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A Comparison of Winter and Summer Temperature

Variations in a Shallow Bar-Built Estuary

NED P. SMITH

Harbor Branch Foundation
R.R. 1, Box 196
Fort Pierce, Florida 33450

ABSTRACT: Bihourly water temperatures from two, nO-day study periods are compared for a
study site in the Indian River Lagoon, along the Atlantic coast of South Florida. Results of a summer
study include the annual maximum temperatures in July and August, and reveal low-frequency
variations of ± 1-2 "C superimposed onto the annual curve. The winter study shows the annual
minimum temperatures in late February and low-frequency variations of ±3-4 "C superimposed
onto the annual curve. At the very long and the very short periodicities, thermal activity is consis
tently higher during the winter study. At the diurnal period, however, the temperature range during
the summer study is twice that recorded during the winter study, and the time of warmest water in
the diurnal cycle is shifted back between two and three hours toward mid day in the summer months.
This is attributed to the relative increase in importance of heating by insolation at that time of
year. Sensible and latent heat fluxes appear to damp the diurnal cycle in both records.

Introduction
The development and utilization of self

contained temperature recorders in recent
years have provided an improved under
standing of the thermal activity character
istic of shallow estuarine waters. Temper
ature studies generally have had to
concentrate either upon short or long period
processes, with measurements closely spaced
in time over a few tidal cycles at most, or
recorded weekly or monthly to define an
nual cycles. In situ instrumentation can now
be left at a study site to record physical pro
cesses occurring over time scales ranging
from minutes to months. Results are useful
both for revealing the dominant time scales
in estuarine settings and for suggesting the
physical processes most responsible for the
observed variability.

Two years of nearly continuous water
temperature measurements from northern
Laguna Madre, Texas, have been obtained
by Hildebrand and King (unpublished data),
who monitored intake temperatures at a
power plant along the central Texas Gulf
coast. The annual cycle stands out clearly,
but weekly temperature ranges vary from
4-6 °C in summer months, and from 8-12
°C during the winter. Smith (1977) worked
in the same general area in the winter of
© 1983 Estuarine Research Federation 2

1973-74 and found water temperatures de
creasing 8-12 °C during the first two days
following a cold front. It was concluded that
weekly hydrographic surveys could easily
miss temperature extrema in winter months,
or at any time of year.

Coastal bays and lagoons along the south
ern tier of states experience distinctly dif
ferent weather conditions between winter
and summer months. Between approxi
mately December and March, cold fronts
moving through the area result in an alter
nation of maritime tropical air ahead of the
front with continental polar or continental
arctic air behind the front. This, in tum,
affects sensible and latent heat fluxes and
produces the observed cycles ofheating and
cooling. During summer months, on the
other hand, the area is nearly continuously
under the influence ofmaritime tropical air.
The more stable weather patterns result in
substantially less temporal variability in
water temperature in the bays and lagoons.

Changes in water temperature at any time
of year are interpreted logically in terms of
the heat budget equation:

Q. = (Qs + Qv + Qrn) - (Qe + Qh + Qb)'

where Q. is the storage term (roughly equiv
alent to the water temperature itself); Q., Qv
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and Qrn represent warming by insolation,
advection and water-sediment conduction;
and Qe, Qh and Qb represent cooling by la
tent and sensible heat fluxes and by back
radiation, respectively. The seasonal vari
ation in any or all of these terms explains
both the annual temperature curve itself,
and the seasonal variations in low-frequen
cy fluctuations. Here, I use the term low
frequency to refer to temperature variations
occurring over time scales on the order of
1-2 weeks.

