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Scientific session of the Division of General Physics 
and Astronomy of the Russian Academy 
of Sciences (25 January 1995) 

A scientific session of the Division of Genera l Physics and 
A s t r o n o m y of the Russ ian A c a d e m y of Sciences was held 
on 25 J a n u a r y 1995 at the P L Kap i t za Ins t i tu te of Physical 
Problems . The following paper s were presented at this 
session: 

( l ) K D S a b i n i n (N N Andreeva Acoust ics Inst i tute , 
M o s c o w ) "Oceanologica l aspects of acoust ic t he rmomet ry 
of the Arct ic Ocean" ; 

(2) A N G a v r i l o v ( 'Ocean Acoust ics and In fo rma t ion ' 
Scientific C o m p a n y ; N N Andreev Acoust ics Inst i tute , 
Moscow) , M M Slavinskii ( Inst i tute of Appl ied Physics, 
Russ ian Academy of Sciences, Moscow) , and A Yu Shmelev 
( 'Ocean Acoust ics and In fo rma t ion ' Scientific C o m p a n y ; 
Ins t i tu te of Genera l Physics, Russ ian A c a d e m y of Sciences, 
M o s c o w ) "Theore t ica l and exper imental invest igat ions of 
the feasibility of acoust ic t he rmomet ry of climatic changes 
in the Arct ic O c e a n " . 

Summar ies of these paper s are given below. 
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Oceanological aspects of acoustic 
thermometry of the Arctic Ocean 
K D Sab in in 

The first experiment on very- long-range p ropaga t i on of 
sound in oceans was carried out in 1960: underwate r 
explosions of 300 lb charges off the coast of Western 
Aust ra l ia were recorded by h y d r o p h o n e s off the Be rmuda 
Is lands, i.e. after the acoustic signal travelled half way 
r o u n d the Ea r th , pass ing t h rough the Ind ian Ocean and a 
large pa r t of the At lant ic [1]. The ability of the ocean to 
concent ra te the acoust ic energy in an underwate r acoust ic 
channel , which makes possible very-long-range p r o p a g a ­
t ion of acoustic signals, has led to the suggestion tha t the 
t ravel t ime of acoustic pulses t h rough oceans should be 
used to measure the average t empera tu re and to detect 
global wa rming of the E a r t h because of the greenhouse 
effect [2]. The changes in the velocity of sound in oceans 
are a lmost entirely governed by changes in t empera tu re , 
and the average t empera tu re of water a long t ransoceanic 
p a t h s (part icularly if there are several) provides an excellent 
measure of the the rmal state of the oceans, reflecting the 
the rmal state of the planet Ea r th as a whole . 
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The first t r ial was carried out in 1990 as pa r t of the 
A T O C (Acoust ic T h e r m o m e t r y of Ocean Climate) p r o ­
g ramme . Signals generated near the H e a r d Is land (in the 
southern pa r t of the Ind ian Ocean) were received at var ious 
pa r t s of the Wor ld Ocean, including b o t h coasts of the 
U S A : At lant ic and Pacific [3]. The acoust ic power of the 
source opera t ing at 57 H z was 209 dB, relative to 1 uPa at a 
dis tance of 1 m. A s tudy was m a d e of the var ious forms of 
signals with a sufficiently wide spectrum, ensuring accura te 
measurement of the t ravel t imes of the signals a long the 
pa th . If C is the average velocity of sound a long a pa th of 
length L, then the relative error in the velocity measu re ­
ment s is A C / C ^ A T / T , where T is the t ravel t ime of the 
signal measured to within A T . If L = 10 4 k m and 
A T = ± 1 0 ~ 2 , then A C = ± 2 x 1 0 " 3 m s " 1 , which corre­
sponds to measurements of the average (along the p a t h ) 
t empera tu re to within ± 5 x 10~ 4 °C. M a n y countr ies 
par t ic ipa ted in this experiment , which confirmed the 
feasibility of global acoust ic t he rmomet ry of the oceans. 
These countr ies included also the Soviet U n i o n (the vessel 
of the Acoust ics Ins t i tu te 'Akademik Niko la i Andreev ' 
received the H e a r d Is land signals in the no r the rn t ropics 
of the At lant ic Ocean) . 

A n impor t an t and successfully developing pa r t of the 
in te rna t ional A T O C p r o g r a m m e had become its Arct ic 
componen t : Arct ic A T O C . The special na tu re of the Arct ic 
Ocean, just ly k n o w n as the 'weather k i tchen ' , makes it 
par t icular ly at t ract ive for acoust ic moni to r ing because: 
— the Arct ic has an influence on the climate and weather 
over the whole Ea r th ; 
— simulat ion results (see, for example, Ref. [4]) predict the 
greenhouse warming of the Ea r th to be strongest in the 
Arct ic; 
— deep-water inhomogenei t ies (fronts, vortices, in ternal 
waves) in the Arct ic Basin are much weaker t han the 
t empera tu re zones; 
— the pe rmanen t ice cover of the Arct ic can be regarded as 
an independent and very informative object for acoust ic 
moni to r ing . 

On the other hand , some characterist ic features of the 
Arct ic Ocean m a k e it difficult to detect the greenhouse 
effect and require a special app roach b o t h in respect of 
organisa t ion of acoust ic mon i to r ing and in the in terpre ta­
t ion of its results. Firs t , the na tu ra l var ia t ions of the Arct ic 
Ocean over a per iod of m a n y years are much stronger t h a n 
the cor responding var ia t ions of the oceans in the t empera te 
zones. This means tha t the advan tages over the s imulat ion-
predicted enhancement of the greenhouse signal m a y be lost 
completely because of the 'noise ' of na tu ra l var ia t ions . 

