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SUMMARY 

The pilot balloon ascents made when the "Maud" in 1922-24 drifted 

with the ice to the north of Northeastern Siberia have been examined. 
In only 20 of 375 cases was the wind found to be practically constant 

through severai hundred meters above the layer of frictional resistance. 
On the assumption that this wind represented the geostrophie wind. the 
surface stress was computed from the results of these 20 observations. 

It was found that on an average the stress T 6.9 10-11 I]W2 

(dyn/sec2) where () is the density of the air and w the surface wind. 

Under adiabatic conditions T 5.2 >� 1 O-( (! w2• The direction of the stress 
did not coincide with the wind direction. as should be expected. but the 
stress was on an average directed 10° to the left of the wind. No great 

weight can be given to this discrepancy because of the uncertainty of 

the data. 

The results are not conclusive. but it is hoped that they may 

stimulate further studies of the problems. 

1. Introduction. 

There exist severai meteorological problems that can be dealt with 
advantageously in the Polar Regions because simple and well defined 
conditions are encountered. One may expect that this applies to the 
problem of the stress that the wind exerts on the ice-covered surface 
of the Polar Sea, for which the following features are characteristic: 

The surface can be considered practically unlimited if observations 
are made at a distance of, say, 50 km or more from the coast or from 
open water. The surface is level and of a uniform roughness. Pressure 
ridges or isolated large hummocks may rise to a height of about 5 m 
above the general leve! of the ice and, on an average, the height of 

the "roughness elements" may be estimated at about 1 m. The surface 

is of uniform thermal charaeter, such that disturbances due to differential 

heating and cooJing are laeking. During the greater part of the year a 
temperature inversion exists close to the surface. In calm winter weather 
the inversjon begins at the ground, but when a wind blows, it generally 



4 H. U.SVERDRUP 

begins at some distance from the surface but below a height of a few 

hundred meters. In the late spring and in the autumn the inversion begins 

at a slightly greater height, but in the summer it may be lacking. With a 
low inversion present the layer below the inversion represents the layer 

of frictional influence. In these circumstances it may be expected that the 

turbulence in the layer of frictional influence is induced by the flow of the 

air over the rough ice, and that convective turbulence is lacking. The 

turbulence must first increase with increasing distance from the surface, 

but at some greater height, but below the inversion, the turbulence 
probably decreases because the lapse rate is stable. In the inversion 

layer the turbulence is probably very small. 
The above description of the conditions over the Polar Sea and the 

conclusions drawn from them are based on experiences gained during 
the d rift of the "Maud", 1922-$24 (Sverdrup, 1933), which, as far as I 

know, have been confirmed by the work of later expeditions. 
Conclusions as to the surface stress of the wind can be drawn from 

measurements of the variation of the wind with height in the lowest 10 
to 20 m, but to my knowledge no such measurements have been made 

over the ice in the Polar Sea. However, on certain assumptions the 

components of the stress of the wind, T, at anemometer level, a, can 

be computed from pilot balloon observations, using the relations: 

H H 

Tx (.d J vd::, (I)Ty=flA J(W--U)dZ 

Here fl is the average density of the air between the levels a and 
H, I.::c= 2 w sin rp (w the angular velocity of the earth, rp the latitude) 
u and v the components of the wind, w, W the velocity of the geostrophic 
wind, and H the height at which the wind equals the geostrophic wind. 

The assumptions on which the above relations are valid are: 

I. Accelerations can be neglected. 
2. The geostrophic wind is constant between the levels a and H. 
3. The stress vanishes at the leve! H. 

2. Observations. 

During the drift of the "Maud", 1922-24, 375 pilot balloon ob

170 50'W and 138°06'E. However, only a very small num ber of these 
can be used for computing the stress of the wind because no synoptic 

maps are available from which the geostrophic wind and its variation 

with height can be determined. Conclusions as to the geostrophic wind 
have to be drawn from the pilot balloon observations themselves. These 
are laken as indicating that assumption 2 is satisfied if the observed 

servations were made between latitudes 71 59'N and 76° 431N, longitudes 
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wind remains constant through severaI hundred meters above the layer 
of frlctional influence. In these cases assumption 3 can also be expected 
to be satisned. Among all the 375 observations only 20 cases are found 
in which the geostrophic wind remains constant (as to speed and direc
tion) through some hundred meters above a leve! H to which the inte
gration is performed. For these 20 ca ses the stress, T, and the angle 
between the geostrophie wind and the stress, an have been determined 
by numerical integration, using equations (l). The operation was very 
simple because in the tables of results (Sverdrup, 1930), the average 
wind in stated layers is entered. In general the wind varied so rapidly 
with height in the lowest layers that readings were made eve ry minute, 
thus giving average velocities in !ayers of thicknesses varying from 120 
to 160 m. In some ca ses readings were made every half minute in order 
to obtain more details. 

