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Abstract. South American subtropics east of the Andes These are not present in the weak FGD composites. Strong
exhibit a region of intense climatological frontogenesis in events show an intense quasi meridional corridor of water
equivalent potential temperature (EPT) in the December tovapor transport from the Amazon to the subtropics that en-
March season, mostly produced by deformation of the windcounters westerly flow in the neighborhood of the AC. This
field. The goal of this paper is to investigate the large scales absent in weak events. A preliminary analysis of precipita-
features associated with intense and weak frontogenesis byon is carried out using the GPCP daily data set. An intense
deformation (FGD) in EPT in the region where it attains its precipitation nucleus appears slightly northeast of the AC,
climatological maximum. This can be approximately delim- with maximum intensity in the day that follows the strong
ited by 32-42 S and 66—69W, which is small enough as events. Weak events exhibit a drying of the subtropics in-
to contain only one synoptic perturbation at a time. Thestead, between one and three days after the events. Higher
spatial average of the positive values of frontogenesis aprecipitation over the oceanic South Atlantic Convergence
850 hPa over the whole region (DFG+) is used to represenZone can be also observed. Analogous composites were con-
the strength of the perturbation. ECMWF ERA-40 reanaly- structed for the presence and absence of both the AC and the
sis data set is used to calculate DFG+ at six hour intervald PT, showing similar characteristics to the strong and weak
for 21 seasons (1981-2002). Compositing analysis is carFGD event composites respectively, but with lower intensi-
ried out for strong (above the 0.75 quantile) and weak (belowties. This shows that by selecting strong FGD events, intense
the 0.25 quantile) events. For strong events the geopotentidlAL and LPT events are also singled out.

field at 850 hPa exhibits the North Argentinean Low (NAL),
a transient trough and the Low Pressure Tongue East of the
Andes (LPT). Upon comparison with the composite field of
FGD it can be observed that FGD exhibits a strong max-

imum over the Argentinean Col (AC) which separates the : . .
. outh America east of the Andes is a place of frequent in-
NAL and the trough. These features are absent in the weal . . .
erchange of air masses between the tropics and the midlat-

frontogenesis composite, which exhibits a stronger South Pa- T )

o ; . . itudes, deeply affecting its weather and climate. The An-
cific Subtropical High close to the continent. At 250 hPa the . . . -

strong FGD composite exhibits a trough over the Andes WithOles Cordillera plays a central role in promoting this inter-

ng PC . 9 change in more than one way. In the first place, it effi-

a wind speed maximum to its east. Both of these features arée.

associated with the deepening of the NAL in the Iiterature.cn:"mIy blocks the low Ieve_l zonal ﬂO.W' During summer,
when the easterly trade winds entering the continent from

both hemispheres have a northerly component, this block-
ing effect channels them southwards, promoting transport
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Atlantic High penetrates the continent and a similar chan-the tropical air mass with the colder and drier extra-tropical
nelling can be observed with easterly winds from its north-westerlies. Intense rainfall is shown to ensue with a 1-day
ern branch. Incursions of midlatitude air into the subtropicsdelay.
and tropics, termed cold air incursions, happen all year round Another compositing analysis is carried out to investigate
(Parmenterl976 Kousky, 1979 Marengo etal.1997. Gar-  the large scale conditions associated with the presence and
reaud and Wallac€1998 and Garreaud(2000 explained  absence of the Argentinean Col (AC) inside the studied re-
the mechanism: the Andes dam the easterly flow north ofgion and the Low Pressure Tongue east of the Andes (LPT).
transient highs penetrating the continent from the Pacific.To achieve this it was necessary to use an algorithm for auto-
This leads to the formation of a high pressure dome easmatic detection of these features, which is describeBanr
of the mountains which forces the air northwards with the bosa and Arrauf2009.
Cordillera acting as a western border that compensates the
Coriolis force.

A second and indirect way in which the Andes affect wind 2 Data and methods
flow over the continent is through the Northwestern Argen-
tinean Low (NAL). This low, which forms close to the moun-
tains, increases the westward component of the pressu
gradient force over the continent and promotes geostrophi
southward flow to its east. During summer it forms mostly
due to strong surface heating but is particularly intense whe
a westerly jet is present in high levels over the Cordillera.?

Many authors have attributed this to heating through the!Nd Seen as an event. Frontal incursions generally happen
Foehn effect, locally called the Zonda winds. During win- OVE' @ few days so that many of our events are not indepen-

ter, when surface heating is less intense, this seems to b%ent. However this is not a problem since this assumption is

the main formation mechanisni¢htenstein 198Q Seluchi not necessary for our conclusions. o .
et al, 2003 Ferreira 2009. Rainfall is taken from the Global Precipitation Climatol-

During summer, tropical air masses that migrate south-°9Y Project (GPCP) One-Degree Daily Precipitation Data

wards over South America are very moist because they forrrﬁe_t Q—|uffr_’nan et al, 2009. This dataset is avallab!e on a
over the warm tropical Atlantic and flow over Amazonia daily basis from October 1996 onwards and for this reason

whereas midlatitude air is both colder and drier. In this con-tN€ compositing analysis of the precipitation field is based

text strong frontogenesis in equivalent potential temperatur@ny On seven seasons. Moreover, the rainfall rate of a day is

would mark particularly intense encounters of air masses'€Peated in the four ERA40 time instants. Equivalent poten-