In addi t ion to its main dist inguishing feature, which is a 
pe rmanen t ice cover of m a n y metres in thickness, the Arct ic 
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Ocean has the following specific characterist ics: s t rong 
freshening (desal inat ion) of the upper layer because of 
the large a m o u n t s of water arr iving from rivers (about 
5 x 10 3 k m 3 per year) ; a relatively w a r m and saline layer of 
waters of At lant ic origin, located between the upper and 
deep layers and characterised by a negative t empera tu re . 
The At lant ic waters arrive mainly t h rough the F r a m Strait 
with the West Spitsbergen Curren t . These waters pass West 
Spitsbergen on the no r th side, 'd ive ' under the surface 
waters of the Arct ic Basin, and fill the whole of this Basin at 
m o d e r a t e depths from several hundred metres to one 
ki lometre (Fig. 1). They spread in the form of a giant 
cyclonic circulat ion with n u m e r o u s branches : in this way 
the At lant ic waters lose some of their heat and become 
t ransformed before they leave the Arct ic Basin. The to ta l 
loss of heat by the At lant ic waters as a result of mixing with 
the upper layer is prevented by a sharp density discont inui ty 
at the upper b o u n d a r y above which the water is freshened 
by river dra inage. This density discont inui ty in the Arct ic 
Basin is responsible for the pe rmanen t ice cover, because 
wi thout the screening influence of this layer there would be 
sufficient heat to melt ice completely [5]. 

Let us n o w consider a possible react ion of the Arct ic 
Ocean to the greenhouse wa rming and h o w this can affect 
the travel t ime of acoust ic signals in this Ocean. 

The most obvious warming effect is the melt ing of ice, 
which reduces its thickness and redistr ibutes the surface 
layer of the Ocean. The change in the ice thickness does no t 
affect directly the signal p ropaga t i on t ime T, since the 
freshening of the upper layer of the 'ocean ' associated 
with the melt ing of ice reduces the velocity of sound C, i.e. 
increases T. In fact, since the t empera tu re of the upper layer 
of water in the Arct ic Basin is always close to freezing point , 
which increases only slightly because of a reduct ion in the 
salinity, the changes in the velocity of sound in this layer are 

a lmost entirely due to changes in the salinity S and no t of 
the t empera tu re T, as is t rue of ice-free oceans. The to ta l 
derivative, represent ing the change in the velocity of 
sound C with the freezing poin t 0 , is 

d C _ 8C 8C dS 
~d@ df+dS~d0' ( ' 

Let us subst i tute here the values dC/dT = + 4 . 7 
m s" 1 ° C _ 1 ; dC/dS = +1 .3 m s " 1 (%o) _ 1 , and 
dS/d0 = — 1 8 % o ° C _ 1 , where %o represents t h o u s a n d t h s 
pa r t s used to measure the salinity of seawater; °C denotes 
degrees Celsius. This gives dC/d© = —18.7 m s _ 1 ° C _ 1 ; i.e. 
instead of the usua l (for ice-free oceans) increase in C by 
4 - 5 m s _ 1 as a result of wa rming by 1 °C, we have here a 
much stronger reduct ion in the velocity of sound. 

It follows tha t acoust ic consequences of the warming of 
the upper layer of ice-free and Arct ic oceans are directly 
opposi te ; in the former case there is the usua l increase in C, 
whereas in the latter case the velocity C is reduced by the 
freshening of water caused by the melt ing of ice. 

If the greenhouse effect p roduces a flow of heat to the 
surface of the Arct ic Ocean at a ra te of 2 W c m - 2 [2], this 
a m o u n t is sufficient to melt a metre- thick ice layer in 
4.7 years, which will result in the freshening of the top 
50-m layer of the Ocean by 0.5%o and a cor responding 
reduct ion in the velocity of sound in this layer by 0.6 m s _ 1 . 
The same heat arr iving at the ice-free ocean surface can heat 
a 200-m layer of water by 0.35 °C. Let us assume tha t this is 
the increase in t empera tu re of the core of the At lant ic 
waters in the E u r o p e a n pa r t of the Arct ic Basin. The 
t empera tu re of the At lant ic waters falls as these waters 
move away from the poin t of intrusion to the n o r t h of 
Spitsbergen. Therefore, the influence of the the rmal impulse 
which these At lant ic waters have acquired dur ing their 
contact with the a tmosphere at Spitsbergen decreases in the 

Figure 1. Temperature isolines (in degrees Celsius) along the Spi tsbergen-Alaska path. 
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same p ropor t i on . In view of the above ideas and some of 
the da ta on the the rmal condi t ions in the Arct ic Basin on 
b o t h sides of the L o m o n o s o v ridge, separa t ing the main 
p roposed S p i t s b e r g e n - A l a s k a acoustic mon i to r ing p a t h 
into the E u r o p e a n and C a n a d i a n par t s , we can assume 
tha t the wa rming of the core of the At lant ic layer by 
+ 0.35 °C in the E u r o p e a n par t should be followed by a 
somewhat smaller wa rming of the core by + 0 . 1 4 °C in the 
C a n a d i a n par t . Such warming cor responds to an increase in 
the velocity of sound by 1.5 m s - 1 in the E u r o p e a n pa r t and 
by 0.6 m s _ 1 in the C a n a d i a n par t of the pa th . 

Let us consider as our base mode l the simplest 
approx ima t ion of the field of the velocity of sound C 
a long the p a t h by C(z) profiles of two types, of which 
the Canad i an type differs from the E u r o p e a n type simply by 
a greater depth of the core of the At lant ic waters (first two 
co lumns in Table 1, where the values for the Canad i an pa r t 
of the pa th are given in the parentheses) . Let us n o w 
est imate h o w the travel t ime of an acoust ic signal varies 
a long the p a t h if the following events t ake place: 
— the melt ing of a metre- thick ice layer accompanied by 
freshening of the upper layer of water (model 1); 
— melt ing of ice and wa rming of the core of the At lant ic 
layer in the E u r o p e a n pa r t of the pa th by + 0 . 3 5 °C 
(model 2); 
— melt ing of ice and warming of the whole pa th by 
+ 0.35 °C and + 0 . 1 4 °C in the E u r o p e a n and C a n a d i a n 

pa r t s (model 3). 

Table 1. Model profiles of the velocity of sound C(z) in the European 
and Canadian (the latter are the values in parentheses) parts of the 
Spi tsbergen-Alaska path. 