Studies of estuarine heat budgets are rel
atively sparce in the literature. Heath (1977)
has described the heat balance over one tid
al cycle in a coastal inlet in New Zealand
for autumn conditions. Significant contri
butions are calculated for both radiative
terms, advection, and both the sensible and
latent heat fluxes. Data are not available,
however, to provide estimates for other
times of year. More recently, Smith (1981)
and Smith and Kierspe (1981) have dem
onstrated that sensible and latent heat fluxes
are very nearly in balance with the storage
term under winter conditions in coastal la
goons in Texas and Florida. Again, how
ever, data from summer months are not
available for seasonal comparisons.

The purpose of this paper is to use tem
perature records from a shallow, bar-built
estuary on the Atlantic coast of South Flor
ida to characterize the summer and winter
thermal climate. Data from the winter of
1977-78 and from the summer of 1979 are
contrasted in terms of diurnal and low-fre
quency variations in temperature. Meteo
rological data are incorporated to explain
seasonal differences in the diurnal cycle. Re
sults are useful for interpreting thermal
characteristics of estuarine waters that may
be based upon data obtained over relatively
short study periods, or data obtained from
infrequent sampling.

The Observations
Two studies of 110 days each were carried

out to provide temperature data needed to
characterize winter and summer conditions
in a shallow seagrass flat (Fig. 1). The winter
study period was from 16 December 1977
through 4 April 1978; the summer study
began on 16 June and continued through 3
October 1979. The time intervals were se-
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Fig. I. Study area in the Indian River lagoon, along
South Florida's Atlantic coast. Winter study site shown
by solid circle; summer study site shown by solid square.
Location of weather station shown by solid triangle.
Insert shows study area in the southeastern comer of
the United States.

lected in light of the approximately two
month lag of the meteorological seasons be
hind the astronomical seasons. The two
study periods were centered roughly at mid
winter and mid summer.

The study site was a grass flat (27°32'N,
80"21 'W) in the Indian River lagoon, a shal
low bar-built estuary that extends for 195
km along the Atlantic coast of South Flor
ida. In the vicinity of the study site, the
estuary is about 2-3 km in width, and water
depth is generally 1-2 m. Tidal ranges are
on the order of 20 em, and meteorological
forcing can raise or lower water levels an
additional 10 cm about the seasonal norm.
Seasonal variations in water level are dom
inated by semi-annual maxima, I ern and
19 em above mean sea level in June and
October, respectively, and semi-annual
minima, 9 em and 8 em below mean sea
level in April and July, respectively. Thus,
the winter study was conducted at a time
when estuarine water levels are character
istically below the annual mean, while the
summer study was carried out during a time
interval when water level is first decreasing
then slowly increasing to the annual maxi
mum. Water level records from a location
6.5 km north of the study site indicated a
mean water level 1.5 cm greater during the
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'I
AUG SEP mated to the nearest tenth for both opaque

and translucent clouds.

Fig. 2. Time plot of daily mean temperatures (in
"C) over a llO-day study period from 16 December
1977 to 4 April 1978 (bottom), and from 16 June to
3 October 1979 (top).

summer study. Although seasonal varia
tions in water level can have a significant
effect on the heat budget of shallow estua
rine waters, the effect appears to be negli
gible in this case.

Water temperatures were recorded using
an Environmental Devices Corporation
Type 109 thermograph. The thermograph
was positioned just above the bottom in
approximately one meter of water for both
studies. The accuracy and precision of the
temperature data are 0.2 "C and 0.1 "C, re
spectively, according to the manufacturer's
specifications. Meteorological data used to
estimate the magnitude and relative im
portance of terms in the heat budget equa
tion were recorded approximately one-half
kilometer from the study site, except for
cloud cover, which was recorded at the Vero
Beach, Florida, Municipal Airport, 20 km
north ofthe study site and 6 km inland from
the estuary. Air temperature was digitized
to the nearest 0.6 °C; relative humidity was
recorded to the nearest percent and cali
brated with a sling psychrometer. Wind
speed was recorded to the nearest 1.6 km
per h. Cloud cover at the airport was esti-

Results

LOW-FREQUENCY VARIATIONS

A qualitative overview of the tempera
ture variations recorded during the summer
and winter field studies is provided by time
plots of the 24-hour average temperatures
(Fig. 2). The winter temperature record at
the bottom of the plot shows clearly the
annual minimum temperatures occurring in
late January and early February. Superim
posed onto the minimum in the annual cycle
are temperature variations of ±3-4 °C as
sociated with the passage ofcold fronts. Rel
ative extrema in water temperatures occur
over time scales on the order of 5-8 days.

