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Evidence for wind-forced circulation
in the Gulf of Mexico
by John Blaha1 and Wilton Sturges'
ABSTRACT
A study is conducted into the response of sea level and dynamic height to fluctuations of
alongshore wind stress and wind stress curl at periods greater than a few months per cycle.
Monthly tide gauge data from Key West to Progreso, Mexico, during 1954 to 1974 are
adjusted to remove the effects of local atmospheric pressure and seasonal steric heating. The
adjusted mean monthly sea level elevations are significantly greater from Progreso to Port
Isabel th an they are elsewhere in the Gulf. This observation remains unchanged after the
elevations are reduced for the effect of local alongshore winds. Among the tide gauges in the
western Gulf, Galveston is the most coherent with the local alongshore wind forcing at periods
greater than 2 mo / cycle, exhibiting a phase with the winds not significantly different from 'TT.
At the other coastal sites, at least half of the elevation signal remains. This residual signal is
presumed to be caused by the geostrophic fluctuations of an offshore boundary current.
The available wind data from the western half of the Gulf show a negative wind stress curl;
the mean is -11 X 10----i dyne / cm 8 and curl is most negative in July. A common feature in the
sea level elevations from Progreso to Port Isabel and in curl is the sharp transition from sum•
mer to fall. It is suggestive of a seasonal component to the Gulf circulation forced by the wind
stress curl. This transition occurs from July to September in curl but from August to October
in sea level, a one month lag. The observed 17 cm of change in elevation corresponds to
23 X Io-' dyne / cm' of change in curl.
A mean baroclinic circulation in the northwestern Gulf is evident in which the mean
difference in dynamic height (sea surface relative to 700 db) from offshore to inshore regions
is about 14 dynamic cm. The total seasonal variation across the flow (after the influence of
Loop Current rings has been minimized in the data) is about 5 dynamic cm, which is one--third
the above change in sea level attributed to curl.

1. Introduction
We explore the correlations among winds, coastal sea level, and dynamic heights
in the western Gulf of Mexico for those periods greater than a few months per
cycle. We work from the hypothesis that at the appropriate scales these variables
are dynamically related to the circulation of the western Gulf according to the
l. Pacific Marine Environmental Laboratory/NOAA, Seattle, Washington, 98105, U.S.A.
2. Department of Oceanography, Florida State University, Tallahassee, Florida, 32306, U.S.A.
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Figure I. The locations of the tide gauges and wind stations used in this study. The contours
of dynamic height at the surface relative to 1000 db are taken from Nowlin and McLellan
(1 967) and depict conditions in the Gulf of Mexico during March 1962.

classical (e.g., Stommel, 1948) models of wind-driven ocean circulation. Our objective is to present that evidence for curl-forced circulation in the Gulf of Mexico.
Nowlin and McLellan (1967) and Nowlin (1972) have presented distributions of
dynamic height from the western Gulf of Mexico; their dynamic height map of a
single winter cruise is reproduced in Figure 1. Sturges and Blaha (1976) proposed
that these data were consistent with an anticyclonic gyre which is largely forced by
the wind stress curl. They observed that the anticyclonic circulation inferred from
the dynamic heights coincided with a strongly negative wind stress curl based upon
Hellerman's (1967) compilation of wind stress. Another, and rather different, calculation of the curl distribution is shown in Figure 2. Hydrographic data from the
western Gulf always indicate an anticyclonic flow (J. Cochrane, personal communication). Sturges and Blaha also observed that the spatial contours of dynamic
height showed asymmetry towards the west and north, typical of other wind-driven
western boundary currents, e.g., the Gulf Stream.
Unfortunately, the winter satellite images show frequent clouds, and in the summer the sea surface is isothermal. One cloud-free satellite IR image from 18 April
1975 (R. Legeckis, personal communication) shows a feature in the thermal gra-
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Figure 2. Wind stress curl computed from satellite observations of low-level cloud winds. The
data are hourly pictures; cloud winds are reduced to the surface and rotated to the left on
the basis of observed surface winds. The average is from 16 June to 23 August 1974. From
Krishnamurti and Krishnamurti (1979). Units are 10_, dynes / cm'. The triangle grid points
enclose a region within which the average wind stress curl has been computed based upon
FNOC winds.

