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HIGHLIGHTS

Surface heat flux and cross-shore advection moaoslutstarshore seasonal

temperature fluctuations.

Tidal height is very important in the regulation ri¢garshore daily temperature

fluctuations.

In summer, daily temperature anomaly reaches 4tDgliow tide.
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ABSTRACT

At mid-latitudes, sea water temperature showsangtseasonal cycle forced by
the incident surface heat flux. As depth decreabesheat flux incidence is damped by
the horizontal flux, which prevents the indefingeowth of the seasonal temperature
range. In the present work, cross-shore transpoithé west coast of Nuevo Gulf
(Argentina) was analyzed. Processes tending to tb@otoastal waters in summer and
to warm the coastal waters in winter, were ideadifi through temperature
measurements, surface heat flux and tidal heigh. sSimplified models proposed here
provide a feedback mechanism that links changesiiface heat flux with changes in
the horizontal heat flux during both seasons. Oaorteh time scales, tide produces
significant variations in the height of the wateolwnn, therefore influencing

temperature fluctuations and the direction of tbeZontal flow.
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1. INTRODUCTION

The seasonal heat flux generates strong seasondtivas in seawater
temperature in the Argentine continental shelf 8Ri2010). In Nuevo Gulf (~ 42 °S,
NG in Fig. Ja.) the average annual surface heat flux is posaive there is no input
from river run-off into the gulf. The heat balaniseclosed with the advection of cold

water from the adjacent continental shelf.

Horizontal heat flux is usually an important faciar determining the steady
state heat balance, but it has little influence tbe@ seasonal signal (Rivas 1994).
Assuming that surface heat flux and temperaturebeaparameterized with a stationary
signal plus an annual harmonic (Rivas and Beiel0},9%%e harmonics of temperature
and heat flux are directly proportional (eq. 1):

- Q& 1.
pC,dw (1)

T

WhereT; is the annual harmonic amplitude of the seawatapézature Q; is
the annual harmonic amplitude eirface heat flux ; p is seawater density (~1025
Kg/m®); Cp is theseawater heat capacity (~ 3990 J/kg °C); d (m) is depth and is the

annual frequency @365 days).

This simple equation shows a hyperbolic growth lo¢ thermal harmonic
amplitude as depth decreases (onshore), unlesfintited by a horizontal heat flow. In
the present work, we analyze the surface heatdhdtime series of water temperature
and tide, in order to elucidate the advective merdmas that modulate the temperature
cycle on a seasonal time scale (months) and orteshtbome scales (days to weeks)

across the shallow nearshore waters of NG (Fg. 1
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Unlike temperature, there are no systematic measnts of salinity in the area.
The available observations indicate that fluctusiare below 0.05 psu. According to
estimates of Rivas and Ripa (1989), the influerfcgabnity gradients in the generation
of baroclinic and barotropic flows may be neglectéé suppose that circulation is

governed by tide, wind and vertical temperatureligrats.
2. DATAAND METHODOLOGY

This study was conducted in an eastward-facing (bayeva Bay, NB) located
on the west coast of NG, a relatively small embaytman the Argentine continental
shelf (Southwestern Atlantic) (Fig. 1). The NG s @liptical basin with a surface of
2440 knf and a maximum depth of 184 m that connects with dbntinental shelf
through a mouth 17 km wide (Mouzo et al. 1978). ant tides are semidiurnal with
amplitudes of 1.83 m during the neap cycle and ®78uring the spring cycle (Tide
Tables, (Servicio de Hidrografia Naval 2015). The N characterized by strong and
persistent westerlies, which are driven by the amticyclones located in the Atlantic
and the Pacific oceans, and a low-pressure bedttddcaround 60° S (Paruelo et al.

1998).

Water temperature was measured at four sites ocenss-shore transect along
Luis Piedrabuena Pier (Puerto Madryn, Fig. la.hgi$dnset® Hobo U22-001 water
temperature loggers (resolution of 0.02 and acguodd).2 °C between 0 °C and 50
°C). At the first site (A), located ~50 m from tloav-tide shoreline and at a mean depth
of 3 m, one logger was installed 50 cm above thi#obo Two data loggers were
installed at each of the remaining sites (B-D), en80 cm above the bottom and the
other one ~ 50 cm below the surface. Site B waatémt~ 500 m from the low-tide

shoreline and at a mean depth of ~ 14 m. At thes, ¢hree additional thermometers
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were installed evenly distributed between surfacd hottom. Sites C and D were
located ~ 1600/2600 m from the low-tide shorelimel at mean depths of ~29/38 m,
respectively (Fig. 1b.). All data loggers were tgetecord temperatures simultaneously
every 10 minutes. Subsequently, those measuremesnts averaged hourly and the
resulting values were used for analysis, smoothurtgvery high frequency fluctuations.
Additionally, hourly anomalies were calculated imder to analyze diurnal and
semidiurnal variability. They were computed asdifeerence between each hourly data

and the 24-hour running mean centered on the gonesng datum (eq. 2).
AT(t) = T(t) — - X2 T() (2.)
WhereAT(t;) is the hourly anomaly at tinteandT(t;) is temperature at tintg