The daily average water temperatures
computed from the summer study are shown
in the upper part of Fig. 2. Warmest tem
peratures, generally between 30 and 32°C,
occur over a relatively long time period from
early July through the end of August. Low
frequency variations are superimposed onto
the annual maximum during the summer
months as well, however temperature de
viations are only I-2°C about the seasonal
norm. Over intermediate and the longest
time scales, thermal activity during the
summer months appears to be significantly
less.

SPECTRAL RELATIONSHIPS

The relative importance of temperature
variations occurring over a wide range of
time scales is quantified by the energy den
sity spectra shown in Fig. 3. Spectra were
computed using a fast-Fourier transform
technique (Fee 1969), after the linear trend
had been removed from the data. For the
winter study (upper spectrum), the diurnal
period energy density levels dominate the
spectrum and stand one and one-halforders
of magnitude above surrounding energy
density levels. The spectral peak at a period
of 12 h is also prominant. Aside from these
features, the spectrum has the customary
exponential decrease in energy density levels
with decreasing period. The diurnal period
spectral peak computed from the summer
data stands over two orders of magnitude
above surrounding energy density levels.
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through most ofthe spectrum. An exception
is found at the diurnal period and at its
higher harmonics. Energy density levels
computed from the summer data are higher,
and thus differences become slightly nega
tive.

Fig. 4. Average diurnal cycles of incoming solar
radiation, vapor pressure deficit, water-air temperature
difference and water temperature at the study site. Win
ter study was from 16 December 1977 to 4 April 1978;
summer study was from 16 June to 3 October 1979.
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Fig. 3. Energy density spectra computed from bi
hourly water temperature data during the II O-day win
ter study (top) and summer study (middle). The spec
trum at the bottom shows the difference between the
upper two, in the same spectral units ("C2/cph). Positive
values indicate higher energy density levels during the
winter study. Spectral resolution is 0.00125 cycles per
hour.
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Otherwise, the two spectra are generally
similar in appearance.

A quantitative measure of the difference
in thermal activity over a wide range oftime
scales is provided by subtracting the loglo
of the energy density values from the sum
mer study from those of the winter study at
the same frequency. Because the two time
series are identical in terms ofrecord length,
sampling period and units, the spectra can
be compared directly in this way. The spec
trum of the differences is shown in the bot
tom of Fig. 3. Over most time scales, and
particularly at the longest periodicities, en
ergy density levels computed from the win
ter data are somewhat higher. Values are
generally less than half an order of magni
tude higher, but this difference is consistent

DIURNAL CYCLE

One may characterize the winter temper
ature record in terms of relatively larger
temperature variations at both the very low
and the very high frequencies; the summer
data can be characterized in terms of rela
tively greater temperature variability at the
diurnal period and its higher harmonics.
This contrast prompted a closer look at the
diurnal cycle imbedded within both time
series. Meteorological data were incorpo
rated to investigate the cause of the diurnal
variation in water temperature in both sum
mer and winter seasons. Results are pre
sented in Fig. 4.

Incoming solar radiation was computed
from hourly observations of opaque and
translucent sky cover. The reflectivity of
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6 N. P. Smith

opaque clouds was taken to be 43%, and
that of translucent clouds was assumed to
be 4%. Transmission of insolation through
a cloud-free atmosphere was assumed con
stant at 65%. These values had been deter
mined empirically for this study site earlier
(Smith and Kierspe 1981). The reflectivity
of insolation as a function of sun angle
(Payne 1972) was incorporated into the cal
culations to determine the amount ofenergy
available for heating within the water col
umn.

