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On the uncertainty of wind stress curl calculations
by Peter M. Saunders1

ABSTRACT
In a 10° square test area of the North Atlantic the annual wind stress is estimated in 1°
squares from volunteer ship reports. The curl of the wind stress is deduced therefrom and is
shown significantly different from that recently published based on 5 ° square wind stress data
of Hellerman. The coarse resolution of the latter underestimates maxima and minima in the
curl by as much as 50 %. However, computations employing a lower drag coefficient than that
used by Hellerman, as is suggested by recent experimental me asurements, lead to a reduction
of the discrepancy between these test calculations and older values.

1. Introduction

Several authors have recently constructed charts of the curl of the wind stress
over the world oceans for the purpose of computing large-scale ocean transport
(Hantel, 1971, Evenson and Veronis, 1975, and Bye, Noye, and Sag, 1975). Although Hantel and Evenson and Veronis employed the same wind stress computations of Hellerman (1967, 1968) their charts show substantial differences which
are attributable to the different methods used to estimate gradients and hence
curl. Hantel spatially filtered the data before making finite difference estimates
while Evenson and Veronis differentiated a two-dimensional spline function which
was fitted locally to the raw data. Bye, Noye, and Sag (1975) employed a method
closer to the latter than the former, differentiating a series of spherical harmonics
fitted to the global wind stress estimates of Eyre (1972).
The data for all of these investigations were derived from wind roses; E yre (loc.
cit.) employed tabulations from the U. S. Hydrographic Office Marine Climatic
Atlas of the World (1955-1963) and Hellerman (loc. cit.) combined the same observations with tabulations in the U. S. Hydrographic Office Pilot Charts. Employing Weather Ship data from the Pacific, Pond (private communication) finds that
surprisingly good estimates can be made by this method. Nonetheless the spacing
of either of the above sets, even in densely travelled parts of the world, is generally
10° of latitude: Hellerman combined the two sets and interpolated to a regular 5°
grid. We felt that neither the approximately 10° latitude spacing of the former nor
1. Woods Hole Oceanographic Institution, Woods Hole, Massachusetts, 02543, U.S.A.
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even the 5 ° spacing of the latter investigator was dense enough to resolve the
structure of the stress field adequately 2 especially when estimating its curl. Clearly
if the topography of a surface is incompletely resolved, steepness and curl will both
be underestimated.
Through the courtesy of Mr. A. F . Bunker we have had access to a very large
number of surface marine data from volunteer ships which have been collated by
the National Climatic Center of NOAA. These data span the period 1940-1973
and have a density of 1000 observations or more per 1 ° square. The density was
judged sufficient to estimate mean stress and curl by 1 ° square, that is with five or
ten times the linear resolution of earlier studies. In addition to the above we have
examined how the choice of drag coefficient affects calculations of stress, both
factors contributing to the uncertainty with which the wind stress curl can be
estimated.
2. Reproducing earlier results

A 10° square bounded by latitudes 20° and 30° N and longitudes 60° and
70° W was selected as a test area; from the charts of earlier researchers it is the
site of the subtropical curl minimum. The first calculation consisted of computing
seasonal and annual averages of wind stress by 5 ° squares employing a drag coefficient almost identical to that used by Hellerman so that direct comparisons could
be made. The formula
Cn

= l.65 X

10-s + 0.80

X

10-s tanh (4.0

X

10-s (W-800))

(1)

where Wis the wind speed in cm/ s, was used. The drag coefficient asymptotes to
0.85 X 10-s at very low wind speeds and 2.45 X 10-s at very high speeds and
replaces the "look up" table employed by Hellerman: the agreement between
formula and table is within a few percent. For each individual observation the
stress was computed to be in the same direction as the wind and of a magnitude
given by
(2)

where Cn was determined from equation (1) and p was given a standard value of
1.2 X 10-s gm cm- s. The resulting stress, in dynes cm- 2 , was then resolved into
north and east components, accumulated by 5 ° squares and averaged. The total
number of observations and the standard deviation were also computed.
Table 1 shows the results of the annual average for two 12-year periods 19471959 and 1959-1971 compared with the earlier values of Hellerman. For these
data the standard deviation of each stress component ranged from 1 to 1.5 dynes/
cm 2 and the number of observations was in the vicinity of 20,000. Thus the ex2. A reviewer has added the co=ent that it is fairly well known that a minimum reasonable
resolution for meteorological fields is 2 ½ 0 •
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Table 1. Comparison of wind stress estimates East/North; units-dynes cm__.
in parentheses represent size of data sample in thousands.
Hellerman (1968)