There are observations from several years avaiflsite B, but only those
corresponding to the warm seasons are availablsites C and D (Fig. 1c.). Hourly
predictions of tidal level in Puerto Madryn weretabed from the WXTide software
Version 4.7, available at http://www.wxtide32.cor8lrface heat flux (sF) between sea
and atmosphere was obtained from the NCEP rearalisilnay et al. 1996) with a
temporal resolution of 6 hours. Data from the NOE&nalysis were compared with
previous climatological estimations for the NG lhsen local atmospheric
measurements (Rivas and Ripa 1989) and were coedidepresentative of local

conditions.
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Figure 1. Geographical location, spatial distribntend temporal extent of the
data useda. Study area and position of the observation sitdsis Piedrabuena Pier.
Bathymetric contours of Nuevo Gulf (NG) and NuewayBNB) in metersh. Schematic
representation of the relative position of datagkrg (gray stars) along the cross-shore

transectc. Time periods with temperature records for each site

3. ANALYSIS AND INTERPRETATION

3.1 Seasonal scale
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Temperature records in the study areb<¢ 40 m) suggest that seasonal
fluctuations were lower than expected considerinly eF (seasonal amplitudg ~ 200
W/m? according to NCEP reanalysis, see Fig. 2). The-Series show seasonal signal
amplitudes of approximately 7°C nearshate {4 m and more than 1 year of records),
in agreement with Dellatorre et al. (2012). Maximwand minimum temperatures
recorded (~22°C and 8°C respectively) were not xseme as expected from the
integrated sF during the warm (spring-summer) aolll ¢autumn-winter) seasons,
respectively (Fig. 2). Consequently, it is necessarconsider the horizontal heat flux
in order to explain the observed seasonal fluatnati which were smaller than

expected.

Assuming that the sF throughout the study areasomdgeneous, equation (1.)
indicates that horizontal advection should be miotense nearshore. Indeed, this
advection should balance the net annual flux asd aloid the excessive temperature
increment agl tends to zero. Horizontal advection can be crbssesor along-shore.
However, the data loggers used in this study ohbwathe evaluation of the heat flux
normal to the shore. Recent observations nearttltyy @rea suggest that along-shore
temperature variability is approximately one ordemagnitude lower than cross-shore

variability (unpublished data).

During the cold season, when sF is from the sethéoatmosphere (sF< 0),
vertical convection makes the water column homogeseAlso, this convection is
forced at the bottom by the tides and at the sarfacthe wind. On time scales from
weeks to months, the observed vertically averagmupérature should increase
offshore. In this case, the advection of offshosemer water to the nearshore colder

area would partly compensate the intense coolirtgisfshallow area. During the warm
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season, when sF is from the atmosphere to thessea(), vertical homogeneity only
occurs at small depths where wind and/or tide fay@xceed the buoyancy generated
by the sF and get to mix the stratified water calumssuming that this occurs at sites
A and B @<14 m), the cooling/warming attenuation nearshooeing warm/cold
seasons, respectively, is guaranteed by the sigmedF and of temperature differences

between both sites g¥Tg) (Fig. 2).

300 — 0.6
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0.2

SURFACE HEAT FLUX (W/m?)

0.4

TEMPERATURE DIFFERENCE (°C): Ta onshore - T8 offshore

S
)

-300 —
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Figure 2. Annual cycle of vertical-averaged temperdifference between sites
A (=50 m from shoreline) and B (=500 m from share)i (thin line), and surface heat
flux (thick line). It is noteworthy that in the war(cold) season when the heat flow is
from the atmosphere (sea) to the sea (atmospltieeednshore (offshore) temperature is

greater, therefore, cross-shore advection attemtiateatmospheric forcing.