The components of the stress have been computed from the results 
of the pilot balloon observations only, without regard to the wind at 
anernometer leve!, 7 m. (In the tables [Sverdrup, 1930J, the anernometer 
leve) is stated as 5 m, but in the discussion [Sverdrup, 1933], it is entered 
as 7 m. The later va)ue is correct.) However, the objective must be to 
flnd the relationship between the wind at anernometer levet and the stress. 
In the records of the pilot balloon observations the surface wind, that 
has been entered in each case, has been obtained from the continuous 

records at a height of about 7 m. The velocity and the direction re
present the mean hourly va)ues at the time when the pilot balloon was 
launched. eases in which the wind was changing rapidly have been 
eliminated in order, as far as possible, to satisfy assumption l. The use 
of mean hourly values may introduce uncertainties because the actual 
velocity in the few minutes during which the balloon passed through the 
layer of frictional influence might have deviated 10 to 20 0J0 from the 
mean hourly value, and the direction might have deviated lOn or more 
from the mean hourly direction. Because of the character of the recorder 
the latter may be ± 11° in error. These features have to be considered 
when discussing the results. 

3. Discussion. 

The pertinent data and the results of the computations are shown 
in Tab)e 1 which contains the num ber and date of each pilot observation, 
the wind at anernometer leve!, Ula, the estimated geostrophic wind, W, the 
angle between the geostrophic wind and the surface wind, aw (positive 
when the surface wind lies to the left of the geostrophie wind), the angle 
between the geostrophic wind and the surface stress, ar, the numerical 
value of the stress, and flnally, the difference (ar-aw). When computing 
the stress the value el = 1.8 x 10-7 has been introduced. 
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TNo. Date m/sec 
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m/sec 
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Fr�m (tw (lr dynlcm � (IT -- ULV 
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102 25, V1II, 1922 4 2  248 6.4 300 52 52 1.2 O 
120 28, IX, 1922 5,9 60 12.0 81 21 28 3.1 7 
126 8. X. 1922 4.8 37 85 60 23 26 2.5 ,) 

177 30. XII, lP22 2 11.0 50 48 54 17 6 
195 22. l, 1923 6 0  16G 15.0 218 52 59 4.3 7 

210 7. li, 1923 4.4 225 12,0 249 24 32 2,3 8 
228 19. Il, 1923 8.0 I I1 21 0 156 45 72 5 2  27 
238 4. Il l, 1\123 2 ,9 210 RS 241 ilt 20 1.0 Il 
256 2,::'. 1II, 192::l 67 110 15,0 ISO 40 6li 3.8 26 
273 t9 IV, H!23 4.2 71 6.8 106 35 57 1.1 22 

;301 31. V, 1923 5.9 14, 13.4 190 43 46 3.2 3 
312 lo. VlI, IH23 3.4 256 6.0 280 24 37 0,8 13 
330 17. IX, lP2::l 55 31 15 8 72 41 f9 ::l. I 28 
350 75 Xl, 192::l 1.8 300 7.5 330 30 29 0.4 l 
386 5. Il, 1924 4.4 242 11.5 268 2G 50 1 6  24 

387 7. Il, 1924 3,2 228 1 LO 260 32 50 1.2 18 
415 lY. Ill, 1924 4,5 66 10.8 102 ::lG 49 1.6 13 
426 2. IV, IY24 2.6 155 5.0 190 ::l5 18 0.9 17 
432 lO. IV, 1924 7.3 5(j 12.6 100 44 G2 3.8 18 
445 20. IV, 1924 3.6 261 8,2 290 29 45 1.2 16 

H. U.SVERDRUP 

T a b l e  1. 