dients similar to those fronts generally associated with the deep water currents such
as the Gulf Stream. One can infer from this image a north-south current at the
western boundary extending from south of 22N to roughly 27.5N. Figure 3 shows
the depth of the main thermocline in the western Gulf in July 1979. The scale of the
flow is greater than 500 km north-south, but no clear pattern of closed contours
emerges in the offshore, return flow. Other appearances in both satellite IR images
and hydrographic data indicate a smaller north-south scale to the anticyclonic flow.
For example, Nowlin and McLellan's late winter data in Figure 1 show the flow
separating from the Mexico-Texas coast near 24N. A separate flow cell appears to
the north in this and another recent survey by Merrell and Morrison (1981).
The wind stress curl has a large negative mean value over the western Gulf north
of 22N. Classical linear theory for a steady wind-driven subtropical gyre specifies
that across a line of latitude the transport of the western boundary current balances
the Sverdrup, curl-driven, interior transport. We show selected, spatially averaged,
dynamic heights from which mean transport in the western boundary current can
be estimated. However, intensely baroclinic rings detach from the Loop Current
(the strong ridge of geopotential seen in the eastern Gulf in Figure 1) and subsequently drift into the western Gulf, as described by Elliott (1979). The intensi ty
of these rings produces a serious signal-to-noise problem for the study of the back-
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Figure 3. Depth of 14 'C isotherm in western Gulf of Mexico from XBT and AXBT data,
July 1979. Dots show AXBT data points from 14 July; line shows the cruise track of R.V.
Longhorn, 24 July-I August. The duration of the AXBT flight was about 10 hours.

ground wind-driven flow. The hydrographic sampling is too sparse to yield reliable
estimates of the seasonal (average January, average February, etc.) variations in tho
dynamic heights. In lieu of dynamic heights, we have investigated the response of
the sea level elevations to the fluctuations in wind stress curl.
A spectral multiple regression method is employed to determine the joint response of the elevations at a tide gauge to local alongshore wind stress and to wind
stress curl. At periods greater than 2 mo/ cycle, the effect of bottom friction on the
shelf dominates over the local acceleration. The Ekman (1905) model implies a
phase of nearly zero or 1r between sea level and wind stress depending upon the
orientation of the water and shoreline. When geostrophic currents offshore of the
continental shelf do not mask locally-driven shelf currents, one generally finds correlation between the alongshore shelf flow and sea level. Previous investigations,
however, have concentrated at higher frequencies, as for example, Kundu et al.
(1975), and Beardsley and Butman (1974).
We find that a large signal in seasonal sea level (the residual elevations) remains
after the effects of local alongshore winds are removed. We suggest that the residual
elevations of sea level are an effect of the geostrophic fluctuations in the flow of an
offshore boundary current. In a comparison which we do not show here. we have
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found that the coastal elevations of sea level at Key West (after adjustment for local
atmospheric pressure and seasonal steric heating) agree with the elevation differences Key West minus Havana across the Florida Current. Reid and Mantyla
( 197 6) have found that from southern California to Washington, the seasonal
dynamic heights which arise from an integration across the bottom, from 1000 db
to the tide gauge, correlate with the elevations at the tide gauge. In these two cases
the coastal elevations reflect the fluctuations in the cross-stream pressure gradient
of an alongshore flow which is in total or in part offshore of the continental shelf.
At the seasonal time scales, we assume that the surface geostrophic flow is correlated with the flow at depth and that the boundary flow along the continental
slope in the western Gulf is an effect of the interior transport which may be driven
by the wind stress curl. We will show that there is agreement between the residual
elevations and the seasonal fluctuations in curl over the western Gulf.
Finally, we use the observed phase between sea level and curl to compute the
frictional damping parameter in an analytical model by Pedlosky (1965) of a closed
ocean basin under periodic wind forcing. Pedlosky ( 1965) treats the case of a
square basin of homogeneous water on a beta-plane. The vertically integrated, nondimensional vorticity equation is

V' cf,

+ cf,,+ R,(cf,, V2 cf,, -cf,, V'cf,,) = T(x,y,t) -8V 2 cf,,

(1)

where cf, is the strearnfunction and T is the wind stress curl. The time scale is chosen
as (/3L)-1, in which L is the meridional scale of the basin. The frictional damping
parameter 8 is equal to a constant coefficient of frictional drag divided by {3L. (This
form of friction is independent of scale and does not allow for increased frictional
damping along the boundaries of the basin.) The zonal dimension is denoted by x,
meridional by y; the boundary conditions are:
cf,

= 0 on x = 0, x = 1 and y = 0, y = 1

.