The diurnal cycle, averaged from all the
daily calculations for 0100, 0200, etc., is
shown for both studies at the top of Fig. 4.
Results suggest that insolation during the
summer months is approximately 1.2 times
greater than during the winter months at
mid day, and that the average total daily
accumulation of insolation during the sum
mer study is on the order of 1.7 times higher.
The significantly higher amounts of inso
lation, due to seasonal variations in cloud
cover, higher zenith angles and a greater
number of daylight hours, would have two
effects on the diurnal water temperature
curve: the amplitude would be increased
by the more intense heating, and as this
process became more dominant the time of
highest water temperature would coincide
more closely with the time of most intense
heating by insolation.

Estuarine energy budget studies conduct
ed in the same area (Smith and Kierspe 1981)
and in Texas intracoastal waters (Smith
1981) suggest that both latent and sensible
heat fluxes can playa significant role in the
day-to-day variations in water temperature.
Thus, it is conceivable that these processes
are influencing the diurnal cycle as well. Be
cause no mathematical expression for sen
sible and latent heat fluxes is universally
accepted, the comparison made here uses
the vapor pressure deficit as a measure of
evaporative cooling and the water-air tem
perature difference as a measure of the sen
sible heat exchange (positive differences in
dicate water is warmer and heat is lost from
the estuary). The importance ofwind speed
in the computation of the eddy flux terms
is recognized, but calibrated anemometer
data were not available for this study.

The vapor pressure deficit was computed
from the water temperature (Murray 1967),

assuming the air was saturated at the air
estuary interface, and from local relative
humidity measurements (summer study) or
dew point temperatures recorded at the Vero
Beach Airport (winter study). The avail
ability oflocal meteorological data restrict
ed this aspect of the study to a time interval
of 72 days. For the winter study, this was
23 December 1977 through 4 March 1978;
for the summer study, this was 23 June
through 2 September 1979. Both the vapor
pressure deficits and the water-air temper
ature differences were averaged, as de
scribed above, to obtain the diurnal cycles.

The vapor pressure deficit (Fig. 4) is small
and relatively constant through an average
day in winter, varying only from 4.4 to 6.4
mb, and reaching a maximum at about 1700
EST. This, in tum, suggests that evaporative
cooling is nearly constant throughout the
day, but reaches a relative maximum in late
afternoon. The diurnal variation in wind
speed, with an early afternoon maximum,
would enhance this pattern. It is notewor
thy, however, that the standard deviations
about the averages from which the diurnal
curve was constructed ranged from 3.8-4.9
mb. The relatively large amount of scatter
calls into question the reality of the mean
diurnal curve for the winter study, or at least
the range and times of maximum and min
imum values. During the summer study, the
vapor pressure deficit varies from 11.6 to
21.8 mb over the course of an average day
(SD 2.5-3.8 mb), reaching a maximum at
approximately 1600 EST. Thus, at both
times of year, evaporative cooling tends to
damp the diurnal temperature cycle, and
this effect is probably most pronounced in
summer months.

The water-air temperature difference pro
vides a measure of the sensible heat flux,
and for both studies it appears that the
smallest sensible heat losses occur between
late morning and early afternoon. Data from
the winter study show the average water-air
temperature difference reversing in sign, and
one may postulate a sensible warming ofthe
underlying estuary between the hours of
1000 and 1700 EST. During the summer
study, on the other hand, the average water
temperature is greater than the average air
temperature throughout the day and espe
cially between 1600 and 0600 EST, indi-
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eating a continuous sensible heat loss into
the atmosphere, in addition to greater evap
orative cooling.

