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Physical Sciences 

UPWELLING IN ATLANTIC SHELF WATERS 
OF SOUTH FLORIDA 

NED P. SMITH 

Harbor Branch Foundation, Inc., R.R. I, Box 196, Fort Pierce, Florida 33450 

ABSTRAcr: Subsurface temperature data from 8 stations were obtained for 6 wk during the 
summer of 1978 to describe seasonal upwelling along the Atlantic coast of Florida just south of 
Cape Canaveral. Available data show one major upwelling event occurring during the first 3 wk 
of August. Bottom temperatures suggest that cool water advances rapidly toward the coast, and 
nearshore water cools by as much as 7°C within 2 wk. A strong thermocline is maintained 
throughout the upwelling event. The available data base is inadequate to resolve the primary 
forcing mechanisms, but related studies suggest that upwelling may occur in response to the 
Florida Current as much as to the coastal wind field. 

A SUBSTANTIAL BODY of literature has accumulated within the past 
several years because of an increased interest in the causes and effects of the 
upwelling of ocean waters. In a geographical sense, attention has focused 
upon a relatively few coastal areas off the west coasts of North America, 
South America and Africa, where upwelling is either quasi-persistent or an
nually recurring. 

In many cases, upwelling can be explained in terms of classical Ekman 
dynamics, as a response to persistent or seasonally variable synoptic scale 
wind systems. West coast locations in both hemispheres commonly exhibit 
wind-driven upwelling, but even midocean areas may show upwelling 
under the trade winds in a band along the equator, where a 'divergence in 
the surface layer of the ocean occurs with the change in sign of the Coriolis 
force. 

Studies carried out in a variety of coastal settings, however, suggest that 
any of several alternate mechanisms may play a significant role at a given 
place and time. Houghton (1976) has described upwelling during the sum-
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mer months off the coast of Ghana, where it is postulated that the coastal 
wind field is not a primary driving force. Nearby, in the Gulf of Guinea, 
seasonal upwelling has been interpreted in terms of an equatorially-trapped 
Kelvin wave generated by winds well out in the Atlantic which reflects at the 
coast and moves north as a Rossby wave (Adamec and O'Brien, 1978). 

Hsueh and O'Brien (1971) have demonstrated that even in the absence of 
windstress forcing upwelling may occur as a dynamic readjustment in a 
coastal current which is frictionally retarded in near-bottom layers by the 
continental shelf. This process is used to explain upwelling off the coasts of 
Oregon and Peru, and in shelf waters off the Gulf coast of Florida. Recently, 
Janowitz and Pietrafesa (1980) have described upwelling in a boundary cur
rent in response to topographic features of the continental shelf. Recent 
studies of alternate forcing mechanisms have stimulated investigations in 
more diverse coastal and open ocean settings, as well as provided explana
tions of the upwelling patterns when they are recorded. 

Although coastal upwelling is more often associated with the west coasts 
of continents, recurring upwelling patterns have been noted in east coast set
tings. An example of this is the annually recurring upwelling which appears 
during the summer along Florida's Atlantic coast. This was first documented 
by Green (1944), who suggested that anomalously low water temperatures 
occurred during June, July and August along an approximately 600 km sec
tion of coastline centered at about latitude 29 °N. This study was followed by 
a more complete investigation by Taylor and Stewart (1958), which de
scribed upwelling somewhat more precisely in space and time (Fig. 1), and 
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FIG. 1. Multiannual monthly average surf temperatures (in °C) for summer months between 
24 ° and 33 °N. After Taylor and Stewart ( 1958). 

which suggested that the process occurred in response to seasonal variations 
in coastal winds. Climatological data from 8 locations between Charleston 
and Key West were compared with multiannual mean monthly surf tem
peratures. Water temperatures between approximately 27° and 31 °N de
creased during midsummer months, and this was interpreted as a response ~o 
longshore variations in the sign of the cross-shelf component of the surface 
wind. 
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More recently, Lemming (1979) used hydrographic and meteorological 
data from Atlantic shelf waters near Cape Canaveral to describe summer 
upwelling. Coastal windstress was found to be coherent with bottom tem
peratures over the inner shelf at subtidal frequencies. Both Ekman transport 
and the Florida Current were felt to play a role in driving the upwelling. 