(2)

Pedlosky assumes weakly nonlinear flow, a small Rossby number R,, and solves
the problem to the first nonlinear correction by means of a regular expansion in R,.
The dependence of the forced solution on frequency is of central importance.
Pedlosky applies the forcing
T

= cos(kx -wt) sin(mry)

(3)

>> 8, the circulation response is dominated by the
resonant modes. We have neglected the solution in this frequency range since we
felt that it would be especially sensitive to the actual configuration of the basin and
that its comparison to actual data would be of doubtful value. Pedlosky shows that
as the forcing period approaches the frictional time scale, w ~ 0(8), friction at the
western boundary is effectively trapping the westward propagating energy; western
At the higher frequencies, w
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intensification occurs. If the forcing is reduced to a zonally uniform standing wave,
k 0, we find that at the western boundary the alongshore flow is proportional to

=

ii<f,
iix,-o

-

[(1

8

62

+ w'

) cos wt -

62

w

+ w'

sin wt ] sin mry. (4)

Equation (4) represents the cross-stream change in sea level nearest to the coast;
we will compute a decay time based upon it. We begin the analysis with a discussion
of the available wind stress data.

2. Surface wind stress
Aside from the satellite data, the historical wind data over the ocean are from :
(a) ship observations and (b) geostrophic computations using atmospheric pressure
data. Hastenrath and Lamb (1977) and Elliott (1979) show one degree compilations
of quarterly wind stress over the Gulf based upon the ship observations. From the
historical sea level pressure field Fleet Numerical Oceanography Center (FNOC)
can provide computed surface wind stress on about a 3 degree grid resolution at
ten-day averages. We have interpolated the FNOC wind stress to the grid points
shown in Figure 2, which lie over the region of anticyclonic circulation. We have
computed an average curl by integrating the wind stress around the region enclosed
by the grid points and applying the Stokes integral theorem. All sets of wind stress
data show a region in the western Gulf with negative wind stress curl.
A comparison of the seasonal variations in curl appears in Figure 4. Considering
that Elliott's (1979) values represent averages over the entire western Gulf, the
agreement in phase is satisfactory. However, Elliott's maps indicate positive curl
over a region roughly 600 km across in the southwestern corner of the Gulf. This
feature is not adequately resolved in the FNOC data, but a cyclonic circulation cell
beneath it has been noted in the hydrographic data by Vasquez (1975).
Comparisons of the alongshore stress along the western boundary also appear in
Figure 4 (see Appendix for further comparisons). There are differences in detail to
which aliasing from a lack of ship observations may be contributing. Over much of
the western Gulf there are usually 5 or fewer sampled days per 2 ° box in any
particular month. Offshore of Tampico, in the region 21-23N, 96-98W, the median
and mean number of observations per month from 1952-1972 are 2 and 4.1 , re-

Figure 4. Seasonal comparisons of FNOC winds and ship observations of wind in wind stress
curl (upper) and in meridional wind stress offshore of Tampico Oower). The tong-term averages of curl based upon ship observations (right band side scale) are taken from Elliott
(1979), bis Figure IS, and are averaged over the entire Gulf. Our (FNOC) curl Oeft band
side scale) is computed within the region shown in Figure 2. The drag coefficients are 1.5 X
10-•. The record lengths are 19S2-1974 for the FNOC winds and 1952-1972 for the ship
observations.
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spectively. An expanded region 21-25N, 96-98W increases the median number of
samples per month to only 5. During winter, this sampling rate would not adequately resolve the 3 to 4 synoptic fronts passing over the Gulf per month. Where
time series can be constructed from adequate ship observations adjacent to the tide
gauges, the ship winds are used in the subsequent comparisons between sea level
and wind stress. Otherwise, when airport winds are not available, we have chosen.
the better temporal resolution provided by the FNOC estimates of wind stress.
Measurements of surface winds (twice per day) were obtained at Brownsville and
Merida. For purposes of determining stress, the anemometer heights Oess than 11
m) were assumed to be within a logarithmic wind profile and Zo was arbitrarily
chosen as 2.0 cm. Unless explicitly stated, stresses are computed at the sampling
interval and then averaged over the month.
3. Dynamic height