Nearshore shallow areas were intensely warmed €dpavhen sF was positive
(negative). The differential warming/cooling wasfsegulated by means of horizontal

heat advection from adjacent deeper regions. Diati@red during summer of 2012 at
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the moorings where some stratification occurrete (Bi, d = 14 m, with a difference
between surface and bottom temperatures bdl®RC; site C, d = 29 m with a
difference between surface and bottom temperatoe&sy 2.5°C; and at the deepest
site D,d = 38 m with a difference between surface and botiEmperatures not greater
than 3°C) showed an increase in surface temperaoce a decrease in bottom
temperature moving away from the coast (see FigTi8)s temperature distribution is
consistent with a simple circulation pattern: celdter from the bottom layer flows
towards the coast, upwells and homogenizes therwalemn in the shallow area, then
returns through the surface, and walmseffect of sF as it leaves the coast. This model
is similar to the one of Fewings and Leri2011) for the North Atlantic. A feedback
occurs between vertical and horizontal heat fluXekigher surface heat flux generates
greater stratification and therefore the horizorteht flow is bigger because it is
directly proportional to the temperature differertzetween the onshore and offshore

waters (bottom and surface flows, respectively).
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Figure 3: Temperature differences between offslare@ onshore sites at the
bottom (black lines) and at the surface (gray lnekeavy lines represent temperature
differences between site C (~1500 m from the shekland site B (=500 m from the
shoreline). Thin lines represent temperature diffees between site D (~2500 m from
the shoreline) and site C (~1500 m from the shoe¢liThe data show that bottom

(surface) temperature increases onshore (offshore).

3.2 Diurnal scale

At very shallow areas, where tidal amplitude is amant relative to the order of
magnitude of the average depth (sites A and B), assiliming vertical homogeneity
(appropriate in a shallow region with intense wiradsd tides), the change in heat

content of the water column may be expressed as:

F=pCoa,(dT)=pC,0dT+daT) (3.
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WhereF is totalheat flux (vertical and horizontal); p is density C,is the specific

heat capacity of seawajeris depth (m) and is the mean vertical temperature (°C).

When considering a change in heat content, it essary to consider depth

variations of the water column, given that tidalghe is important.

Consequently, whek is positive during flood tide(zd >0), the water column

can be heatedd{T >0) or cooled §,T<0), but during ebb tided,d <0), the water

column is only warmed. Inversely, whénis negative, the water column during flood
tide is only cooled, but during ebb tide it mayvie@med or cooled. Furthermore, if the
surface flow is positive (negative), the shallovastal area is warmed (cooled) more
efficiently than the surrounding deeper area. Ttdiecause the same energy flux per
surface area affects a smaller volume of wateridguilood and ebb tides, advection
occurs onshore and offshore respectively. Offslaoheection during ebb tide tends to
increase the effect of sF, while onshore advediianing flood tide tends to weaken the

effect of sF.

There are two ambiguous situations (posiftvend flood tide; negative F and
ebb tide) in which temperature can increase oredesa, regardless of the direction of
the total heat flux. In summer during daylight lmuisF> 0), the water column at the
shallowest site (A) tends to be warmer than indbeper regions (Eg. 1.). Flood tide
(onshore water advection) often causes the coalinthe water column, despite the
positive heat flux (see Fig. 4). It is worth meniitg that in this situation, the absolute
horizontal heat flux is not necessarily higher tlitha sF if depth increases rapidly
during flood tide (Eq. 3.). Also, during night eltlles when sF is negative, the
horizontal flux should also be negative, advectiegrshore (shallower) colder water.

This enhances the effect of negative sF and redimepossibility of occurrence of
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unexpected warming during negative sF. These thiearédeas are supported by data
from the shallowest site (A). Summer daily tempamatanomalies showed maximum
values during daylight hours and at low tide (FY.During flood tide, the temperature

began to decrease although sF was still positives Was because the product of
temperature and depth incrememtdd) during flood tide overcomes the net heat flux.

Consequently, the imbalance in Eqg. 3 is compendayea temperature drop. Summer
maximum anomaly and temperature at A and surfaopdeature at B showed a clear
daily frequency (Fig. 4), coincident with low tidiring daylight. In summer, at night
and with low tides, negative sF do not generataiogint temperature drops (Fig. 4).
Daily surface temperature fluctuations at B wereemweaker than at A (Fig. 4). This

can be explained by the weaker relative effecidafl mmplitude at a deeper site.
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Figure 4. Surface heat flux (black line with dotsesy 6 hours, top), daily
temperature anomaly in A (<50 m from shorelinechkltin line), temperature in A
(thick gray line), surface temperature in B (~50@&ram shoreline, dotted gray line) and
tidal height (black line, bottom). In summer, temgiare and temperature anomaly at

station A showed a clear diurnal frequency cointideth daylight and low tide.

During early autumn (April 2012), absolute valuéssb were similar between
day (positive) and night (negative) (Fig. 5), aradlydsurface heat flux tended to zero.
At low tide, temperature and temperature anomaBchied maximum (minimum)
values according to the sign of sF during the pniours (Fig. 5). During high tide the

effect of sk was minimized and the anomalies wegr mero.
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Figure 5: Surface heat flux (black line with dotgeery 6 hours, top), daily
temperature anomaly in A (<50 m from the shorelblack thin line), temperature in A
(thick gray line), surface temperature in B (~500ram the shoreline, dotted gray line)
and tidal height (black line, bottom). In autumemperature and temperature anomaly
reach extreme values at low tide. During high tiake effect of sF is minimized and the

anomalies are near zero.

