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Abstract. The effect of coastal upwelling on the evolution of (22°59 S, 4202 W). Figure 1a shows a NOAA-12 AVHRR
the atmospheric boundary layer (ABL) in Cabo Frio (Brazil) satellite image that illustrates the presence of cold waters
is investigated. For this purpose, radiosounding data colin this region. From early September through late April
lected in two experiments made during the austral summethe atmospheric circulation over the Cabo Frio region is
(upwelling case) and austral winter (no upwelling case) arestrongly influenced by the large-scale South Atlantic high
analysed. The results show that during the austral summepressure center which makes the prevailing winds blow from
cold waters that crop up near the Cabo Frio coast favour théhe northeast with a large component parallel to the coast.
formation of an atmospheric stable layer, which persists dur-This favours the occurrence of coastal upwelling in the re-
ing the upwelling episode. Due to the low SSTSs, the descendgion. Modelling studies have shown the role of the surface
ing branch of the sea-breeze circulation is located close to thevinds on the upwelling in the region (Castelao and Barth,
coast, inhibiting the development of a mixed layer mainly 2006; Castelao et al., 2004; Carbonel, 2003). During the fall
during the day. At night, with the reduction of the land-sea and winter seasons, stronger and more frequent cold fronts
thermal contrast the descending motion is weaker, allowingpass by the region, provoking a change in direction of the
a vertical mixing. The stable ABL favours the formation of a wind. The surface winds rotate counterclockwise and blow
low level jet, which may also contribute to the developmentfor few days from the southern quadrant, inhibiting the up-
of a nocturnal atmospheric mixed layer. During the australwelling (Dourado and Oliveira, 2000; Gonzalez-Rodrigues
winter, due to the higher SSTs observed near the coast, thet al., 1992; Stech and Lorenzzetti, 1992). The seasonality
ABL is less stable compared with that in the austral summerof the Cabo Frio upwelling seems to be associated with the
Due to warming, a mixed layer is observed during the day.onshore/offshore seasonal migration of the South Atlantic
The observed vertical profiles of the zonal winds show thatCentral Water (SACW). Several studies have shown that the
the easterlies at low levels are stronger in the austral sSUmSACW is the source of cold waters that crop up near the
mer, indicating that the upwelling modulates the sea-breezeoast in this region (Campos et al., 1995; Gaeta et al., 1994;

signal, thus confirming model simulations. Valentin et al., 1987; Valentin, 1984).

Keywords. Meteorology and atmospheric dynamics (Cli- _ 1he coastal upwelling has an ecological impact on the
matology; Ocean-atmosphere interactions) — Oceanographﬁabo Frio region. Since the surface layers of this region are
physical (Air-sea interactions) dominated by warm waters of a tropical origin the coastal

upwelling plays a significant role in the nutrient enrichment
and sustainment of the regional fisheries productivity (Mat-
suura, 1998, 1996). Many studies have been done to identify,
understand and record the physical, chemical, hydrological,

During the austral summer and Spring Seasons. ne atiV(ta)iological and geological processes concerning the coastal
9 pring » N€Q pwelling in this region (Laslands et al., 2006; De Leo and

sea surface temperature (SST) anomalies caused by Win%ires-Vanin 2006: Voloch and SeCava. 2005 David et al
driven coastal upwelling are present along part of the BraZ"'ZOOS' and n,lany o,thers) ’ ' v

ian southeast continental shelf, particularly near Cabo Frio . . . . .
Besides its ecological impact on the region the upwelling

Correspondence tdS. H. Franchito also affects the local climate. The region of Cabo Frio is
(fran@cptec.inpe.br) influenced by the sea-breeze circulation. These local winds

1 Introduction
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play an important role in determining the regional climate be-diosondes were launched at different times in different days
cause of their influence on the characteristic air flow, precipi-(see Table 1).
tation, humidity and pollutant transport. Since the coastal up- The radiosounding system used to collect the data was the
welling increases the horizontal temperature differences theMARWIN (VAISALA). It is composed basically of a recep-
sea breeze is stronger in the region. Results from model simtion system of temperature, pressure and humidity data. The
ulations indicate that there is a positive feedback betweersoundings were of the RS80-15N type, with the following
sea-breeze and coastal upwelling at Cabo Frio. The seasensors: an aneroide capsule with 0.1 hPa resolution, with an
breeze is intensified by the enhancement of the land-sea tenaccuracy of 0.5 hPa; temperature sensor with a@résolu-
perature gradient, due to the upwelling of cold water, andtion and humidity sensor with an accurae%. In addition,
the costal upwelling is enhanced by the intensification ofthe soundings used the OMEGA system, which had several
the prevailing wind caused by the sea-breeze (Rodrigues anstations over the globe. These stations provided data of the
Lorenzzetti, 2001; Franchito et al., 1998). position relative to the sounding, allowing for the calculation
While most of the studies are focused on the oceanon the magnitude and direction of the wind. AIthough it was