Direction and magnitude aj the sllrjace stress aj tlle wind, computed 

jrom pilot balloon observations aj the «Maud" expedition. 

r kw", 

has been dropped, or 

log r log k T n log w, 

In the lower part of Fig. I the values of the stress are plotted against 
the wind velocity, wa• The distribution of the values suggests a rela

tionship of the form: 
(2) 

where the subscript a 

(3) 

that is, a linear relationship between log r and log w. The coefficient 
of correlation between the two quantities is found equal to 0.94, and 
the two lines of regression are reprented by the equations 

HWl.IHI 
T = 63 > 10 and T cc. 16 lO f;WI.\J2 

Because of the few data and the considerable uncertainty of the 

single values the relationship may just as well be represented by the 
equation 

(4) 

The corresponding curve has been entered in Fig. l. We may then write 

7: 12Q w4 6.9:< 10 -\l w'J (5) 

where Q is the density of the air, in this case equal to 1.3 10-:'. 
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Fig. I. Lower part: The sur face stress, plotted against the wind velocity at anemometer 

leveL Upper part: The deviation of the direction of the surface stress from the direction 

of the wind at anemometer leve!. The deviation is positive when the stress is directed 

to the left of the wind. 

Table 2 contains for each case the ratio w/W, the observed stress, 
Tabs, the stress computed from equation (5), Te, and the ratio TObs/Tc. 
In severaI cases the temperature difference, Ufso	{}I,,)' is entered on the 
basis of temperature measurements at the top of the rna in mast at a 
height of 30 m and in the meteorological screen at a height of 5 m. 
The temperature at the mast head was obtained by means of a resi
stance thermometer which was read only when the sun was below the 

horizon because the thermometer was not protected against radiation. 
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T a  b l e  2. 

Values of the ratio w. W, tlle observed stress, Tob\, tlle stress compufed 

from eq. (5), Te, and the temperature difference WlO-i},). 

1 ",,/,<
No. w w.'W Tabs Te .130 175 

mJsec dyn:cm" dyn!cm2 

102 4.2 0.66 12 1.6 0.75 

120 5.9 049 3.1 3.15 1.0 - 0.3 

126 4.8 0 56 2.5 2 1  1.2 -0.2 

177 3.3 0.30 1 7  lO 1 .7 0.3 

195 6.0 0.40 4 3  3.25 1.3 0.2 

210 4.4 0.37 2.3 1.7 1.35 0.2 

228 80 0.38 5.2 5 8  0.9 [0.3 

238 2.9 0.31 1.0 0.75 1.3 0.5 

256 6.7 0.45 3.8 4.0 0.95 -0.1 

273 4 2  0.62 \.1 1.6 0.7 

301 5.9 0.44 3.2 3 15 1 .0 

312 34 0.57 0.8 1.0 0.8 

330 5.6 0.35 3 1  2.8 1.1 

350 18 0.24 0.4 0.3 1.3 1.3 

386 4.4 0.38 Ul 1.7 0.95 -0 3 

387 3.2 0.29 1.2 0.9 1.3 0.6 

415 4.5 0.42 16 1.8 0.9 

426 2.6 0.52 0.9 0.6 1. 5 

432 7.3 0.58 3.8 4.8 0.8 

445 3.6 0.44 1.2 12 1.0 

In Fig. 2 the ratio is plotted against the ratio wlW, and 
Fig. 3 the temperature difference ({}gO-{}o) is plotted against w/w. 

order to interpret the contents of these flgures it is necessary to remem
ber that 't=1Idw/dz where 1} is the eddy viscosity. The value of dw/dz 

in 
In 

must be expected to be large when w/W is small and vi c e  v e r s a. In 
agreement with this reasoning we flnd that TobslTc is large for w!W small 
and approaches a value of 0.75 when Ul i W exceeds 0.5. However, the 
stress depends a1so on the eddy viscosity which in turn is related to 
the stability, being great when the stability is small, and v i  c e  v e  r s a. 
The relationship between {fao-{}o and w/W (Fig. 3) indicates that for 
w!W small l} must be small (great stability) and that for w/W greater 
than about 0.5, when adiabatic temperature decrease prevails, 17 must be 
great. These features should lead to the opposite effect of that which is 
evident from Fig. 2, and the conc1usion must therefore be that the large 
values of dwldz which characterize conditions when WiW is small, do

minate and suppress the effeet of the smaller ll-values. 
From Figs. 2 and 3 it may be eonc1uded that with w / W greater 

than aboul 0.5 adiabatic conditions prevail under which Too,=0.75T,. This 
means that with indifferent stratifieation 
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Fig. 