Rings detached from the Loop Current represent a large amplitude perturbation
on the background flow field. Typically, the historical data base contains only a few
hydrographic casts in each one degree square and the variability within the data is
large. We have attempted to eliminate hydrographic data clearly within rings and
to improve upon the signal-to-noise ratio in the western Gulf by pooling the available data into three regions. We define region I as the northern cell above 26N,
which appears in Figure 1 as a relative high with respect to region II that is directly
to the east: 93-90W, 26-28N. Region III occupies the main anticyclonic gyre:
97-92W, 22-25N. The data base consists of all hydrographic data west of 90W that
were available from NODC for the years through 1972 and from two recent Coast
Guard surveys (1975, 1976). These data were first intercalibrated according to the
deep temperature, salinity properties that were assumed to be common to all the
data during this period. By examining in detail the distribution of data in each
month we attempted to (a) account for meanders in the high shear zone, the current
which separates regions I and III; and (b) to eliminate casts clearly in Loop Current
rings . The latter was achieved by examining the subsurface maximum in salinity,.
~ 150 m, for salinities greater than 36.55%0 that were accompanied by high dynam-·
ic heights. From 213 casts deeper than 700 db, 17 were clearly judged to be within
rings, but the marginal casts remain in the data pool. ' The dynamic heights were,
averaged within the regions for each month having data. These averages were then
again averaged into the mean monthly values shown in Figure 5. The 125 db ·
surface has been chosen to be the bottom of the surface layer, above which there ,
are large steric effects from seasonal heating. The reference surface of 700 db was ·.
3
We hoped to suppress the large "noise" effect of rings by this technique, because the rings are not
sampled well. However, this will bias the results toward lower dynamic heights. Although the scatterin the data will be reduced, the results will underestimate the value of the central high and of the~
cross-stream difference in dynamic height.
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Figure 5. Mean monthly dynamic heights 0/700 db and 125/700 db fo r regions I, II, and m
(sec text). Each monthly sample represents an individual year. The standard error of tho
mean is shown when there arc sufficient data. Region Ill is tho primary dynamic high and
region II is the low.

chosen because it nearly always extends to the bottom of the thermocline, yet it
eliminates fewer casts than would a deeper choice.
Region II (the low southeast of Galveston in Figure 1) has the lowest overall
mean value of dynamic height at 125 db, relative to 700 db. No months show a
significant difference from a mean value of 60 dynamic cm. The mean difference
between regions III and II is 9.1 :!: 1.3 dynamic cm at 125 db and 14.3 :!: 1.4
dynamic cm at the sea surface, relative to 700 db. (The contribution of the upper
125 db to the difference between regions ill and II is 5 :!: 2 dynamic cm and is
nearly uniform throughout the year.)
Values of curl were extracted from those months during which hydrographic data
were obtained. The mean value is - 16 x 10-• dynes/ cm', which for a nominal
basin width of 1200 km yields a Sverdrup transport of 9 X 10• m'/ s. The geostrophic baroclinic transport within the upper 700 db, between regions II and III,
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was computed to be 8 x 10• m'/s. A deeper reference level would yield a greater
transport.
In Figure 5 the dynamic heights of region I vary between those of regions II and
III. This variation could result from the latitudinal movement of the boundary
current of the main anticyclonic gyre (region nn. The flow could leave the coast
at about 25N, separating I and III, as in Figure 1 or continue along the coast as in
Figure 3. Examples of these two flow patterns have also been observed in the
satellite IR images. The low dynamic height of region II would appear to be unaffected by these shifts in the boundary flow pattern. However, the sparseness of
the data makes the significance of the seasonal variation of the baroclinic field
from 700 to 125 db uncertain.

4. Coastal sea level

a. Adjustments for static effects
Monthly averages of hourly heights were obtained from tide gauges at Key West,
St. Petersburg, Pensacola, Galveston, Port Isabel, Tampico, Veracruz, and Progreso. Data in the U.S. were provided by the National Ocean Survey; data in
Mexico were provided by the Instituto de Geofisica, Mexico. The common time
interval is January 1954 to December 1974, 21 years, although some comparisons
will be longer or shorter to match the wind records.
We adjusted sea level to uniform atmospheric pressure using a barometer factor
of 1 cm /mb. The barometric factor is the response of sea level, in cm, directly
attributable to fluctuations in atmospheric pressure, in mb. Over the continental
shelf and in the presence of friction, Crepon (I 976) calculates a barometric factor
equal to 1 cm/mb after sufficient time has elapsed for the barotropic "spin-down."
Thls time is estimated to be about 2 weeks in the Gulf if the bottom boundary layer
on the shelf is 10 m thick and the average water depth is 100 m. This is substantially shorter than the periods of greater than 2 mo/ cycle that are under study
here. Observations of bottom pressure, e.g., Beardsley et al. (l 977), would imply
even shorter adjustment times in sea level toward the "inverted barometer." The
monthly values of sea level pressure are based upon hourly data at nearby airports,
when available, or the monthly FNOC pressures. Some examples of the seasonal
range are 6.5 mb at Brownsville and 5 mb at Tampa. The additional remaining
rms fluctuation is about 5 mb.
In the central and northern Gulf, where the bathythermograph (BT) data are
adequate to determine the steric effect of seasonal heating, Blaha (1978) estimates
a variation across the Gulf of about 1 cm in a 14 cm signal at the surface relative
to 120 db. Such a large, but nearly static, contribution to sea level ought to be
removed prior to making comparisons with the winds. The eddy noise appearing in
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Figure 6. Mean monthly elevations of sea level, 1954-1974, adjusted to uniform atmospheric
pressure, and from which the elevations at St. Petersburg have been subtracted. At St. Petersburg the actual sea level elevations are shown and compared with the surface steric heights
relative to 120 db, which are based upon BT data from the northern central Gulf (Blaha,
1978).