graphic and ecological aspects of the coastal upwelling atiseful system to determine the winds, the OMEGA system
Cabo Frio, only a few studies are devoted to investigate itavas stopped in 1997.

climatic impact on the local circulation. Although Brazil is

a huge country with a long coast, the research in the are
of marine meteorology outside the tropics is only just start-
ing and it is mainly concentrated in the analysis of time se-q, g January 1995 the atmospheric circulation was
ries data of surface winds and SST. The strongest effects Of,oyrable for the outcrop of cold waters near the Cabo Frio
local climate are due to changes in the sea-breeze Circulgsyagt due to the prevailing northeast winds. This situation
tion that occur in the atmospheric boundary-layer (ABL). \yas altered by the passage of a cold front from 10 January to

In the particular case of the Cabo Frio region very few ef- 11 j5nuary 1995 (Fig. 2a), which changed the wind direction.
forts have been devoted to the understanding of the ABL behe gecurrence of a cold front during the austral summer is

haviour. Dourado and Oliveira (2000) examined the evolu-jggs frequent than in the austral winter. However, sometimes

tion of the marine ABL during an event of cold front pas- j; may organize tropical convection, which persists for 4 days
sage. They noted a typical inversion of the wind from north- o yyore, " characterizing SACZ (South Atlantic Convergence
east to southwest, followed by the warming of the ocean SUrzone) episodes. Table 2 shows the values of the tempera-
face due to the subsidence of SACW and the southwest Wingl;e of water, which was pumped by the cooling system of
advection of a deep atmospheric mixed layer from the con-companhia Nacional délcalis (situated in Cabo Frio re-
tinent towards the ocean. In the years 1995 and 1996, Wejion) during the period of the experiment. The measurement
conducted a field experiment and data from radiosounding$,4s made after the water passed by a tube of 2-km in length.
were collected for the austral summer (upwelling) and aus—p ;5 these values were not equal to those of the SST be-
tral winter (no upwelling) conditions at the Cabo Frio region. ., .se the water was heated during its passage by the tube.
Since there are no other radiosounding data near Cabo Friqyqyever, as can be seen in Table 2, the values of water tem-
the data set obtained in the two experiments constitutes ABerature were within the limits of SACW (less tharf @y,
important data source, providing new and useful informationexCept on 12 January 1995. From 11 January to 12 January

about the behaviour of the ABL in the region. The purpose of gg5 the water temperature increased due to the influence of
the present paper is to analyse the vertical profiles of tempers o4 front in the region: after the end of the experiment

ature, humidity, and wind, in order to investigate the effectsipare was a decrease in SST, returning to the upwelling con-
of the coastal upwelling on the evolution of the ABL in the itions, as can be seen in Fig. 1a. We have not shown a figure
Cabo Frio region. containing the NOAA-12 AVHRR satellite image for 9 Jan-
uary 1995 because there were cirrus clouds in the Cabo Frio
region, which complicates the visualization of the negative
anomalies of SST.

During 5-9 August 1996 there were clear weather condi-

Two experiments were conducted at the Cabo Frio Coastt|ons (see Fig. 2b, which shows a NOAA satellite image for 9

In the first one, the radiosondes were launched from 9—12A ugust 1396). This period was characterized by the absence

January 1995, which corresponds to austral summer condi(—)]c coastal upwelling, as shown by the NOAA-12 AVHRR

tions (favourable for the occurrence of coastal upwelling); in satellite image (Fig. 1b).
the second experiment the radiosounding data were collected

from 5 to 9 August 1996, corresponding to austral winter

conditions (no upwelling conditions). In order to obtain good

information about the ABL behaviour during the day the ra-

Synoptic situation

2 Description of the experiments
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Fig. 1. NOAA-12 AVHRR satellite image for(a) day 13 January 1995, showing the coastal upwelling in the Cabo Frio regio(htaly
6 August 1996, when the upwelling is not present in the region (values of SST higher tha@R3.5

Table 1. Days and hours (LT) when the radiosondes were launched in the COINT Project.