Previous work conducted locally in Florida shelf waters defines in a 
'· general way the nature and characteristics of upwelling in this region, and 

suggests that causes may go beyond local wind forcing. In addition to an 
Ekman transport of nearsurface water away from the coast, upwelling may 
be related to the presence of the Florida Current just beyond the shelf. A 
study conducted in the summer of 1978 was designed to extend previous 
work in Florida shelf waters in 3 ways: First, measurements were made 
across the shelf to relate the movement of water from near-bottom or inter
mediate depths further offshore to the anomalously low surf temperatures 
recorded at the coast. Second, data were collected at weekly intervals to 
document better the temporal variability in cross-shelf temperature struc
ture. Third, the study was conducted at approximately the southern extreme 
of the section of the coastline along which upwelling has been reported, thus 
improving spatial resolution. 
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FIG. 2. Location of hydrographic sampling stations l-8 on the Atlantic shelf of Florida. 
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OBSERVATIONS-The temperature data used to document and describe 
upwelling were obtained as top-to-bottom profiles with a Plessey Model 
9060 Salinity, Temperature, Depth Profiling System (STD), or with a Beck
man Model RS5-3 Field Salinometer in the shallow water over the inner 
shelf. Temperature profiles were digitized at ~ntervals of 1-2.5 m, depending 
upon the vertical temperature gradient at the time and place of measure
ment. Temperature profiles were calibrated at surface and bottom levels 
with reversing thermometers, and corrected temperatures are believed to be 
accurate to within 0.1 °C. 

Seven hydrographic stations were visited weekly from 19 July to 30 
August 1978; an eighth station, closer to the coast, was added on 2 August. 
Water depth varied from 15 m at Station 1 to 55 m at Station 8 (Fig. 2). The 
average cross-shelf slope in the vicinity of the study area was approximately 
1 m/km. Bathymetric charts indicate a slight divergence to the north in the 
mid shelf isobaths. Ship drift recorded while on station at the offshore end of 
the transect suggested that the Florida Current was not having a direct effect 
on shelf waters at that location. 

RESULTS-Cross-shelf temperature profiles show the result of coastal 
upwelling, due to the resulting strong vertical temperature gradients during 
summer months. Figure 3 shows the cross section obtained on 19 July. Shelf 
waters vary from very nearly isothermal at the shoreward end of the transect 
to highly stratified at the outer station. Warmest water is a shallow lens of 
just over 28 °C, centered approximately 30 km offshore. At near-bottom 
levels, isotherms show a distinct tendency to intersect the bottom rather than 
to parallel it. 

The temperature cross section constructed from data collected the fol
lowing week (Fig. 4) indicates temperatures generally 2-3 oc warmer over 
the inner shelf. Over the middle and outer shelf, isotherms in the lowest 10m 
tend to parallel the bottom, and the strongest horizontal temperature gra
dients along the bottom are found between 10 and 20 km from the coast. The 
surface temperature gradient is directed seaward, though inner shelf 
temperatures are only about 1 oc warmer than those recorded over the outer 
part of the transect. 

Figure 5 is constructed from temperatures recorded on 2 August and 
shows a significantly different pattern from that of the preceding week. The 
thermocline is well-established at about the 10m level and extends across the 
entire shelf. Also, the horizontal temperature gradient at the surface is 
directed shoreward. Surface temperatures at the innermost station are 2.5 °C 
cooler than at the offshore end of the transect, and nearly 3 oc cooler than 
the preceding week. A small area of water just below 17 oc appears in the 
cross section just above the bottom approximately 15 km from the coast. The 
data suggest that an upwelling pattern has become established during the 
week of 26 July to 2 August. 

The strong stratification persists through the following week (Fig. 6), 
and the thermocline appears to have risen slightly in the water column. On 
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FIG. 3. Temperature cross section (0 C) from 19 July 1978. 
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FIG. 4. Temperature cross section ( 0 C) from 26 July 1978. 
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FIG. 5. Temperature cross section ( 0 C) from 2 August 1978. 
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the other hand, the shoreward temperature gradient in the surface layer is 
no longer clearly defined. Although the 20° isotherm can be traced across 
the entire transect, the 19 °, 18 o and 17 o isotherms intersect the bottom over 
the middle shelf. 

Figure 7 indicates that a continuation of the upwelling pattern exists dur
ing 9-16 August, with one important exception. The 18 ° isotherm has re-

,, treated over 15 km seaward in the near-bottom layers, and warming just 
above the bottom over the middle shelf is nearly 2 °C. Still, near-bottom 
cooling of as much as 2.5°C is recorded at the outer end of the transect. 

The temperature cross section for 23 August (Fig. 8) suggests a slight 
weakening of the thermocline, warming of as much as 4 oc in the near
bottom layers over the outer part of the transect, and the establishment of an 
offshore-directed temperature gradient in the surface layer. The general 
trend appears to be one of warming over the preceding week and a lessening 
of the upwelling pattern. 