Base model Change in the velocity of sound (AC/m s _ 1 ) 
predicted by models 

z / m C /m s _ 1 l(melting 2 (melting and 3 (melting and 
of ice) warming of warming of 

European part) whole part) 

0 1440 
50 1440 

300 (400) 1459 
1000 1462 
3000 1500 

-0.6 (-0.6) 
-0.6 (-0.6) 

- 0 . 6 (-0.6) 
- 0 . 6 (-0.6) 
+ 1.5 (0) 

- 0 . 6 (-0.6) 
- 0 . 6 (-0.6) 
+ 1.5 (+0.6) 

Calcula t ions based on these models were carried out in 
accordance with the G a v r i l o v - K u d r y a s h o v p r o g r a m m e [6] 
for three modes of an acoustic signal of 30 H z frequency. 
The results of the calculat ions (Table 2) demons t ra t e tha t 
the changes in the t ravel t ime of this signal a long the 
S p i t s b e r g e n - A l a s k a pa th (which is abou t 2700 k m long), 

Table 2. Changes in the travel time (in seconds) of an acoustic signal of 
frequency 30 Hz along the Spi tsbergen-Alaska path, calculated on the 
basis of different models and compared with the base model. 

Mode Model 

1 

I 
II 
III 

+0.8s 
+0.6s 
+0.2s 

+0.8s 
-0 .5s 
+0.2s 

+0.8s 
-0 .5s 
-1 .0s 

associated with the melt ing of ice and warming of the 
At lant ic layer, can be very considerable. The sign of these 
changes for the first m o d e is opposi te to the sign for the 
other modes : the lowest mode , travell ing mainly in the 
surface layers, is very sensitive to freshening of these layers, 
whereas the higher modes react mainly to the warming of 
the At lant ic layer. 

The heat content of the At lant ic layer is thus a very 
impor t an t factor in acoust ic t he rmomet ry of the Arct ic 
Ocean. In view of the main task of the Arct ic A T O C 
p r o g r a m m e , it is impor t an t to est imate the effect of these 
changes on the greenhouse wa rming of the Arctic . This can 
be done on the basis of the following simple model . 

Let us assume tha t qx — cpTxwi is the heat flux 
cont r ibuted to the Arct ic Basin by the West Spitsbergen 
Curren t . Here , c, p , and Tx are, respectively, the specific 
heat , density, and t empera tu re of water ; wx is the flow ra te 
of water , i.e., it is the vo lume of the At lant ic waters 
t r anspor ted by the Cur ren t per uni t t ime. The heat carried 
away by the t ransformed At lant ic waters from the Arct ic 
Basin will be identified by the index 2: q2 = cpT2w2. If the 
interest is only in the mean (over the whole Arct ic Basin) 
t empera tu re of the At lant ic layer T, the loss of heat from 
this layer can be a t t r ibuted to the flow of heat to the colder 
higher and lower layers. Such flow is p r o p o r t i o n a l to the 
vertical gradients of the water t empera tu re T: 

cpvo and qA = cpvo (2) 

where v is the tu rbulen t diffusion coefficient, assumed to be 
independent of the depth z; o is the area of the At lant ic 
layer in the Arct ic Basin; the indices 3 and 4 identify the 
u p w a r d s and d o w n w a r d s flow of heat , respectively. The 
heat stored in the At lant ic layer is Q = cpoAzT, where Az is 
the layer thickness. The change in this heat is determined 
by all the four types of heat flow ment ioned above: 

dQ 
At 

(3) 

where t is t ime. 
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Figure 2. Temperature profile averaged over five proposed 
acoustic paths. 
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Fig . 2 shows the average (for the p roposed acoust ic 
mon i to r ing pa ths ) t empera tu re profile in the Arct ic Basin 
found by averaging the results of oceanograph ic measu re ­
ment s obta ined in the course of the P O L E K S p r o g r a m m e 
[7]. This figure gives the mean posi t ions of the upper 
(z u = 220 m) and lower or deep ( z d = 840 m) bounda r i e s 
of the layer of the At lant ic waters in the Arct ic Basin. Fig. 2 
identifies also the m a x i m u m tempera tu re hor izon 
(zc = 400 m) where the t empera tu re of the At lant ic waters 
also reaches its highest value. W e can see tha t the highest 
t empera tu re of the At lant ic waters is a lmost twice as large 
as their average t empera tu re (r 0 = 0.43 °C). The dashed 
lines are used to est imate the t empera tu re gradients by 
approx ima t ion of the profile, which gives 

2T0 
and 

2T 

Zd — Zc 

where 0 is the freezing poin t in the upper layer. 
Subst i tut ion of these expressions in E q n (3) on the 

assumpt ion tha t the ra te of flow of the At lant ic waters 
is the same at the entry and exit from the Arct ic Basin, i.e. 
tha t w\ = w2 = w, finally yields 

*^ + aT = g(t), 

where 

2VZr 
zc(zd-zc)Az 

and g(t) 
w . , N V0 

:—AT(t)+—9 

oAz zcAz 

(4) 

(5) 

T(t) 
0 

: 2~ 

+ 
0 

" 2~ 

A T o a , 1 N 

atr aztx 

AT0 a ' 
atx a2tY 

exp (-at). (8) 

Let us n o w subst i tute specific values of the quant i t ies 
tha t occur in formula (8). It follows from the average 
equil ibrium t empera tu re profile of the At lan t ic layer 
(Fig. 2) tha t T0 = 0.43 °C, zc = 400 m, z d = 840 m, 
Az = 620 m, and 0 = —1.73 °C. Var ious est imates have 
been pu t forward for the ra te of flow of the At lant ic waters 
into the Arct ic Basin: they range from 2 x 10 6 to 
6 x 10 6 m 3 s " 1 [8]. If we assume tha t w = 2 x 10 6 m 3 s " 1 , 
we obta in the following est imate for the renewal t ime of 
the At lant ic layer: tx = GAZ/W = 46 years, if a is the area of 
the Arct ic Basin above depths in excess of 200 m, i.e. 
a = 4 .5 x 10 6 k m 2 . The ra te of t empera tu re rise a = dTl/dt 
can be est imated on the assumpt ion of the pos tu la ted 
acquisi t ion of heat from the a tmosphere because of the 
greenhouse effect: Aq«2 W m - 2 [2]. Such heat flow 
increases the t empera tu re in a 600-m layer of the water 
in the West Spitsbergen Cur ren t (i.e. the At lant ic Wate r s 
enter ing the Arct ic Basin) at the ra te a = 0.025 °C y e a r - 1 . 
Observa t ions show tha t the At lant ic waters are cooled by 
1.5 °C - 2 °C dur ing the t ime they spend in the Arct ic Basin. 
If we assume tha t A^0 = 1.7 °C and use the above values of 
the other pa rame te r s which occur in formula (8), we find 
tha t in ten years the average t empera tu re of the At lant ic 
layer should rise by 0.024 °C (Fig. 3). 