(O.o-U.) plotted against 

The ratio 	 Fig. The temperature difference

w! W. The dashed line represents the 	 wiW. The 

probable relati onship, neglecting two dash ed line represenIs the probable 

values which deviate a great deal from 	 relationshi p. 

the others. 

T=5.2 

The corresponding curve is entered in Fig. l where it nearly passes 
through four of the observed values for which wlWequals 0.57, 0.62, 
0.66 	and 0.58, respectively. 

Over a rough surface, and with an adiabatic lapse rate: 

)'.=( 0.0302o 
a+

log -
Zo 

where a is the anemometer leve! and Zo the roughness parameter of 
the surface. With ,,2 5.2 l O:s and with a 700 cm we obtain 

Zo = 2.65 cm. 

This value is approximate because it is derived from a small number 
of observations. 

From laboratory experiments N i  k u r  a d z e found that the average 
height of the "roughness elements" was equal to 30 ZO' Jf this result 
can be applied we obtain: 

Average heigh tof the "roughness elements" of the polar ice equals 
approximately 83 cm. 

This conclusion is in good agreement with our expectations, but should 
not be given a great weight because so far Nikuradze's results have not 
been appJied successfully to atmospherie conditions. However, no sur
face in nature represents a better large-scale repliea of Nikuradze's 
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laboratory surface than does the polar ice. If his results are at all appli
ca ble, they should be applicable to the polar ice. 

The angle between the geostrophic wind and the surface wind, aw, 

varies between 210 and 52°, and is on an average 35", independent of the 
ratio w / W. The angle between the geostrophic wind and the stress, a" 
vades between wider limits, from 18 to ,and is on an average 45°. 

It is also independent of w/w. 

The dilference ba. (ar-a",) vades between I T and 28°, This= 

great scatter is not surprisning in view of the facts that, as stated above, 
the direction of the surface wind may be ± 110 or more in error, and 
that the direction of the stress cannot be expected to be determined 
with a high degree of accuracy. It is, however, surprising that the stress 
is directed to the left of the wind in 16 of the 20 cases, and that the 
average deviation is as great as 100• 

A further examination of the dilference (t may not be justified be
cause of the small number of observations, but it seems worth white to 
draw attention to the following features: In the upper part of Fig. I the 
dilference [a is plotted against the wind velocity, w. It appears that @a 

increases somewhat with increasing wind velocity. For I1 cases with velo
city less than 4.5 m/sec the average value of La equals 7°, whereas for 
9 cases with w> 4.5 m/sec, tJÆ ISu. A closer inspection reveals that 
in 7 of the 9 cases with w> 4.5 m/sec the wind direction is north
easterly or easterly, Iying between 30° and 130°. The wind blows from 
these directions in 8 cases for which !:Al 18°, whereas for the re
maining 12 cases This result suggests that with easterly wind 
the geostrophic wind turns right with increasing height, or that a thermal 
wind directed to the north cannot be neglected. In general the therma! 
wind directed to the north or the north west was present below a height 
of 3-4 km because north-easterly or easterly winds were slightly pre
valent at the surface, whereas south-westerly winds were prevalent above 
3 km. It is also possible that systematically the true geostrophic wind 
is directed a Httle to the right of the adopted ane. The uncertainties 
which exist because of the character of the data are such that no great 
importance can be attributed to the discrepancy between the directions 
of the surface wind and the surface stress. 

In conclusion it is of some interest to examine the energy which 
is transmitted to the ice by the stress of the wind. According to resuIts 
from the drifts of the" Fram" and the" Maud" as well as from subsequent 
expeditions the speed of the wind·drift of the ice is proportional to the 
wind velocity, Wi= 1.2 x 1O-?w, and the direction deviates 30° to the 
right of the wind direction,I/,�30. The power is 
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or, introducing T and Wi as functions of W: 

(erg/sec per cm 2) 

With w= 108 cm/sec we obtain 1012 erg/sec per km2= 102 kilowatt per 
km2• Part of this energy is dissipated in the sea, and part is dissipated 
by the jamming of the ice. The above numerical value is given in order 
to indicate the order of magnitude of the energy that enters into play. 
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