DAY 9January 1995 10 January 1995 11 January 1995 12 January 1995 5 August1996 6 August1996 7 August1996 8 August 1996 9 August 1996

LT 12:00 08:00 08:00 08:00 19:00 09:00 08:00 06:00 13:00
16:00 14:00 10:00 11:00 14:00 13:00 09:00 15:00
18:00 16:00 15:00 14:00 15:00 15:00 12:00 17:00
22:00 20:00 17:00 16:00 18:00 15:00
19:00 18:00 18:00
21:00 20:00 19:00
24:00 20:00

4 Evolution of the ABL in Cabo Frio region Table 2. Temperature of the watetC), which was pumping by the

cooling system of Companhia NacionalAiealis (situated in Cabo

4.1 Upwelling case Frio region) in days 9—12 January 1995.

In this section the evolution of the ABL is examined using Day Water temperaturé€ C)
the radiosounding data collected from 9 to 12 January 1995. 9 January 1995 18.0
Figures 3a—d show the vertical profiles of the virtual poten- 10 January 1995 18.0

tial temperatured,), mixing ratio (r,), zonal wind (u) and 11 January 1995 19.0
meridional wind (v) component, respectively, on 9 January 12 January 1995 22.0

1995. Taking into account the coastline orientation in the
region of Cabo Frio (Figs. 1a and b) and the fact that the pre-
vailing wind blows from northeast in the upwelling case, the
larger the inclination of the observed wind in the zonal di- a stable ABL (Blackadar, 1957). Figure 3a shows the
rection, the stronger the sea breeze will be. As can be seepresence of a stable layer at low levels in the four sound-
in Fig. 3c, at low levels the easterly zonal wind componentings. However, a superadiabatic layer was present from the
increased during the day, reaching higher values (13'ns surface up to 50 m in the first two soundings (at 12:00 LT
around 18:00 LT (Local Time), indicating an enhancementand 16:00 LT). At 18:00 LT a stable vertical profile was

of the sea-breeze circulation. From 600 m to 1200 m a returrobserved in the entire ABL. At 22:00 LT there was an atmo-
flow can be noted at 16:00 LT. The meridional componentspheric mixed layer with the top around 100—-200 m. The ab-
was always from the north in the entire ABL. The highest sence of a mixed layer during the day may be associated with
values of v occurred during the night when the sea-breezehe fact that the region was affected by the descending branch
circulation was weak (Fig. 3d). As can be seen in Figs. 3c,of the sea-breeze circulation, due to the proximity of the up-
and 3a, there was the formation of a low level jet (LLJ) in welling cold waters. At night, with the radiative cooling of

www.ann-geophys.net/25/1735/2007/ Ann. Geophys., 25, 173642007
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Fig. 2. NOAA satellite image for{a) 10 January 1995, anth) 9 August 1996. The circles indicate the location of the Cabo Frio region.

Fig. 3. Vertical profiles of: (a) virtual potential temperatur@y), (b) mixing ratio (r,), (c) zonal wind(u), and(d) meridional wind(v)
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Fig. 4. Same as in Fig. 3, but for 10 January 1995.

land, the descending motion was weaker, allowing for verti-300 m the cooling was stronger, leading to the formation of
cal mixing. Also, the LLJ may provoke a turbulent mixing an unstable layer in the first 100 m. Between 16:00 LT and
of the air in the lower layers, favouring the development of 20:00 LT there was an increase in the cooling in the layer
a nocturnal mixed layer. From Fig. 3b, it can be noted thatfrom the surface to 300 m, but the unstable layer near the
there was a strong vertical gradient gffrom the surface to  surface was maintained. Due to the presence of the cold
50 m, which is a characteristic of marine air layers. At low front the values of the mixing-ratio increased when compared
levels the values of,r were slightly higher at 16:00 LT and with those of the day before (see Figs. 4b and 3b). Also,
18:00 LT. This was due to the moisture advection by the seathe vertical profiles of the zonal wind showed a weaker sea
breeze circulation. At 22:00 LT there was a minimum gf r  breeze (see Fig. 4c and Fig. 3c). The entire vertical profile
just above LLJ level (around 450 m). of the meridional wind was from the north until 14:00 LT.
- Because of the passage of the cold front there was a change
The values of SST on 10 January 1995 were within thein the direction of the meridional wind, so that the southeast-