and AT = TX- T2. 
The solution of Eqn (4) is known: 

T(t) = exp (-at) [c + ^g(t) exp (at) d^j . (6) 

The expressions for a and g(t) include a pa rame te r 
difficult to measure , which is the vertical diffusion coeffi­
cient v. W e can determine it from the average pa rame te r s of 
the t empera tu re profile and from the heat and water 
exchange in the Arct ic Basin on the assumpt ion tha t 
they all cor respond to an equl ibr ium state when 
dT / dt = 0. It then follows from Eqn (3) tha t 

v = — T ^ = 
AT0Az 

tY(2To-0/zc+2To/zd-zc)' 
(7) 

where tx = GAZ/W is the t ime needed for complete renewal 
of the At lant ic layer and the index 0 represents the initial 
(equil ibrium) condi t ions . 

If we assume tha t the t empera tu re Tx of the At lant ic 
waters increases linearly at the entry to the Arct ic Basin, i.e. 
at the shores of Spitsbergen where these waters are still 
in contact with the a tmosphere , then the difference 
Ar = Ti — T2 will also increase linearly with t empera tu re 
dur ing the t ime interval t < tY unt i l the wa te r -warming front 
t raverses the whole p a t h inside the Arct ic Basin and the 
t empera tu re T begins to rise at the exit from the Basin. 
Subst i tut ion of AT(t) = AT0 + otf, where Ar0 is the initial 
t empera tu re difference a = dTi/dt, in expression (6) yields 
(after some simple t ransformat ions) the following expres­
sion for the increase in the average t empera tu re of the 
At lant ic layer in the Arct ic Basin: 

0.45 -

tr/years 

Figure 3. Warming of the Atlantic layer calculated for renewal times 
tr — 23 years (continous curve) and 46 years (dashed curve), 
compared with the average temperature along acoustic paths 
recorded during each year of observations in 1973-1979 (asterisks). 

A n investigation of the dependence of the solution on 
the values of the pa rame te r s employed, carried out by 
S V Pisarev, has shown tha t the characterist ics of the 
t empera tu re profile and the value of Ar0 have hard ly 
any effect on the results of calculat ions, since the 
acceleration of water exchange (reduct ion in tx) and 
heat ing at the shores of Spitsbergen (increase in a ) 
increase considerably the ra te of wa rming of the At lant ic 
layer in the Arct ic Basin (Fig. 4). 
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tr /years 

0.01° 0.02° 0.03° a 

K T ^ C y e a r - 1 

Figure 4. Dependences of the model warming of the Atlantic layer in 
10 years on a and tr (the warming is given in degrees Celsius). 

A rad io i so tope analysis of water samples t aken from 
different pa r t s of the Arct ic Basin shows tha t the ' age ' of 
the At lant ic layer waters does no t exceed 2 0 - 3 0 years [9] 
(the ' age ' is unde r s tood to be the per iod from the t ime 
when these waters have been last in contact with the 
a tmosphere before p lunging into the deep layers). If we 
assume tha t w = 4 x 10 6 m 3 s " 1 , we find tha t tY = 23 years, 
which is in agreement with the results of radio iso topic 
analysis. The cor responding t empera tu re rise curve for the 
At lant ic layer, ob ta ined for the values of the other 
pa rame te r s given above (Fig. 3), shows tha t t empera tu re 
should rise by 0.04 °C in ten years. If we bear in mind the 
enhancement of the greenhouse wa rming effects in the 
Arct ic , predicted by the models , compared with the other 
regions of the Ear th , we can assume also a greater ra te of 
hea t ing of the West Spitsbergen Cur ren t (a). F o r example, 
if a = +0 .05 °C y e a r - 1 and tx a m o u n t s to 1 year, the 
increase in the average t empera tu re of the At lant ic layer in 
10 years reaches 0.1 °C (Fig. 4). 

Such warming can definitely be detected acoustically 
dur ing the p ropaga t i on of a signal a long extended pa ths , 
bu t the main p rob lem is whether this consequence of the 
greenhouse effect is detectable against the b a c k g r o u n d of 
na tu r a l f luctuat ions from year to year tha t occur in the 
Arct ic . The asterisks in Fig. 3 give the mean (averaged over 
all the pa ths ) t empera tu re of the At lant ic layer for each year 
from 1973 to 1979, obta ined in the P O L E K S p r o g r a m m e 
[7]. There are no t only s t rong f luctuat ions from one year to 
another , bu t also evidence of a posit ive t rend, bu t this t rend 
can hard ly be related to the greenhouse effect, because 
dur ing a different t ime interval from 1955 to 1975 a s t rong 
fall of the t empera tu re of the At lant ic waters in the Arct ic 
Basin has been noted: —0.35 °C in the At lant ic area and 
0.14 °C in the Pacific area [5]. 

The s t rong na tu ra l var ia t ions of the oceanographic 
characterist ics of the Arct ic Ocean represent the main 
obstacle facing the chief task of the Arct ic A T O C 

p r o g r a m m e , which is identification of a possible 'green­
house signal ' against the b a c k g r o u n d of the existing 'noise ' . 
Cons iderable inventiveness will be needed b o t h at the stage 
of p lann ing the experiments and dur ing analysis of the 
results, if success is to be achieved. 