these BT data is great; it does not allow construction of a reliable time series of
steric heights. Instead, we have used the sea level elevations at St. Petersburg as
a "bench mark" series which has been subtracted from the other time series of
elevations around the Gulf. The mean monthly differences from the St. Petersburg
elevations appear in Figure 6; the original St. Petersburg signal also appears. The
steric heights which Blaha (1978) attributed to seasonal heating have been compared to the elevations at St. Petersburg in this figure as well. If allowances are
made for local heating below 120 db, perhaps 1 to 2 dynamic cm, the agreement
indicates that nearly all of the signal at St. Petersburg is in response to seasonal
heating. Of course, some error may be introduced to the elevation differences because of the effect of local winds at St. Petersburg. Let us define an anomaly as the
difference between a monthly value and the average value for that month. From
1965 to 1974, when monthly resultant winds at the Tampa airport are routinely
published, the correlation between anomalies of alongshore wind stress and sea
level at St. Petersburg is .22 and maximum at zero lag. The rms sea level anomaly
at St. Petersburg over the 10 years is 4.5 cm of which 22%, or 1 cm, can be
attributed to local winds . A 1 cm error in the rms anomaly at Tampico, 7.2 cm,
amounts to 14 % but is acceptable. In the remaining text, all reference to sea level
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Figure 7. Power spectra of anomalies of wind stress curl (FNOC) and of sea level at Progreso
(- - - - -), Tampico (_ _), and Port Isabel (.. .. .). Sea level trends over the period 19521972 have been removed. A 95 % confidence interval for both spectra is shown and the
effective frequency resolution is .067 cycle/ mo. Some bias is occurring at the very lowest
frequencies in the curl spectrum. For comparison, at the 12, 6, and 4 mo / cycle harmonics
(arrows), the periodogram estimates of Tampico elevation are: 21, 4, and 1 x 1()1 cm1/
(cycle/ mo); and of curl are: 47, 7, and 5 X 10->< (dyn/ cm')'/(cycle/ mo), respectively.

elevations refers to the differences from the St. Petersburg elevations. This shift in
nomenclature applies to the mean monthly and the anomaly signals.
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Figure 8. The time amplitudes of the seasonal empirical orthogonal functions of sea level
around the Gulf (· - - - -). Mean monthly wind stress curl C - -), 1954-1974. The mean
curl is -11 X 10- dynes/cm' .

Selected power spectra of the anomalies of sea level and of curl appear in Figure
7. The anomaly power at Tampico is the largest in the Gulf but all the elevation
spectra are red. At periods greater than 10 mo/ cycle, power at Galveston (not
shown) falls below that at Port Isabel. The anomalies of curl show a consistent
increase in power at periods greater than 10 mo/ cycle.
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Table I. The empirical orthogonal functions of sea level, 1954-1974, at tide gauges around the
Gulf of Mexico from which the signal at St. Petersburg has been subtracted. The percentage
of variance represented by the modes appears in parentheses. The seasonal functions refer
to the average January, average February, etc. The anomalies refer to the differences be.
tween the long.term averages at each month and the individual monthly values.
Seasonal
1st Mode(86 %)
2nd Mode(8 %)
Progreso
Veracruz
Tampico
Pt. Isabel
Galveston
Pensacola
Key West

-.50
-.43
-.46
-.45
-.26
-.07
- .22

.24
.16
-.12
-.88
-.61
- .76
.30

Anomalies
!st Mode(57%)
2nd Mode(l7%)