27.5 N
22.5 N

67.5W

62.5W

-15
-5
-50
-27

-6
-11
-45
-17

Saunders
Period 1947-59
67.5W
62.5 W
-15(33)
+8
-65(48)
+5

-7(11)
-3
-55(13)
-6

X

100. Numbers

Saunders
Period 1959-71
62.5 W
67.5 W
-14(65)
-2
-68(75)
-3

-8(31)
-7
-56(41)
-8

pected error of the mean (assuming a Gaussian distribution of the wind stress
components) is approximately 1 X 10- 2 dynes/ cm2, generally small compared with
the mean itself. The agreement between the 12 year averages (chosen purely for
tape-handling convenience) is unexpectedly close, the eastward stress values agree
within the expected error for a stationary process. The northward stresses are
smaller but fluctuate, indicating non-stationarity of the stress field. However, the
differences between these (nearly) decadal averages is smaller than that found between either and Hellerman's results. Most of the difference undoubtedly arises from
the different data sets employed, but we suspect that part also arises from the
smoothing and interpolation between wind roses from different sources. The tabulations of Eyre (Loe. cit.) have only two sites in the chosen square, one in the NW
comer and one at the southern margin, and the computations described above are
unsuitable for detailed comparison with his results.
3. The influence of spatial resolution

Wind stress has been computed both seasonally and annually by 1° squares
within the same test area and the annual results for the period 1959-1971 are
shown in Fig. 1. The eastward component is contoured to show its structure: it has
a range of + .20 to -.80 dynes cm- 2 and an uncertainty in an individual estimate
of between .02 and .04 dynes cm- 2 • In this region the structure of the eastward
stress component T IIJ is the dominant component in computing the wind-stress curl,
viz.

Curl..;=

-

aTI/

ax

_

aT/IJ

ay

where x is measured to the east and y to the north. A spatially centered finite difference scheme was employed to estimate derivatives; at column i, row j
cur1z

;\ _
T

l,/1 -

Tv(i+l ,j) - Ty(i- 1,J)
2 ~x

T.,(i,j+l)-T.,(i,j-1)
2~y

where
~x is 1 ° longitude dimension (100 km)

~Y is 1 ° latitude (111 km)
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Figure I. Test area wind stress for years 1959-1971 by 1 ° squares: eastward component over
northward component in units of (dynes cm-2) X 100. Contours of eastward stress are shown
(solid) and superimposed on them minima in curl , r (pecked). Drag coefficient as used by
Hellerman.
Figure 2. The curl of the wind-stress for the period 1959-1971 in the test area employing the
data of Figure 1: measured in units of (dynes cm-') X 10°.
Figure 3. The curl of the wind-stress for the period 1959-1971 in the test area employing
constant drag coefficient 1.3 X 10-0: measured in units of (dynes cm-o) X 10°.

Thus the curl is estimated over 2° squares. Within the area chosen it is found to be
nearly everywhere negative (or anticyclonic) and in Fig. 1 the minima are shown
superimposed on the contours of eastward stress; their clear association with the
crowding of contours of eastward stress is evident. The complete curl,. r field is
shown in Fig. 2 : it will be noted that the minima are fairly well defined by a number of independent adjacent estimates and that in about 1/3 of the squares the
magnitude of the curl exceeds 13 X l0- 9 dynes cm- 3 : in the northern minima the
magnitude exceeds 16 x 10- 9 (as it does in the NE corner where it is poorly defined by our choice of test area) . The minimum shown by Hantel in this region is
also anticyclonic and somewhat less than -5 X 10- 9 dynes cm- a while Evenson
and Veronis show a minimum (having approximately the same area as our northern
minimum inside the contour -16 X 10- 9) of -10 x 10- 9 dynes cm- 3 •
Although Bye, Noye, and Sag (1975) used a different drag coefficient from that
under discussion here, its magnitude for winds near 10 m/ s is quite close to that
of equation (1). Averaging for seasonal charts their minimum is estimated as -8
X 10- 9 dynes cm-a. The results of Fig. 1 suggest that in all previous studies the
curl of the wind stress has been underestimated because of the inadequate resolution of the wind and stress field, as we had conjectured.
4. The choice of drag coefficient