limits of S’.A‘.CW (Table 2). However, the synoptic conditi_ons erly winds increased from 16:00 LT to the last sounding. At
were modified by the entrance of a cold front, as menuone%/

in Sect. 3. At 08:00 LT a stable atmosphere was observe (;'ggol'; tsk;itir.mre vertical profile of the meridional wind
as showed in Fig. 4a. Between 14:00 LT and 16:00 LT the

temperature at the surface was almost the same. However, Starting from 11 January 1995 the SST increased and the
at 16:00 LT, due to the cold advection by the southerly windalterations in the vertical structure of the atmosphere were
there was a cooling in the layer above. From the surface taot representative of an upwelling situation. Although the

www.ann-geophys.net/25/1735/2007/ Ann. Geophys., 25, 173642007
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Fig. 5. Same as in Fig. 3, but for 6 August 1996.

mean water temperature was not too much higher than that 0.2 Non-upwelling case

the day before (see Table 2), the vertical profiles of the winds

and the virtual potential temperature were greatly changedn this part the evolution of the ABL is examined using the
because of the cold front passage. The easterly zonal wingediosounding data collected from 5 to 9 August 1996. In
was weak (highest value equal to 3msat 15:00 LT) and  the first sounding of this experiment (day 5 August 1996,
the prevailing winds were from the southwest in the other19:00 LT) there was a mixed layer up to 200 m; the zonal
three soundings (at 17:00 LT, 19:00 LT and 21:00 LT) (fig- winds were from west, except near the surface, and the
ures not shown). During the first sounding on 12 Januarymeridional winds were from the north up to 150 m, blow-
1995 (at 08:00 GMT), the weather was cloudy, with light ing from the south above this level (figures not shown). On 6
showers, due to the influence of the cold front. This pro-August 1996 at low levels the easterly zonal wind component
voked an increase in the water temperature (Table 2) and th#icreased during the afternoon, indicating an enhancement
occurrence of a less stable atmosphere compared with thef the sea-breeze circulation. The stronger easterly winds
day before. The zonal and meridional winds were weaker(5.0ms™*) occurred around 18:00 LT (Fig. 5¢). As seen in
compared with those in the earlier days and the vertical proFig. 5a, a mixed layer with 350 m was present at 09:00 LT.

files of 6, showed a formation of a mixed layer (figures not This mixed layer was reduced in the next two soundings
shown). (14:00 LT and 15:00 LT) and increased again at 18:00 LT.

Above 700 m there was little variation of the humidity dur-
ing the afternoon and the beginning of the night (Fig. 5b).

Ann. Geophys., 25, 1733744 2007 www.ann-geophys.net/25/1735/2007/



S. H. Franchito et al.: Atmospheric boundary-layer over Cabo Frio 1741

1500 — 1600 — »,
] k- |:
| [} .
|
= ]
4!'
1200 h 1200
f
|
M
£ i E
£ W0 / E 900 —|
-4 ’ 5
S 4
= g
4 T
§ 800 g 600
3
0800LT 08:00 LT
—  — tamocr —  — oot
————— 1s00LT —— === E00LT
300 — 300 —
e [ A A S A S e L e e e e LA A e B e e e e !
2040 W70 B000 3030 3060 090 320 20 60 20 120 150 180 210
Virtual Potential Temperature {K) Mixing Ratio {gkg)
@ (b)
1600 — 1600 —
1200 1200
E g
g 00— E" 900 —|
E =
B 3
g ] § /
800 g e I8
]
J 08:00 LT
—  — saoacr
f ————— 16:00LT
300 —| 300 —|
4 —_
LI A I LI WL I R I L L S L L B B B B R B B L L R
140 120 100 80 60 40 20 00 20 40 €0 80 100 120 140 1120100 80 60 40 20 00 20 40 €0 80 100 120
Zonal Wind (m/s) Zonal Wind (mis)
© (d)

Fig. 6. Same as in Fig. 3, but for 7 August 1996.