-.40
- .36
-.62
- .39
- .33
-.15
- .09

.51
.13
.23
-.29
-.66
-.37
-.02

b. Empirical orthogonal functions (EOF)
In Figure 6 the seasonal variation in adjusted sea level is noticeably greater in
the western and southern Gulf, e.g. , Progreso and Tampico vs Pensacola and Key
West. This is reflected in the first two empirical orthogonal functions (EOF) of sea
level appearing in Table 1. Generally, one expects the EOF analysis, through a
partitioning of the variance, to separate unique local effects from effects correlated
on basin-wide scales (see Davis, 1976, for a discussion of the EOF). In Figure 8,
upwards of 85 % of the seasonal (mean monthly) variance is represented by the
time dependent amplitudes of the first seasonal EOF, to which the signals of the
western and southern Gulf contribute greatly. These time amplitudes compare well
with the seasonal variations in curl if one accounts for a phase lag in sea level of
1 mo. The variations in both curl and sea level imply a more intensely anticyclonic
circulation in summer. The time amplitudes of the second seasonal EOF represent
the semiannual signal which dominates in the northern Gulf, as found in sea level
by Chew (1964) and as appears in the temperature and salinity analyses of Armstrong (1976).
In Figure 9 the time amplitudes of the first EOF of the elevation anomalies are
not significantly correlated (.06) with the anomalies of the curl. The coherency
spectrum, not shown, indicates that this mode and the anomalies of curl are not
coherent. It is evident that many of the events clearly appearing in the anomalies
of sea level elevations are not distinguishable in the anomalies of curl. Aside from
a very low frequency trend in curl much of the variability appears composed of
month-to-month fluctuations. However, we do not find a corresponding fluctuation
in sea level for the large event in curl that does appear during 1969-1970.
In Figure 9, the elevation anomalies at Tampico and the time amplitudes of the
first EOF are quite similar. Indeed, there is significant correlation (-.31) at the
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95 % level between the first EOF and the anomalies of alongshore wind stress near
Tampico. Therefore, in the following, we have attempted to determine whether
the effect of local alongshore winds could be contributing to the lack of correlation
between sea level and curl.
c. Separation of .the effect of local winds
Method. At the seasonal harmonics of 12 and 6 mo/ cycle, where relatively
greater variance is concentrated within a narrow frequency band, curl and local
alongshore wind stress may be coherent. We have used a multiple input spectral
analysis (see Bendat and Piersol, 1971) at selected gauges (Galveston, Port Isabel,
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Figure IO. The gain, partial coherency, and phase spectra of the response of sea level to local
alongshore wind stress based upon a multiple input analysis of the anomaly series which
included wind stress curl. The 95 % significance level is shown for zero coherency (Groves
and Hannan, 1968). The 95 % confidence intervals for gain appear in T able 2; the effective
frequency resolution is .067 cycle/ mo. The record lengths are determined by the lengths of
the local wind series: Progreso vs Merida winds 1957-1974; Tampico vs FNOC winds (same
winds as in Figure 4) 1952-1974; Port Isabel vs Brownsville winds 1961-1974; and Galveston
vs ship observations (27-29N, 91-93W) 1952-1972.

Tampico, Progreso) to separate the relative contributions of the two forcing variables and to compute their individual frequency response functions (FRF). We
apply this analysis to the anomalies of sea level, local wind stress, and curl. In a
power spectrum of the full signal, the anomalies provide the background power
which, unlike at the seasonal harmonics, can be greatly smoothed without severe
spectral bias. To maximize the number of degrees of freedom, we have not in-
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creased the number of inputs beyond curl and alongshore wind stress. Limitations
on record length are imposed by the local wind data which is as few as 14 years at
Brownsville (Port Isabel).
As a practical matter, we generate the periodograms of the anomaly series, and
then interpolate across the seasonal harmonics before smoothing with a running
average over 17 bands.
Results. The partial coherency between the anomalies of curl and sea level is not
different from zero at the 95% probable significance level. We conclude that at the
level of anomaly power, there is variability in sea level which cannot be attributed
to our input data series. Some additional forcing function is needed among the
inputs, the quality of the curl data is insufficient, or there is incoherent variability
in the offshore flow which reflects in the sea level elevations.
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Table 2. The frequency response of sea level at selected gauges to local alongshore wind stress.
The gains are estimated from Figure IO which is the result of a multiple input analysis which
includes wind stress curl. The variability in the gain over frequency bands of significant
coherence appears as an uncertainty adjacent to the estimated gain. The 95% confidence
intervals, see Benda! and Piersol (1971), are based upon 30 degrees of freedom .
95 % Confidence Intervals
Phase
Gain
cm/(dyne/cm')
Degrees

