A 27:02 17202 27202 25+02
K mod 180 170 17.9 178§
B Thorp 15.2 | 152 152 152
A 282072 18:02 28:0 2 26:07
K mod 149 a0 149 148
7 Therp 121 121 121 123
A 28202 16162 2602 26202
K mad 12.2 113 12 1 120
6 Thorp Q5 GS ) a5
A 27:0.72 16202 2.7:Q.2 290267
K mod 97 B89 Q7 as
5 Thorp 7.2 72 2 72
A 25202 [ 17:02 2502 2302
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Figure 25 Model compensor of S-18 kHz two-way 'osses at 5 end 10 km.




R

Alpha (dB) SC 70°N 10°E [ Atl. 30°N [Pec. 4°N | E. Med
F (kHz) R(km)> | 200 200 200 200
K mod. 37.3 28.7 16.5 473
20 Thorp 26.6 26.6 26.6 266
A 10.7:1.0 | 22+¢1.0 [-10.121.0 | 207212
K mod. 28.5 21.6 11.7 353
15 Thorp 20.4 20.4 20.4 204
A 8.2:0.8 13:08 | -8.7:08 | 145:09
K mod. 18.8 136 7.1 210
10 Thorp 133 13.3 133 133
A 5.4:06 | 02:05 | 63206 | 77205
K mod. 12.0 B.2 43 12.1
07 Thorp 8.4 8.4 8.4 8.4
A 36204 | ~02:03 | -42:04 | 37103
K mod. 7.2 47 25 6.7 |
05 Thorp 5.0 5.0 5.0 50 |
A 22:02 | -03:02 | -25202 17402

Figure 26: Mode! comparison of 0.5-2 kHz one-way losses al 200 km.

Ice-free conditions can exist in the Norwegian Sea during the summer
months and propagation to very long ranges is possible at low sea-states.
If the surface temperature rises enough 1o form a shallow sound-chennel,
refrection effects can make surface scattenng negligible However, the
thermacline structure cen still be “rough” and this evidently produces
internsl scattering. £xcess losses may tnen occur & lower frequencies, hike
that observed in the Baffin Bay experiment

Figure 26 compares predicted one-way absorption 10ss for seund-channa)
propagatlion in the Norwegien Sea 8l 200 km range with other regions of

the worid Gcean. The full range of ph gnd temperalure effects 1s reahizes

only in these tower frequencies.

From the earher analysis 1,2}, absolute error of the absarption moge! i

estimated Lo be less than $+15%, 1.e RMS error of the coefficient 1n dB/km
s not expected 1o be greater than this 1f nat Nimited by the accuracy of
the environmentel factors. Relative errors 1n estimeting the effects of pH
ond tempereture can be expecied to be much smoiter
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Conclusion

The purpose of this effort has been to extend the globel model for sound

-absorption in sea water {1,2) to cover Arctic regions. The method used in

estimating suund absorption ol lower latitudes eppears equally effective
in polar waters. The only modificoation required is the change in verticel
scole. Since thermocline effects are absent, upward refraction dominates
propsgstich end variations nearer the surface beceme more importsnt. The
depth range O-1 km has therefere been selected for the K-contours and the
scale of the K-profile algorithm changed from 1/km to 4/km.

The recommended method is numericel integration of losses over all ray
paths by computer methods employing K-profiles. The five poinis from the
K-contour charts should provide the required accurecy for the K-profiles.
The algorithm method of generation is 8lse recommended.

Temperature profiles can likewise be generated from the SYP used in the
computer code. Since the nominsl range is oniy -2°C to +4°C, effects will
be smell. The defsult vaiue -1°C 1s suggested

Selinity varistions fall in the range 32-35 ppt (except neer the surface)
and effects will also be minimal. The cefault value 3% pptas suggested if
local data ore unavailable

The K-profiles can, of course, be genersted graphically; however, making
8 {il 1nvolves subjectivity end transletion ta @ computer code 1s difficull.
Linear interpolation would probably be more effective

A much simpler but less accurate method of estimating absorptionis to
select one K-value {rom the depth contour best suited to the propagation
conditions 1n question. in deeper walcr, {or cxamgle, the 05 km contours
would probably be sufficientiy accurete while the method is useful for
rep1d calculation, 111s also maore subjective

Tne final cavest is that no rehable date for polar waters appear to be
ovarlable except for frequencies ebove 10 kHz Absorplian predictions of
the lower frequencies therefore rely solely on extrapolation of resulls
obtained ot higher temperstures Single-refraction path experiments in the
renge 1-10 kH2 would help to resolve this problem. Excess losses observed
ol lower frequencies could involve some unknown gbsorption mechanism
that becomes evident only ol neor-freezing temperatures Expenments
using the resonalor techmque would serve 63 8 method of investigating
this possibility

1
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