The final temperature cross section in the series is shown in Figure 9. 
Warming has continued through the near-bottom layers, with temperatures 
about 2-3°C higher. For the first time since 26 July, the 29° isotherm ap
pears in the cross section-at the surface over the inner shelf, and again 
through the upper 15 m at the outer station. The thermocline has continued 
to weaken slightly and in this cross section slopes downward in a seaward 
direction beyond about 30 km from the coast. 

It is apparent from the above that the greatest temporal variability in 
temperature recorded during this study is in the near-bottom layers. Thus, 
to investigate the warming and cooling of near-bottom water along the 
transect during the 7 cruises, the bottom calibration temperatures were 
entered on a time-distance plot (Fig. 10) and contoured to show the cross
shelf movement of isotherms during this 6-wk period. The pattern suggests 
relatively stable conditions during the first week of this study, followed by a 
rapid cooling during the week of 26 July to 2 August. For example, bottom 
temperatures at Station 3, 16 km from the coast, indicate a net cooling of just 
under 7.2 °C. During this time, the 20 ° isotherm advances approximately 33 
km shoreward, moving at an average speed of 0.2 km/h, or 5.5 cm/s. With 
cool water extending all the way to the coast in early August, cross-shelf 
temperature gradients are relatively minor in the near-bottom layers. The 
final2 wk of the study indicate a slow warming across the shelf, as isotherms 

.~ retreat seaward. 
Although the onset of the upwelling pattern is defined better than the 

end, the period of 26 July-2 August is the start of an upwelling event, and the 
week of 16-23 August represents the end, insofar as it existed along this part 
of the coast. To investigate and describe these 2 conditions more quantita
tively, cross sections were constructed and contoured using the temperature 
differences found at a given level at each station. Figure 11 shows the 
temperature differences for the time period over which cool water was mov
ing shoreward. Negative values indicate a net cooling. Strongest cooling of 
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FIG. 10. Time-distance plot of bottom temperatures ( 0 C) recorded between 19 July and 30 
August 1978 at Stations 1-8. 
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over 6 oc occurs in a band 10-20 m above the bottom over the middle and 
outer shelf. The highest value of just over 9 oc may be due to a rising of the 
thermocline as well as to the advection of cooler water. In the surface layer, 
a net cooling of around 2.5 oc over the inner and middle shelf gives way to 
no net change, and even to a slight net warming at the outermost station. 

The cross section for 16-23 August (Fig. 12) shows a distinctly different 
pattern, with positive values indicating warming everywhere except in the 
upper 5-10 m at the outermost 2 stations. Strongest warming of over 8 oc at 
the inner station suggests that the breakdown of the upwelling pattern may 
originate at the coast and move seaward. The secondary maximum in warm
ing over the middle shelf may reflect a slight vertical movement in the ther
mocline as much as advective warming. 

Aside from documenting the summer upwelling along this part of the 
Florida Atlantic coast, this study was an attempt to determine the cause. 
Earlier studies (Green, 1944; Taylor and Stewart, 1958; Lemming, 1979) 
had postulated that upwelling was in response to coastal winds, but the cor
relation of coastal windstress and inner shelf bottom temperatures from a 
study site approximately 39 km to the south of this transect (Smith 1981) sug
gested that upwelling could not be explained in terms of.simple Ekman dy
namics alone. Bottom temperatures and coastal windstress were not signifi
cantly coherent over any time scale. Thus, in view of the probability that the 
Florida Current plays at least a supplementary role in driving the upwelling, 
near-bottom current and temperature data from mid shelf waters were com
pared to investigate the coherence and phase relationships between varia
tions in the temperature and in the longshore component of the flow. The 
sampling station (27°30.0'N, 80°01.8'W) was at the 38m isobath and ap
proximately 25 km offshore of a point 46 km south of the transect shown in 
Figure 2. The sampling period for the current and temperature time series 
was 26 May through 29 July 1976; however, it is felt that the data represent 
typical summer conditions. 

Figure 13 shows the coherence and phase spectra computed from the 
data collected 4 m above the 38 m isobath. The spectra have been plotted 
only through periods of 5 h, as the higher frequencies were not of interest. 
The coherence spectrum is not particularly encouraging, as values rise above 
the 90 o/o confidence level only at 2 points (periods of approximately 2 and 5 
da) in the low-frequency part of the spectrum. The positive phase angles, 
however, indicate that increases in current speed are followed by decreases 
in temperature with considerable consistency. Local wind data are not 
available for this part of the coast, thus the relative importance of windstress 
in driving the coastal upwelling cannot be estimated. 