Estimated Gain
cm/( dyne / cm')
Galveston
Pt. Isabel
Tampico
Progreso

24 ± 4
5.5 ± .5
17 ± 4
30 ± 5

± II
± 4
± 13
± 30

± 27°
± 45•
±
± 90°

so·

In contrast, in Figure 10, bands of significant coherence between alongshore
wind stress and sea level generally can be found among the four selected gauges.
In particular, sea level at Galveston clearly shows a quasi-steady response to local
winds in which the phase is nearly a constant value of 1r. Consistent with the
classical Ekman model of coastal circulation, the value of 7T refers to sea level
"set-up" occurring under negative wind stress. Based upon the high coherence at
Galveston and the clear phase agreement with Ekman theory, we will take Galveston as most representative of the effect of local winds on sea level at these periods.
It is probable that the difficulty in reproducing the results at Galveston at the other
locations is caused by an increased independent variability in sea level or by unrepresentative wind data. For example, we are unable to determine whether the
winds measured at Merida, some 40 km inland, are fully representative of the local
wind forcing at Progreso. On the other hand, one could speculate that the increased
level of anomaly power (over Galveston) indicates that a large portion of the
variability in sea level is dynamically independent of the alongshore wind forcing.
In Table 2, we have selected gains averaged over the bands in which the coherence is relatively high. In the following , these gains are approximated as constant
and are assumed to be associated with constant phase (1r or, at Progreso, zero). The
variability of the gain within the coherent bands are in all cases smaller than the
95% confidence intervals shown in Table 2.
The seasonal effect of local wind forcing on sea level has been computed by
multiplying the gains in Table 2 by the mean monthly values of alongshore wind
stress. These computed elevations have been subtracted from the mean monthly
elevations of sea level as shown in Figure 11; the differences are hereafter referred
to as the residual elevations. The estimated error in the residual elevations that can
be attributed to the uncertainty in the gains is 27 % at Galveston, 15 % at Tampico,
and less than 10 % at Port Isabel and Progreso. The residuals at Port Isabel now
take on a more semiannual trend similar to that at Galveston and to the dynamic
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heights from region I. It is unclear why the relative summer low at Tampico disappears whereas at Progreso there is only minor change. Progreso retains a close
similarity to curl.
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The similarity between the mean monthly signals of wind stress curl and sea
level provides the most supportive evidence for the notion of flow within the western Gulf responding to curl. The sharp transition from summer to fall is a common
feature of both variables. However, the transition in sea level, from August to
October, lags the transition in curl by about one month. If we assume that this lag
is a phenomenon of the wind-driven circulation of the basin and the effective
frictional decay of Rossby waves is less than a year, the observed phase lag and
equation (4) can be used to compute a frictional decay time. At the annual
harmonic and assuming that the forcing is zonally uniform, a 1 month phase lag
corresponds to a decay time of about 33 days. However, this result is dependent
upon the zonal scale of the curl at the annual harmonic which is unknown. If the
zonal wavelength, k, of the forcing in equation (3) is twice the width of the Gulf,
we obtain 100 days.
A computation for the lag can be found in the initial value problem in which the
lag is the time needed for the barotropic circulation to "spin-up." Anderson and
Gill (1975) have shown that the spin-up time of the basin is the time it takes a
Rossby wave to propagate across the basin. Suppose that this time is determined by
the longest barotropic free wave capable of appearing in the basin. (Baroclinic
waves are not capable of traversing the Gulf in one year.) If the zonal width of the
Gulf is 1200 km, the longest wavelength should be twice this dimension. In addition, if the meridional wavelength is twice 600 km, we can compute a group velocity
of -35 cm/ s, which over 1200 km implies a lag of 40 days. This lag is not
significantly different from the observed 1 mo lag.
5, Conclusions