However , success m a y come from completely different 
quar te rs . Acoust ic moni to r ing of the Arct ic Basin not only 
provides extremely impor t an t informat ion on changes in its 
heat content , which are impor t an t irrespective of whether 
the greenhouse effect exists or not , bu t it also makes it 
possible to follow changes in the salinity of its upper layer. 
This m a y be even m o r e impor t an t t han the rmomet ry , 
because var ia t ions of the salinity of the upper layer of 
oceans have a fundamenta l influence on heat and mass 
transfer between the surface and deep layers [10]. In the 
light of this, one should call the Arct ic A T O C p r o g r a m m e 
the p r o g r a m m e of acoust ic mon i to r ing of the ocean climate 
of the Arctic, i.e. Arct ic A M O C . 
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Theoretical and experimental 
investigations of the feasibility of 
acoustic thermometry of climatic 
changes in the Arctic Ocean 
A N G a v r i l o v , M M Slavinski i , A Y u Shmelev 

1. Introduction 

Changes in the E a r t h ' s cl imate are a t t rac t ing growing 
interest irrespective of whether they are an th ropogen ic or 
are due to na tu r a l processes. A tmospher i c cl imatological 
observat ions are greatly complicated by s t rong synoptic, 
seasonal, and year- to-year var ia t ions of the t empera tu re of 
air, as well as by the rmal pol lu t ion of large cities and 
industr ia l objects. It is pos tu la ted tha t possible t rends in 
climatic changes, including those associated with the 
greenhouse effect, should be reflected in changes of the 
t empera tu re dis t r ibut ion of seawater. This hypothesis led 
M u n k and F o r b e s [1] to the p roposa l tha t observat ions 
should be m a d e of changes in the average t empera tu re of 
seawater by measur ing the t ravel t ime of acoust ic signals 
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over very long t ransoceanic pa ths . The p roposa l is based 
on the existence of an approximate ly linear relat ionship 
between the t empera tu re of seawater and the velocity of 
sound (the constant of p ropor t iona l i ty is approximate ly 
5 m s _ 1 ° C _ 1 ) . Accord ing to a scientific p r o g r a m m e 
proposed by Mikha levsky et al. [2], a s tudy should be 
m a d e of the feasibility of long-term acoust ic mon i to r ing of 
the t empera tu re of water in the Arct ic Basin and of the 
average thickness of the ice cover, which is an equally 
impor t an t indicator of the state of the climate in the 
N o r t h e r n Hemisphere . Scientific studies forming pa r t of 
the p r o g r a m m e k n o w n as Arct ic A T O C (Arctic Acoust ic 
T h e r m o m e t r y of Ocean Climate) began in 1993 with the 
par t ic ipa t ions of scientists from the U S A , Russ ian , 
C a n a d a , and N o r w a y . 

The theoret ical pa r t of the p r o g r a m m e includes s imula­
t ion of the p ropaga t i on of If acoustic signals in the Arct ic 
waveguide and an analysis of the react ion of the ampl i ­
t u d e - t i m e characterist ics of signals to large-scale changes 
in the t empera tu re of water and in the pa rame te r s of the ice 
cover, including possible climatic t rends . Wi th this in mind, 
a mode l of the reflection and scattering of sound by an 
uneven elastic ice cover and an a lgor i thm for the calculat ion 
of acoust ic fields of If sources in the Arct ic waveguide have 
been developed. The fullest descript ion of this mode l and 
a lgor i thm can be found in Ref. [3]. It is also shown in 
Ref. [3] tha t the op t imal frequencies for signal t ransmiss ion 
over t rans-Arct ic pa ths lie in the range 1 5 - 2 5 Hz . At 
frequencies be low 15 H z the absorp t ion of sound by the 
sea b o t t o m becomes significant. At higher frequencies the 
scattering of sound by the uneven ice cover leads to a s t rong 
a t t enua t ion of acoust ic signals and to considerable energy 
losses, which are unacceptab le for the t rans-Arct ic signal 
t ransmiss ion. The results of such s imulat ion were checked 
and the scientific and technical viability of the p roposed 
me thod of observat ions of the climate of the Arct ic Ocean 
was verified by the first experiment on t rans-Arct ic 
t ransmiss ion of If acoust ic signals carried out in the spring 
of 1994. 

2. Simulation of the reaction of an acoustic signal to 
large-scale variations in the seawater and ice in the 
Arctic ocean 
Both tona l and pulsed signals are used in acoust ic 
mon i to r ing of media . The measured pa rame te r s of a 
t ona l signal are its ampl i tude and phase and in the case 
of a pulsed signal, they are the ampl i tude and travel t ime. In 
view of the limited power of a source, the s ignal /noise rat io 
can be improved if pulsed signals are replaced with 
b r o a d b a n d f requency-modulated or phase -modula ted sig­
nals which have a t ransient characteris t ic and , consequently, 
permit t ime resolut ion of the cor responding pulsed signal. In 
acoust ic t o m o g r a p h y it is frequently found tha t signals are 
phase -modula ted by p s e u d o r a n d o m sequences of 'maxi ­
m u m ' length, which are k n o w n as M sequences [4]. 

Changes in the dis t r ibut ion of the t empera tu re of water 
in an oceanic waveguide influence the t ravel t ime and the 
phase of the signals, alter the interference s t ructure of the 
field, bu t have no effect on the energy characterist ics of 
signals such as the ampl i tudes of the waveguide modes . In 
s imulat ion of the influence of the var ia t ions of the 
waveguide on the signal we shall consider the response 
of individual acoust ic modes . M o n i t o r i n g of the waveguide 
med ium on the basis of individual modes or rays, on 