The diurnal cycles in water temperature
are shown for both the winter and summer
studies at the bottom ofFig. 4. For the win
ter study, the pattern can be characterized
as having a range of 1.7 °C, with a maximum
at approximately 1900 EST. The diurnal
cycle is comprised of 10 hours of relatively
rapid warming, reaching a maximum of 0.3
°C per h at mid day, followed by 12 hours
of relatively constant cooling of 0.1-0.2 °C
per h from 1900 to 0700 EST. A harmonic
analysis of the average diurnal cycle indi
cates that 96% of the variance can be ex
plained by the first harmonic, with the re
maining 4% accounted for by the second
harmonic. The appearance of the second
harmonic is a direct result ofthe asymmetry
in the diurnal cycle, which is due in part to
the unequal number of hours of light and
dark (Smith 1977). The amplitudes of the
first and second harmonics are 0.890 and
0.15 °C, respectively.

The average diurnal temperature cycle for
the summer study has a range of3.5 "C. The
curve is comprised of 8 hours of relatively
rapid warming, reaching a maximum of 0.5
°C per h at mid day, 14 hours of cooling,
averaging 0.2 °C per h between 1600 and
0600 EST, and 2 hours of nearly constant
temperature at the time of sunrise. A har
monic analysis of the average diurnal cycle
indicates that the variance can be explained
again by the first two harmonics. The first
has an amplitude of 1.63 °C and explains
94% of the total; the second has an ampli
tude of 0.41 -c.

While basically similar in the most gen
eral sense, the two curves may be contrasted
in two ways. The diurnal temperature range
in summer is over twice that computed from
the winter data. Second, there is a phase
shift in the 24-h period sine wave fitted to
the data in the harmonic analyses. The har
monic analyses suggest a maximum in the
diurnal cycle at 1916 EST in the winter
study, but at 1657 EST in the summer study.
A perceptible shift in the phase angle and
decrease in the amplitude could occur if the
water depth were significantly greater for the
winter study, however as noted above the
mean depth near the study area was 1.5 ern
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Fig. 5. Root-mean-squared (rms) errors computed
from differences between daily average water temper
atures observed during the winter and summer studies
and temperatures approximated by linear interpola
tions over the indicated time intervals.

greater during the summer study. Thus, the
possibility ofwater depth affecting the char
acteristics of the diurnal water temperature
curve is not felt to be significant.

ERRORS FROM LINEAR INTERPOLATION

A common practice in estuarine studies
involves the recording of instantaneous
water temperatures at study sites visited
weekly or biweekly, for example. A linear
interpolation between these discrete values
is then taken to represent the temporal vari
ability in temperature at the study site over
the intervening time interval. Fig. 2, how
ever, suggests that relatively infrequent·
sampling may miss temperature extrema.
This is especially true in winter months,
when sampling may be postponed during
times of bad weather. Available data can
thus not only miss environmental extremes,
but measurements may be biased signifi
cantly toward higher temperatures.

To quantify the errors that may result from
the linear interpolation procedure, the dif
ferences between the daily average temper
atures (Fig. 2) and those approximated from
a linear interpolation were calculated for
time intervals of from one to thirty days.
The differences for a given time interval were
then used to calculate the root-mean-squared
(rms) error. Results for both studies are
shown in Fig. 5. In winter, with more ex
treme environmental conditions, day-to-day
water temperature variations are greater. As
a result, the rms errors arising from a linear
interpolation between sequential observa
tions become as large as 2.7 °C for time
intervals in excess of 15 days. During sum-
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8 N. P. Smith

mer months, with more stable day-to-day
meteorological conditions, the rms errors
are substantially less. Values approach 1.2
°C asymptotically, and rms errors for sum
mer conditions are on the order of 40% of
those under winter conditions for a given
time interval between sites visits.