On the next day (7 August 1996), from 08:00 LT to during the day. Figure 7c shows that the zonal wind was
13:00 LT, there was a marked warming of the air in the entirefrom the east in all the soundings, except at 15:00 LT and
ABL and between 13:00 LT and 15:00 LT the vertical pro- 18:00 LT, above 800m. These westerly zonal winds may
files of 6, showed little variation (Fig. 6a). It can be noted be associated with the return flow of the sea-breeze circu-
in all the#, vertical profiles that there was an occurrence of lation. The strongest easterly winds (9.6 Msoccurred at
a mixed layer in the low levels below 350 m. As shown in 20:00 LT. As shown in Fig. 7d, the meridional winds were
Fig. 6b, the values of,r were almost the same up to around from the north in most of the ABL.
300m. At 15:00 LT the easterly zonal winds were around
10.5ms! (Fig. 6¢). As can be noted in Fig. 6d, the merid-
ional wind was from the north in the entire ABL in all the
soundings of the day.

On 9 August 1996 there was a stable layer between 500
and 1000 m, which gradually reduced during the day, as
shown in Fig. 8a. At 13:00 LT a mixed layer was observed
below 350m. Like in the previous days, this mixed layer

On 8 August 1996 there was a warming of the air in thewas reduced in the subsequent soundings. Although,the r
whole ABL from 06:00 LT to 09:00 LT (Fig. 7a). This warm- curve showed an inflection point around 350 m, the mixing
ing continued until 12:00 LT above 300 m. From 12:00 LT to ratio was almost constant up to 600 m in all the soundings
15:00 LT a small increase in the temperature was observedFig. 8b) associated with the advection of marine air over
and later there was a cooling of the ABL. The valuesof r land. From 600 m to 900 m there was a sharp decreasg inr
showed a minimum between 12:00 LT and 15:00 LT, as seeruring the day and above this level a little variation of the
in Fig. 7b. Again, a mixed layer was observed below 350 mhumidity was noted. The diurnal march of the zonal wind

www.ann-geophys.net/25/1735/2007/ Ann. Geophys., 25, 173642007
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Fig. 7. Same as in Fig. 3, but for 8 August 1996.

showed an increase in the easterlies near the surface, illu$ Summary and conclusions
trating the sea-breeze development (Fig. 8c). The strongest

easterly winds (9.0 ms) occurred at 17:00 LT. As seen in - Ths work investigates the influence of the coastal upwelling
Fig. 8d, the meridional winds were from the north in the en- 5, the evolution of the ABL in the Cabo Frio region. For
tire ABL in all the soundings. However, the diurnal varia_tion this purpose we collected radiosonde data in two field exper-
of v was much lower compared with that of the zonal wind. jments made during the austral summer (upwelling case) and
~ Comparing the vertical profiles of the zonal wind dur- 5 sral winter (no upwelling case). The first one took place
ing 9 January 1995 (typical upwelling condition) (Fig. 3¢) qyring 9-12 January 1995, and the second experiment dur-
with those during 5-9 August 1996 (no upwelling condi- jq 59 August 1996. Both the experiments were part of the

tions) (Figs. 5c¢, 6¢, 7c, and 8c) it can be clearly seen thalco|NT project (FAPESP, No. 93/0854-4).

the upwelling increased the sea-breeze signal. These results . . .
confirm model simulations, which show that the sea-breeze The results showed that the higher differences in the evolu-

is stronger during the spring and summer months (upwellingt'on of the ABL in the two cases are related to the differences

conditions) (see Figs. 12b, 14 and 15 of Franchito et al in the atmospheric stability and local winds. During the aus-

1998), and are in agreement with surface observational datgal summer, cold waters near the Cabo Frio coast contributed

from the Meteorological Station at Cabo Frio (see Figs. 11t9 tthz E’”T‘a“‘;;‘ of an alllt_mospherlé: sta[l;) le I?y(terr], V\Ilh'ChspS(_al_r'
and 12a of Franchito et al., 1998). sisted during the upwelling episode. Lue 1o the ‘ow S

the descending branch of the sea-breeze circulation was lo-
cated close to the coast, inhibiting the development of an air
mixed layer mainly during the day. During the night, since

Ann. Geophys., 25, 1733744 2007 www.ann-geophys.net/25/1735/2007/
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Fig. 8. Same as in Fig. 3, but for 9 August 1996.
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