condi t ion tha t they can be separated in the space or 
t ime domain at the receiving end of a pa th , can provide 
addi t iona l and very impor t an t informat ion on the vertical 
dis t r ibut ion of changes in the waveguide. Mesoscale (tides, 
vortices) and large-scale (seasonal, year- to-year) var ia t ions 
of seawater form a na tu r a l b a c k g r o u n d which hinders 
identification of climatic t rends . In the Arct ic Ocean the 
scale of such var ia t ions associated with in ternal waves, 
t ides, and synoptic vortices is considerably less t h a n in the 
middle lat t i tudes. The influence of the ice cover, which 
insulates the Arct ic Ocean from the a tmosphere , is the 
reason why seasonal f luctuat ions of the t empera tu re of 
seawater are also small and occur only in a n a r r o w 
(amoun t ing to several tens of metres) surface layer [5]. 
The slower year- to-year f luctuat ions of the t empera tu re of 
seawater in the Arct ic Ocean are associated mainly with the 
var ia t ions in the t empera tu re and vo lume of the At lant ic 
waters enter ing this region. The latter f luctuat ions are the 
most impor tan t . In format ion on the year- to-year var ia t ions 
in the t empera tu re of the Arct ic Ocean a long the p roposed 
acoust ic moni to r ing pa th has been deduced from the results 
of seven-year hydrological observat ions m a d e by the 'Sever ' 
expedit ion carried out by the Arct ic and Anta rc t i c 
Scientific-Research Inst i tu te every spring from 1973 to 
1979. This expedit ion involved measurements of the 
vertical dis t r ibut ion of the t empera tu re and salinity of 
water over mos t of the Arct ic Basin. Fig. l a shows the 
year- to-year var ia t ions of the mean t empera tu re of water 
over the S p i t s b e r g e n - B a r r o w Poin t pa th , relative to the 
1974 t empera tu re . The measurements were carried out in 
the following layers: ( 7 ) the upper cold layer where mixing 
takes place; ( 2 ) the layer of a posit ive salinity j u m p ; (3) the 
layer with a s t rong posit ive t empera tu re gradient ; (4) the 
core of the At lant ic waters ; ( 5 ) the deep-water pa r t of the 
At lant ic layer. It is evident from this figure tha t the yea r - to -
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Figure 1. (a) Relative year-to-year variations of the average 
temperature of the Arctic Ocean water along the Spi t sbergen-Barrow 
Point path in the following layers ( 7 ) 0 - 5 0 m; ( 2 ) 5 0 - 1 5 0 m; 
(3) 150-300 m; (4) 300-500 m; ( 5 ) 500-1000 m. (b) Relative 
changes in the phase of modes 1-4 of a 20 Hz signal over a path 
2200 km long, caused by year-to-year fluctuations of the temperature 
and salinity of water and by the warming of the Atlantic layer at the 
rate of 0.01 °C per year. 
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year f luctuations of the average t empera tu re of water in 
some layers can reach 0.1 °C. Moreover , these changes in 
t empera tu re can have opposi te signs in the higher and lower 
layers of seawater . 

The acoust ic response to these climatic changes was 
simulated by add ing to these year- to-year t empera tu re 
f luctuat ions a hypothet ica l posit ive t rend of 0.01 °C per 
year in a co lumn of the At lant ic water layer ( 3 0 0 - 5 0 0 m). 
This t rend was taken from an est imate [6] of the react ion of 
the t empera tu re of this layer to the possible greenhouse 
wa rming in the a tmosphere of the N o r t h Atlant ic . F ig . l b 
shows the calculated relative changes in the phase of the 
first four acoust ic modes of a signal of 20 H z frequency 
over a 2200 k m section of the S p i t s b e r g e n - B a r r o w p a t h in 
the presence of this hypothet ica l t empera tu re t rend in the 
At lant ic water layer. A compar i son of Figs l a and lb shows 
tha t the var ia t ions of the phases of the individual modes are 
s trongly correlated (but with the opposi te sign) with the 
var ia t ions in the t empera tu re in specific water layers. The 
first m o d e 'senses ' the changes in the t empera tu re of the 
upper layers, whereas the second m o d e reacts mainly to 
var ia t ions in the At lant ic waters layer and is no t affected by 
the influence of the s t rong year- to-year f luctuat ions of the 
t empera tu re of the upper layers. The posit ive t rend of the 
t empera tu re of the At lant ic layer is revealed quite clearly by 
changes of the phase of the second m o d e against the 
b a c k g r o u n d of the na tu ra l year- to-year f luctuat ions. The 
higher modes are much less affected by var ia t ions in the 
At lant ic layer. The sensitivity of the phase and the travel 
t ime of the modes to the t empera tu res of the individual 
layers depends on the signal frequency. F o r example, at 
30 H z the changes in the At lant ic layer have the greatest 
influence on the t ravel t ime of the third mode . 

Let us n o w consider the var ia t ions in the ice cover of the 
Arct ic Ocean on the characterist ics of acoustic signals 
p ropaga t i ng in the Arct ic waveguide. In contras t to the 
water layer, the ice cover in the Arct ic is subject to large 
seasonal var ia t ions . There are no t only changes in the to ta l 
area of the ice cover, bu t also in the average thickness and 
height of the irregularit ies of the ice cover. These p a r a ­
meters have the strongest influence on the p ropaga t i on of 
sound under ice. Moreover , the acoustic proper t ies of sea 
ice are governed by the velocities of the longi tudinal and 
shear waves, which are also characterised by a seasonal 
dependence. The phase of the ice-reflected coherent (not 
scattered) componen t of the acoust ic signal depends on the 
average thickness of the ice plate . However , at low acoust ic 
frequencies the changes in the ice thickness have little 
influence on the phase and group velocities of acoust ic 
modes , because: first, at low frequencies an ice cover 3 - 4 m 
thick becomes acoustically a lmost t r ansparen t ; second, 
changes in the thickness of ice immersed in water to the 
extent of 90% alter only slightly the posi t ion of the upper 
i c e - a i r reflecting b o u n d a r y of the waveguide. Fig. 2 shows 
the dependences of the phases of the first three modes on 
the thickness of ice over a p a t h 2200 k m long. A c o m p a r ­
ison of the scales of changes in the phase in Figs lb and 2 
shows tha t the m a x i m u m possible changes in the thickness 
of ice have an influence on the signal t ravel t ime which is 
two orders of magn i tude weaker t han the effects of na tu ra l 
f luctuat ions of the t empera tu re of water . 

The thickness and height of the irregularit ies of the ice 
cover affect significantly the a t t enua t ion of acoust ic signals. 
Therefore, measurements of the energy characterist ics of 
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Figure 2. Relative changes in the phase of modes 1 -3 of a signal of 20 Hz 
frequency over a path 2200 km long, plotted as a function of the average 
thickness of the ice cover. 

such signals can provide addi t iona l informat ion on var ia ­
t ions of the Arct ic ice cover and on possible climatic t rends . 
W e simulated the process of acoustic moni to r ing of the ice 
cover on the basis of the da ta on the seasonal var ia t ions of 
the ice thickness and of the height of the irregularit ies [7], 
and of the physical proper t ies (density of ice, velocity of 
sound, etc.) [8]. A hypothe t ica l climatic reduct ion in the 
thickness and height of the irregularit ies of ice, pos tu la ted 
to be due to global wa rming (—10 cm and —6 cm per year, 
respectively), was added to the seasonal var ia t ions . 