That a stable stratification in the atmospheric boundary layer reduces drag and
that an unstable one increases drag for the same wind speed is widely accepted and
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the calculations of Deardorff (1968) which are based on overland measurements
but extrapolated to overwater conditions probably describe this effect adequately.
The most controversial aspect of any choice of drag coefficient (as the author is
aware from comments of those reading a manuscript version of this paper) concerns the dependence of drag coefficient on wind speed. Is the drag coefficient constant over the significant range of wind speeds or does it increase with increasing
wind speed? Proponents for either view can be found; see the reviews of recent
experimental results which have been made by Hidy (1972) and Pond (1975). We
wish to draw attention to two quite recent investigations showing a drag coefficient
which increases with wind speed, namely Sheppard, Tribble, and Garrett (1972)
and Smith and Banke (1975). In all of the studies cited above support can be
found for the assertion that the drag coefficient chosen by Hellerman changes too
abruptly in the vicinity of 8 m/ s and yields values too large in the range 8-15 m/ s.
In order to investigate the influence of varying the drag coefficient the calculations
described above have been repeated employing (1) a constant drag coefficient of
magnitude 1.3 x 10- 3 and (2) the drag coefficient proposed by Smith and Banke3
(lac. cit.) taking into account the effect of stratification as described by Deardorff
(1968). Contours of the wind stress curl for the case of constant drag coefficient
are presented in Fig. 3.
The pattern of the wind stress curl is not appreciably different among the three
cases, all show minima in approximately the same 1 ° squares, indicating only a
slowly varying wind distribution throughout the area. The magnitude of the curl is
in both additional cases diminished from the values computed using equation (1) ;
for example, averaging by 1 ° belts we find values of the wind stress curl about 4050 % less than those for Fig. 1. (Consequently they agree well with the computations of Evenson and Veronis, 1975). At a wind speed of 10 m/s the drag coefficient used by Hellerman (1967) bas a value of 2.0 X 10-s whereas the formula of
Smith and Banke (1975) yields 1.3 X 10- 3 identical with the constant value chosen
here. We may conjecture that the significant wind speed range for the test area is
centered close to 10 m/ s and that, as we have found in other unreported calculations, the effect of stratification is small.

5. Summary

Employing data from 200,000 volunteer marine ship reports the wind stress and
its curl have been computed with a 1 ° square resolution in the subtropical maximum of the Western Atlantic; and in addition the influence of data spacing and
choice of drag coefficient on the calculations has been explored. Using a drag
coefficient similar to that employed by Hellerman and comparing the results here
with those of Hantel, Evenson and Veronis, and Bye, Noye, and Sag it is shown
3. In neutral conditions 10' C 0 has a value of 1.0 at 5 mis, 1.3 at 10 mis and 1.6 at 15 mis.
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that a data spacing of 5 ° or even 10° leads to underestimation of the curl by a
factor near one half.
On the other hand most modem data suggest that the drag coefficient used by
Hellerman is too large in the range of moderate wind speeds (8-15 m/s); employing
for drag coefficient a smaller constant value of 1.3 X 10-s and a relation suggested
by Smith and Banke we have repeated the curl calculations with 1 ° resolution and
find the magnitude of the curl is reduced by approximately 1/2 over that computed.
By chance these two factors approximately balance in the test area chosen so that
the Evenson and Veronis calculations agree with the "best" estimates computed
here. Of course there is no guarantee that such compensation will occur in other
areas of the ocean; therefore, calculations using individual volunteer marine observations should be undertaken for the world's oceans.
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