During periods with daily sF near zero (betweenr@ 42 April, Fig. 5),
temperature anomalies showed maximum and minimwakspeoincident with low tides
in daytime and nighttime, respectively. This dematses the amplifier effect of tidal
height on sF, during both day and night. It is Wwamentioning that tidal amplitudes

were the greatest during these days (~6 m) (Fig. 5)

On the other hand, when the net sF was negativegiboth day and night (late

autumn and winter), temperature anomaly at A shoavedmidiurnal frequency at low
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tide, whether it was day or night (Fig. 6). Howeven days with short periods of
positive sF during autumn and winter, temperatur®iacreased slightly during the day

at low tide, and the anomaly oscillated with a dalfrequency (24-29 May, Fig. 6).
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Figure 6: Surface heat flux (black line with dotgeery 6 hours, top), daily
temperature anomaly in A (=50 m from the shorelbiack thin line), temperature in A
(thick gray line), surface temperature in B (~500ram the shoreline, dotted gray line)
and tidal height (black line, bottom). When theface flux sign is constant (from 19 to
22 May-12) the temperature oscillates with a seunrdil frequency and extreme values

are achieved at low tide.
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Data time-series suggest that ebb tide accenttizesffects of the surface heat
flux, given that minimum temperatures were reackbdn the tide was at its minimum.
When tide was rising, surface effects weteimized; the rise in temperature could

have been caused by horizontal advection, even waindace heat flux was negative.

4. SUMMARY

In coastal areas surface heat flux was not enoogexplain the observed
temperature values. Therefore, the effect of hdaéetion as a temperature regulating
mechanism must be considered. Dever and LEE24), Lentz and Chapmdth989),
and Lentz(1987) found that variations in the heat balandeha California coast was
dominated by a cross-shelf heat flux. On the EassCof North America during a
strong stratified period between May and AuguststAku(1999) also showed that the

cross-shelf heat flux dominates variations in loeatent.

In winter and in those shallow areas where vertstedtification was weak or
absent, temperature gradients in the cross-shedficttbn indicated that horizontal
advection prevented a disproportionate increastenmperature ranges on a seasonal
scale. In deeper areatX 14 m) where the water column was stratified dugagqmer,
we hypothesize that a cross-shore coastal cironlatias generated on a monthly time
scale (i.e. independent of wind). Similar to thechanism described by Fewings and
Lentz (2011), the colder flow at the bottom warmed awatved towards the coast. The
water column was homogeneous in the shallower nediosurface flow then moved

offshore while its temperature rose as it movedyafn@n the coast (Fig. 7).
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WARM SEASON
SURFACE HEAT FLUX >0

ADVECTIVE FLUX <0

COLD SEASON
SURFACE HEAT FLUX <0

ADVECTIVE FLUX >0

Figure 7. Schematic representation of the heatnbalat a seasonal scale. In
winter (cold season), the water column is homogesgethe net surface heat flux cools
shallow waters more efficiently and the cross-sfalk warms them and compensates
for the intense cooling of this area. In summer r(waeason) a steady upwelling
circulation is established, surface flux controte ttemperature difference between

surface and bottom and the cross-shelf flux is @rignal to this difference.

In very shallow waters and on an hourly scale, bogizontal advection

associated with the rising tide attenuates the spmeric flux while the falling tide
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tends to accentuate its influence. This createsndiuand semidiurnal temperature

variations which are basically regulated by tideigiht (Fig. 8).

@ SURFACE HEAT FLUX >0 ! !

ﬁ SURFACE HEAT FLUX < 0 ﬁ

FLOOD TIDE EBB TIDE
- Onshore flow - Offshore flow

Figure 8. Schematic representation of the heamnbalan an hourly scale. The
shallower coastal area is warmed (cooled) moreieffily than the outer area when the
surface heat flux is positive (negative). Consisteith flood (left) or ebb tide (right)
the horizontal heat flow changes direction, accatintg or attenuating the effect of the

atmospheric flow.
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When the coastal region is deep and tide only causdatively small change in
the mean depth, factors such as wind, especialysta breeze, begin to play an

important role in the variations of coastal watanperature (Dellatorre et al. 2012).

At macrotidal coastal sites (with tidal amplitudifsaround 4 m, similar to the
mean depth), the effective depth can change sogmifiy in just hours, and according to
the heat conservation equation (Eq. 3.), this nesylt in temperature variations in a
direction opposite to that suggested by the totthlow (atmospheric flux and

horizontal advection).
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