Fig. 3a shows a mode l of var ia t ions of the charac ter ­
istics of ice over a per iod of 10 years . The calculated 
changes in the integral a t t enua t ion of the first three modes 
over a p a t h 2200 k m long deduced from this mode l are 
p lo t ted in Fig. 3b. It is clear from these results tha t the 
seasonal var ia t ions of the ice cover result in s t rong 
f luctuat ions of the signal level, par t icular ly of the first 
m o d e which interacts most s trongly with ice. However , 
against the b a c k g r o u n d of these f luctuat ions in a ten-year 
series of acoustic da ta we can identify the climatic t rend 
reducing the thickness of ice at the ra te of 10 cm per year. 
The adop ted mode l ignores the year- to-year var ia t ions of 
the pa rame te r s of ice because there are at present insuffi-
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Figure 3 . (a) Model of the temporal variations of the average thickness 
of the Arctic ice cover ( 7 ) and of the rms height of the irregularities of 
this cover ( 2 ) with a superimposed climatic trend reducing the ice 
thickness at —10 cm per year, (b) Changes in the integral attenuation 
of modes 1-3 of a 20 Hz signal over a path 2200 km long. 
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cient da ta for s imulat ion of such var ia t ions . In the presence 
of s t rong year- to-year var ia t ions the per iod of t ime needed 
to identify stable climatic t rends could be considerably 
longer t han 10 years . 

3 . Experiments on trans-Arctic transmission of acoustic 
signals 
The R u s s i a n - A m e r i c a n cooperat ive experiments on the 
t ransmiss ion of acoust ic signals across the whole Arct ic 
Ocean, carried out in the spring of 1994, had the following 
main aims: (1) de terminat ion of the a t t enua t ion of If 
acoust ic signals over t rans-Arct ic pa ths ; (2) de te rminat ion 
of the stability of the ampl i tude and t ime characterist ics of 
signals over different t ime per iods ; (3) investigation of the 
m o d e s t ructure of signals and var ia t ions of this s t ructure 
with t ime; (4) ga ther ing of exper imental da ta for the 
verification of the p roposed theoret ical models ; (5) test ing 

of technical means for the emission and reception of signals, 
and of a lgor i thms for the processing of these signals. 

Over a per iod of 6 days an If (19.6 Hz) signal was 
t ransmi t ted from the Russ ian Scientific Stat ions 'Tu rpan ' , 
drifting 300 k m to the n o r t h of Spitsbergen. This signal was 
received by Amer ican drifting ' S I M I ' and ' N a r w h a l ' 
Stat ions in the Beaufort and Lincoln Seas, respectively 
(Fig. 4). The t ransmi t ted signal was of two types: tona l and 
phase -modula ted (by ±n/4) per iodic M sequences of 
different lengths (M-127, 255, 511, and 1023). Signals 
lasting 1 h were emitted periodically over the 3 hours . 
The length of each bit of the modu la t i ng M sequence 
was 12.5 per iods of the 19.6 H z carrier. The carrier was 
synchronised with the aid of a highly stable rub id ium 
frequency s t andard accura te to within 1 x 1 0 - 1 1 . The 
source of the signal was at a depth of 60 m. The acoust ic 
power of the emitted signal (195 dB, relative to 1 uPa at 

0° 

180c 

Figure 4. Acoustic paths in the reported experiments. 
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Figure 5. Time dependence of the vertical distribution of the acoustic 
field level obtained for the tonal signal over a period of 1 h. 
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Figure 6. Distribution of the tonal signal levels (averaged over 1 h) 
recorded by the vertical antenna hydrophones () at a distance of 
2635 km and the calculated vertical distribution of the acoustic field 
level (continuous curve). 
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Figure 7. Changes in the phase of the tonal signal during one run 
before ( 7 ) and after ( 2 ) corrections for the Doppler frequency shift 
based on the GPS navigational satellite data. 

1 m) was moni to red with a special h y d r o p h o n e located at 
100 m from the source. At the ' S I M I ' Stat ion the signals 
were received by a vertical 32-component equidis tant 
an tenna 217 m long, placed at depths from 62 to 279 m, 
and by a 32-component hor izonta l an tenna with a complex 
configurat ion and m a x i m u m aper ture 480 m, located at a 
depth of 60 m. The vertical profiles of the t empera tu re , 
salinity, and velocity of sound in water were determined 
dur ing these experiments at b o t h t ransmi t t ing and receiving 
stat ions. The exact coord ina tes of these s tat ions were 
measured cont inuously and recorded with the aid of the 
G P S satellite navigat ion system. 