DiscussiON-On the one hand, the temperature cross sections suggest a 
substantial degree of persistence in the upwelling pattern over the course of 
the study. Especially between 2-30 August, upwelling appears to have main
tained a strong thermal stratification, and with the exception of the last 
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Fie. 13. Coherence and phase spectra of bottom temperatures and longshore currents, 26 May 

to 29 July 1976. Positive phase angles indicate a phase lead of increased northerly flow over 
decreased bottom temperatures. Spectral resolution is 0.0022 c.p.h. 

week the 22° isotherm remained within 8 km of the coast-within the 15m 
isobath. 

On the other hand, the movement of the isotherms along the bottom in a 
cross-shelf direction (Fig. 10) indicates that the benthic boundary layer has 
considerable thermal activity during the summer months. The data show 
that significant changes can occur over a one-week period. Thus, to define 
the occurrence, characteristics and disappearance of upwelling more 
carefully, time series measurements would be required with a sampling 
period of a few hours at most, and over at least several weeks. Data more 
closely spaced in time would quantify more precisely the dominant time 
scales over which the incursions of water from the Florida Current, or in 
response to windstress, occur. Specifically, if upwelling is related to the 
Florida Current coming in contact with the outer shelf, then the time scales 
of upwelling events may be closely related to the quasi-periodic meandering 
of the streamlines. Kerr (1980) has documented quasi-periodic variations 
over time scales on the order of 2-3 da in current measurements from middle 
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and outer shelf stations just south of the study area. 
The mean position of the axis of the current (Fig. 2) is approximately 85 

km offshore along this part of the coast. The position of the axis at a par
ticular time may be quite variable, however. Chew and Berberian (1970) 
have recorded amplitudes in the streamlines on the order of 3 km at latitude 
27°30'N, and Webster (1961) has reported amplitudes of 10 km off Onslow 
Bay at latitude 33 °33 'N. Futhermore, the wavelike pattern itself can be 
displaced east or west, and significant current speeds can extend several tens 
of kilometers in either direction across the Florida Straits. Thus, the outer 
end of the transect, 43 km offshore, can be expected to experience indirect 
effects of the current at least occasionally. This appears to be the case during 
much of the study, judging from the presence of relatively cool water and 
the downward slope of the isotherms in a seaward direction at the outer 1 or 
2 stations. 

The existence and probable dominance of the longshore component of 
the current in most shelf waters makes difficult an interpretation of Figure 
10 in terms of shoreward or seaward advection of cool water. The local 
reversal of the bottom temperature gradient between 15 and 23 km from the 
coast on 2 August must be in response to a longshore advection of cooler 
water along the middle shelf, rather than a shoreward flow onto the middle 
shelf. The longshore flow over the outer shelf tends to be northerly througlr
out the year, due to the Florida Current, and southerly over the inner shelf 
during the summer months at least (Hale, 1976; Kerr, 1980; Smith, 1981), 
but the advective transport associated with this circulation is unknown. 

Even in light of previous investigations of upwelling along the Atlantic 
coast of Florida, results presented here do not provide a definitive answer to 
the question of what is driving, maintaining and destroying upwelling in this 
region. Convincing evidence in a variety of forms, however, suggests that 
the Florida Current as well as Ekman dynamics may play a significant role. 
The consistent phase lead of increases in northerly flow over decreases in 
bottom temperature (Fig. 13) suggests a response to the current over time 
scales of several hours to several days at least. Whether this reflects a 
breakdown of geostrophy or flow along diverging isobaths is still unresolved. 
Furthermore, the part of the year during which upwelling has been 
documented and is reflected in the multiannual surf temperatures (Fig. 1) 
corresponds in a general way to that part of the year during which the mean 
wind vector is out of the southeast-a condition favorable for upwelling 
along a coastline oriented 160°-340°. The existence of 2 generation 
mechanisms, coupled with the low coherence to be expected between the 
local wind and the speed, direction and position of the Florida Current, may 
explain why neither process alone is particularly coherent with the observed 
upwelling. In addition, the time scale over which forcing occurs will have an 
effect on how far onto the shelf a particular upwelling event will proceed. 

CoNCLUSIONs-From the data made available by this study, it appears 
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that upwelling events can occur with considerable speed in these shelf 
waters. The weekly interval between hydrographic surveys is about the 
maximum allowable period between site visits if the process is to be de
scribed adequately. It is clear that the entire shelf need not be involved in the 
shoreward excursions of cool water. Data obtained from only the inner shelf 
therefore may miss some events altogether and would not indicate the onset, 
nature and decay of upwelling events in every case. The study does not 
resolve questions relating to the seasonality of upwelling along this part of 
the coast, or the time scales associated with particular events. The data 
presented do suggest that the Florida Current, in addition to Ekman 
dynamics, plays an important role in governing the hydrography of Florida 
Atlantic shelf waters. 
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