The mean difference of dynamic height (0/700 db) from offshore to inshore
regions (III vs II) is 14 dynamic cm. In his Figure 1-38b, Nowlin (1972) shows a
difference of about 20 dynamic cm at the surface relative to 1000 db. The mean
anticyclonic flow which is suggested by this baroclinic shear is consistent with the
observed anticyclonic curl, which we have estimated as -11 x 10- 0 dyne/ cm'
above the area of the gyre.
The seasonal variation in dynamic height, about 5 cm, is only a fourth the change
in sea level from summer to fall. A small part of this lack of agreement may be the
fault of a poor data base, but there are three kinds of alongshore flow variations
that may be seen at the tide gauge: (a) large-scale, baroclinic variations that appear
in the dynamic height signals, (b) large-scale barotropic variations that are seen at
a nearby tide gauge but not in the dynamic heights; and (c) the nearshore flow on
the shelf that responds to the local forcing of longshore winds. The data do not
allow separation of the first two effects on the tide gauge, but we have attempted
to remove the third effect. The remaining signal is large (a seasonal range of about
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I 5 cm) and its agreement with the seasonal (mean monthly) variation in curl is a
new result. The similarity between the seasonal variations of sea level and curl is
suggestive of a broad-scale, curl-forced circulation in the Gulf.
Questions that may challenge this interpretation remain. Why is the signal at
Progreso as large as that at Tampico? Is this an indication of some flow emanating
from the Yucatan Strait? Over the Cayman and Caribbean Seas the August to
October transition in curl lags the transition in the Gulf by one month. Could this
contribute to the observed lag in sea level in the Gulf-also one month?
The lack of coherence between the anomalies of curl and sea level may simply
indicate that we have a poor data set in curl, in regard to the analysis of the
anomalies. There are some additional inputs that seem appropriate, but the data
are not presently available. One such set would be a time series of curl on scales
smaller than can be resolved on the FNOC grid. Another would be the fluctuations
in sea level difference from the Yucatan Peninsula to Cuba (Yucatan Strait) which
might indicate the effect that fluctuations originating upstream of the Gulf have on
the circulation in the western Gulf.
It seems appropriate to mention here the work of Elliott (1979) whose calculations suggest that the work done by the annual wind stress on the western Gulf of
Mexico is no more than twice the energy contained in a single ring pinched off the
Loop Current. These rings are generated approximately on an annual basis (Vukovitch et al., 1978) and propagate into the western Gulf. Elliott's suggestion is
essentially that the western anticyclone represents an accumulation of old rings; the
wind is an additional source of energy. It might be shown that each new ring drifting
to the west merely displaces the remnant of the old one. However, the great regularity of the observed tide gauge response, coupled with the apparent irregularity
of the formation of rings (Vukovitch et al., 1978), would seem to argue against
this hypothesis.
A more basic objection to the idea that the anticyclonic circulation in the western
Gulf represents an accumulation of old rings, comes from our understanding of the
cascades of energy and vorticity in the ocean. Rhines (1977) suggests that the
cascade of energy from baroclinic eddies is such that the scale of motion, if initially
larger than the Rossby radius , which the western gyre clearly is, decreases and that
the motion tends toward barotropic rather than baroclinic flow. The barotropic
flow of the Loop Current rings has not yet been observed. These comments are
appropriate for a flat-bottom ocean model; with the inclusion of bottom topography,
the scattering to smaller baroclinic scales still holds. At the western boundary, the
reflection of long Rossby waves into short ones again decreases the scale. The influence of both the western wall and bottom topography, therefore, suggests that
the scale of the baroclinic energy contributed by pinched-off rings will decrease,
rather than increase to form a baroclinic western gyre.
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Finally, the contribution of wind stress curl to the average vorticity of the western
Gulf is likely to be larger than the vorticity brought in by rings (about one ring
every ten months). We approximate the average vorticity in a circular ring by the
integral f fk • (V X v)dA = fv · di = 2Trr v(r) multiplied by the effective depth
of the ring, H. We select an outer ring speed v(r
200 km) of 4 cm/s. Because of
the strong baroclinic shear in rings, the greater part of the ring circulation is
contained within the upper 1000 m; we set H
1000 m. In comparison, an average
curl, of -10 x 10-• dyne/cm', is taken to act over an area in the western Gulf of
750 km by 500 km. The ratio of curl to ring vorticity over 300 days is 19.
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APPENDIX
The 4° box 25-29N, 91-95W encloses a shipping lane from which ship observations are
available every day. Within tltis 4° box there are about 95 dail y averages of wind stress per
month which, over the period 1967- 1972, have been averaged to 72 monthly values. At the
center of the box, 27N, 93W, monthly averages of 6-hourly computations of wind stress were
provided by A. Bakun. The data base was the historical FNOC sea level pressure field. The
computed geostrophic winds were rotated by 15 ° toward lower pressure and contracted by
30% . (In Figures 4 and 5 and in the main text , we have used a more recent recalculation of
stress by FNOC. We have no reason to believe that it is any worse than the set presently under
discussion.) For ship observations, we use Co = 1.5 X 10-1 and for computed winds Co =
1.1 X 10__,.
If a ship observation is assigned a typical uncertainty of 3 m / s (about I Beaufort number
at moderate winds), a monthly wind stress uncertainty in this region is ± .02 dyne/ cm\ not
accounting for fair weather bias. Typical standard deviations are larger, between .04 and .10
dyne / cm 2• Therefore, we ass ume that the variability in the ship observations is real.
The mean errors are defined as the wind stress computed from atmospheric pressure minus
the wind stress from ship observations. The mean error in the meridional component is .09 ±
.02 dyne/cm' . The mean error in the zonal component is -.12 ± .03 dyne / cm'. Monthly zonal
ro;tress is always negative, that is, towards the west. Therefore, the wind stress computed from
atmospheric pressure would tend to be too large in this component. The results in the merid•
ional component are not clear.

There is a correlation in the magnitude of the error with season; it is lower duxing the
summer when the trade winds persist than during winter when the synoptic fronts dominate
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the weather. However, no statistical dependence of the error on the sample standard deviation
was found.
About 45% of the monthly stresses from atmospheric pressure fall outside 2 standard deviations of the monthly stresses from ship observations. Nevertheless, the linear regression
between the two sets of wind stress shows significant correlations of .83 and .65 in the meridional and zonal components, respectively. The meridional component slope and intercept (stress
from pressure as a function of stress from ship observations) are 1.04 and - .07 dyne /cm 2 and
the zonal component slope and intercept are .93 and - .15 dyne /cm2 •
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