W e shall n o w consider the main results of the processing 
of signals received at the ' S I M I ' Stat ion at a distance of 
over 2600 k m from the source. Fig. 5 demons t ra tes the 
stability of the interference s t ructure of the acoustic field of 
the tona l signal received by the vertical an tenna dur ing 
t ransmiss ion lasting 1 h. The dis t r ibut ion of the absolute 
levels of the signal, received by the vertical an tenna 
h y d r o p h o n e s and averaged over 1 h, is shown in Fig. 6. 
Fig. 6 includes also the dependence calculated for a signal 
of the 195 dB level and 19.6 H z frequency at a dis tance of 
2635 k m from the source, cor responding to the posi t ions of 
the drifting s ta t ions at the t ime of measurements . The 
calculated curve is in good agreement with the exper imental 
results, b o t h in respect of the vertical dis t r ibut ion of the 
acoust ic pressure and in respect of the absolute level of the 
signal. This confirms the validity of the p roposed mode l for 
the p ropaga t ion of sound in the Arct ic waveguide, including 
the a lgor i thm used to calculate the a t t enua t ion of the 
acoust ic modes . The phase of the received tona l signals 
varied approximate ly linearly dur ing one t ransmiss ion run . 
The rapid var ia t ions of the phase were almost completely 
compensa ted by correct ion for the Dopp le r frequency shift 
result ing from the relative drift of the t ransmi t t ing and 
receiving s tat ions (Fig. 7). The long- term var ia t ions of the 
single pa rame te r s such as those associated with the 
influence of inertial and t idal waves or other mesoscale 
p h e n o m e n a in seawater, will be analysed in future. Process­
ing of the phase -modula ted signals involved demodula t ion , 
correct ion for the Dopp le r shift, and calculation of a 
convolut ion with the modu la t ing M sequence. This p r o c ­
essing yielded the pulsed transfer function of the waveguide 
in the frequency b a n d l/T where T = 0.64 s is the dura t ion 
of one bit of an M sequence. The signal/noise rat io was 
improved by phase compensa t ion of the hor izon ta l an tenna , 
which m a d e it possible to ensure tha t the an tenna gain was 
abou t 10 dB. Moreover , for a per iod of 1 h the signal 
stability was sufficient for effective coherent averaging over 
t ime intervals equal to the per iod of the cor responding M 
sequences. In this way, the to ta l signal gain after processing 
reached almost 40 dB, which m a d e it possible to increase 
the s ignal /noise rat io to 30 dB or more . This processing of 
the phase -modula ted signals p roduced by the pulsed 
response of the waveguide m a d e it possible to identify 
the peaks cor responding to the arrivals of the individual 
modes , including the very weak first mode , as well as to 
determine the mode l ampl i tudes and measure the absolute 
t ravel t imes. Fig. 8a shows the shape of the envelope 
(ampli tude) of an M-127 signal received from a source 
located at a distance of 2640.5 k m and processed on 
absolute scales of t ime and acoust ic pressure. The pulses 
of modes 1-4, which arrived last and in reverse order , were 
clearly dist inguishable in the signal. Higher -order modes , 
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Figure 8. (a) Enveloped of an M-127 signal received by the horizontal 
antenna and processed; distance 2640.5 km. (b) Calculated distribution 
of the travel times and amplitudes of the modes of a 19.6 Hz, 195 dB 
signal at a distance of 2640.5 km from the source, at a depth of 60 m, 
deduced from the velocity of sound along the path in 1977. 
(c) Calculated envelope of a pulsed signal of 0.64 s duration. 

deep-water modes , and those interact ing weakly with the 
b o t t o m had higher and similar group velocites, and they 
arrived first in the form of a group spread out in t ime. 

A compar i son of the exper imental profile of a pulsed 
signal with the profile calculated numerical ly on the basis of 
the mode l of p ropaga t ion of sound in the Arct ic waveguide 
was of special interest. The calculat ions were carried out 
relying on the hydrological da ta obta ined in the course of 
the 'Sever ' expedit ion a long the S p i t s b e r g e n - B a r r o w Point 
pa th , which was a lmost the same as the ' T u r p a n - S I M I ' 
p a t h in these experiments , and on the statistical charac ter ­
istics of the ice cover t aken from Ref. [9]. Fig. 8b is a 
d iagram showing the calculated ampl i tudes and arr ival 
t imes of the first 15 modes at a depth of 60 m and at 
2640.5 k m from the source of a pulsed signal of 195 dB 
level. Fig . 8c gives the cor responding profile of the envelope 
of a pulsed signal when the dura t ion of the emitted pulses 
was 0.64 s. A compar i son of Figs 8a and 8b showed tha t , at 
the distance just given, the agreement between the t h e o ­
retical and exper imental values of the ampl i tude and travel 
t ime of the acoustic modes was very good. The greatest 
difference between the theoret ical and exper imental signal 
profiles was observed in the group of deep-water modes . 
However , in this case we could not expect a good agreement 
for a number of reasons . First , in this group the signal 
modes in the 1.5 H z b a n d interfered strongly with one 
ano ther and the pulse profile was very sensitive to the 
phases of the individual modes , which in their tu rn 
depended strongly on the dis t r ibut ion of the sound velocity 
a long the pa th . Obviously, the real and the mode l 
dis t r ibut ions were different. Second, this group included 
modes which interacted weakly with the b o t t o m of the sea. 
In view of the absence of sufficiently reliable da ta on the 
relief and acoust ic proper t ies of the b o t t o m along the pa th , 
par t icular ly in the regions of the underwate r L o m o n o s o v 
and Alpha ridges, the results of s imulat ion of this group of 
modes should be t reated with caut ion. Third , the adop ted 
mode l ignored the m o d e t rans format ion effects over 

sections of the waveguide in the region of relatively steep 
slopes of the L o m o n o s o v ridge, which could also give rise to 
the discrepancies which were observed. 

The characterist ics of the first t h r e e - f o u r modes were 
much m o r e informative from the poin t of view of acoust ic 
mon i to r ing of the climate in the Arct ic Ocean than the 
pa rame te r s of the deep-water modes . It is wor th no t ing a 
small difference between the travel t imes of modes 1-3, 
determined dur ing the experiments carried out in the spring 
of 1994 and those calculated theoretical ly on the basis of the 
oceanographic da ta for the same season of the year in the 
seventies. The travel t imes of these modes , par t icular ly of 
the first one, calculated on the basis of the da ta obta ined 
dur ing var ious years between 1973 and 1979 were con­
siderably longer (by 0 . 5 - 2 s) t han the exper imental 
est imates. The systematic discrepancy could be due to , 
for example, wa rming of the upper and At lant ic waters in 
the Arct ic Ocean layers compared with the da ta obta ined in 
the seventies. The reason for this discrepancy will be 
investigated in future. 

4. Conclusions 
Theoret ical and exper imental investigations showed tha t 
t rends in the changes in the t empera tu re of the water layers 
in the Arct ic Ocean, significant from the poin t of view of 
global climate, can be detected by acoust ic mon i to r ing over 
t rans-Arct ic p a t h s when measurements are carried out over 
a per iod of 10 years . Acoust ic mon i to r ing of the ice cover 
of the Arct ic m a y also help in revealing stable tendencies in 
climatic changes, bu t in this case very p robab ly a long 
mon i to r ing per iod will be required. 
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