Discussion

Perhaps the most noteworthy feature to
appear from the data collected in these two
studies is the apparent annual cycle in the
amplitude of both the diurnal and low-fre
quency temperature variations, and the fact
that they seem to be nearly completely out
of phase. Low-frequency fluctuations, re
flecting day-to-day variations in weather,
are maximum in winter months, when cold
fronts move through the study area with
some regularity. At that time of year, the
diurnal cycle becomes relatively small, as
heating by insolation is more nearly bal
anced by a mid afternoon maximum in la
tent and sensible cooling. In summer
months, with little day-to-day variation in
weather, low-frequency fluctuations in water
temperature drop to about one-half to one
third those characteristic ofwinter months.
At the same time, the diurnal temperature
range increased over 100%. The insolation
term appears to explain a large part of this
increase. The total daily insolation, 1.7 times
greater in the summer study, agrees reason
ably well with the amplitude of the diurnal
temperature curve, which is 2.1 times great
er in the summer study.

The phase shift in the diurnal cycle, sug
gested from the computed harmonic con
stants, must be treated with some caution
due to the fact that the water temperature
data from which the phase angle is calcu
lated are bihourly averages. Especially in the
case of the winter study, it is difficult to
determine the exact crest of a low-ampli
tude diurnal curve. The 1400-1600 EST av
erage temperature differed from the 1600
1800 EST average by only 0.3 °C, and the
1600-1800 and 1800-2000 EST averages
were equal. The reality of these slight vari
ations is open to some question in view of
the accuracy and precision of the temper
ature recorder. The diurnal curve itself,
however, is statistically significant. The av
erage winter daily warming from the 0600-

0800 EST minimum to the 1600-1800 EST
maximum was 1.7 °C, with a standard de
viation of 0.98 "C. The curve thus seems
real enough in both studies, but its day-to
day variability makes the phase shift diffi
cult to characterize precisely.

The seasonal difference in the relative im
portance of diurnal and long-period tem
perature variations has a direct bearing on
sampling procedures appropriate at a given
time of year. Specifically, during winter
months it is less crucial to sample consis
tently within the diurnal cycle, since it is of
lower amplitude. But weekly or biweekly
sampling without regard to low-frequency
temperature fluctuations may severely bias
the data (Fig. 5). Weekly sampling may cor
respond closely to the 5-8 day quasi-peri
odicity noted in the daily averages com
puted from both studies. Thus, several
consecutive samples may coincide with
transient maxima or minima and thereby
suggest relatively little temperature varia
tion, as well as anomalously high or low
temperatures over that period of time.

Conversely, in summer months the great
er diurnal temperature range requires that
sampling be carried out consistently at a
particular point within the diurnal cycle,
since the diurnal temperature range is of the
same order of magnitude as that associated
with the low-frequency variations. Mea
surements made randomly within the diur
nal cycle on a weekly basis, for example,
can make the low-frequency variations of
I-2°C about the seasonal norm seem as
high as 3-4 °C, which are comparable to
winter conditions. Fig. 4 suggests that the
diurnal temperature curve passes through
the daily mean temperature at about noon
in both winter and summer months. Sam
pling consistently at that time would elim
inate much of the daily ephemeral effect on
the day-to-day temperature variations.

The consistently higher energy density
levels computed from the winter data (Fig.
3) is probably a direct result of the asym
metry in the warming and cooling associ
ated with frontal passages. Just as the asym
metry in the periodic diurnal cycle (Fig. 4)
can result in higher energy density levels at
higher harmonics, so can asymmetrical,
quasi-periodic temperature variations at
lower frequencies result in generally higher
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energy density levels throughout the spec
trum.

Data available from these two studies in
dicate that in general one can characterize
the summer months in a hydrographic sense
as having relatively large diurnal tempera
ture fluctuations superimposed onto rela
tively small low-frequency variations in the
24-hour averages. In winter months, the
emphasis shifts to relatively large day-to
day variations. At both times of year,
temperature variations can be explained
logically in terms of annual differences in
meteorological forcing, which affects both
direct heating by insolation and local heat
energy exchanges operating through the air
estuary interface.
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