Such an environment could promote the development oitial temperaturefl., is calculated according Bolton (1980).
strong convection Frontogenesis if,, FG, is calculated using the decomposi-
It will be shown that subtropical South America east of the ti0N suggested biinomiya (1984:
Andes exhibits strong climatological frontogenesis in equiv- d|V6,|
e

Temperature, humidity and wind fields are taken from the
uropean Centre for Medium Range Weather Forecasts
|JEECMWF) 40 years Reanalysis (ERA-40). These data are
available at six hour intervals and twenty one December to
March seasons are studied, from December 1981 to March
2002. In total 10 184 time instants were analyzed, each be-

alent potential temperature, which is mainly due to deforma-FG = =FG1+ FGa+ FG3+ FGq Q)
tion of the wind field. Compositing analysis will be used to
investigate the large scale conditions under which this fron+wyhere
togenesis occurs and evaluate its effect over rainfall. 40
As will be seen, in situations of high frontogenesis the FG, = [(Vf)e . V)_e} 2)
geopotential field exhibits the NAL, a transient trough to its V0| dt
south and an elongated trough reaching frori &Qo the Gy = _} ) 1 - (V6,)2D 3)
deep tropics that envelops both. This elongated trough is 2 |V,
termed the Low Pressure Tongue east of the Andesa(it, 1 30, 2 30, 2
2007, it allows for the formation of an intense moisture cor- FG3 = T2ve,] “ <§> - <3_> } A
ridor from the deep tropics of the continent into its subtropics ¢ Y
and midlatitudes. Frontogenesis by deformation is maximum +2%%B} )
over the col separating the NAL from the transient trough, dx dy
which is here called the Argentinean Col. The idea of fronto- 1 96, (96, dw 86, dw
genesis being favoured by the deformation of the wind fieldF G4 = — . (—— + ——) (5)
VO, op \ 9x ox dy dy

around a col was first put forward Bettersserf1956. It
will be seen that, while the NAL and Low Pressure Tongue D is the divergence while A=du/dx—dv/dy and
structure promote the transport of tropical air to the subtrop-B=9dv/dx+0du/dy are deformations. FG1 is the fron-
ics and into the midlatitudes, the wind field in the neigh- togenesis due to diabatic change®of FG, and FG3 are
borhood of the Argentinean Col favours the encounter ofassociated with the large scale horizontal flow. The first
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represents the effect of divergence and the latter that of

deformation.F G4 accounts for vertical advection 6f.

As the next section will show, frontogenesis exhibits an in-
tense maximum over the continent and the deformation term
is by far the most important one. This is in accordance with

Ninomiya (1984); Kodama(1992, who found FG3 to be

the main contributor to frontogenesis in the troposphere. The
region of strong frontogenesis over the continent is mostly

from —42.5 Sto—30° S and—70° W to —62.5 W, which is

small enough to contain only one synoptic disturbance at any
given time. For this reason the spatial average of frontogen-
esis over the region affords a simple measure of the intensity
of the disturbance. Fronts are quite smaller in width than the zos-
latitudinal length of our region, so the spatial average on its
own does not adequately narrow down their position. This sos

could lead to “fuzzy” composites. However the frontoge-

nesis composite produced is sharp, which evidences a very s |

small variation of latitudinal position for fronts crossing this

region. This we attribute to their path being constrained by . |

the geometry of the local pressure fiekti@ut, 2007). This
issue will be further dealt with in the Seédt.

There is one other matter to be considered in the averag- s |
ing procedure. Frontogenetic disturbances can be followed

by frontolysis which would mask the intensity of the event.

To avoid this all negative values are substituted by zero when
the mean is taken and the result is called DFG+. This is ;|
better than averaging over the area of positive frontogenesis
because strong disturbances only partially contained in the . |
studied region are less likely to become part of the high fron-
togenesis composites. This avoids the inclusion of different [ ] ‘ ‘ | .
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stages of the displacement of a front in the composite, which

could cause undesired smoothing of important features.

Fig. 1. Climatology of frontogenesis i, (K/100knyday) at

The time series of spatially averaged frontogenesis is analgso hpa. Total frontogenesi is the sum of the four termBGy,
ysed and compositing analysis is performed for values aboveG,, FG3 and F G4, calculated followingNinomiya (1984.
the 0.75 quantile and below the 0.25 quantile. That is to say,
of all times analysed the upper quarter according to fronto-

genesis intensity is considered as well as the lower quarter.

3 Climatological frontogenesis

Figurel shows the climatology of total frontogenesis as well
as that of each separate term. For total frontogenesis a stro
maximum is present close to the Andes betweetS3and

40° S and a diagonal band stretching southeastwardly into
the ocean can be seen. The deformation term gives the most

important contribution. It is the most intense, with a maxi-
mum east of the Andes around°3, and also accounts for
the diagonal structure reaching the coastal Atlantic. For thi
reason only the deformation term is considered from now o
and it will simply be called frontogenesis.

www.adv-geosci.net/22/73/2009/
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4 Compositing analysis
4.1 Frontogenesis composites

The top panels of Fig2 show geopotential and frontogenesis,
both at 850 hPa for high (left) and low (right) frontogenesis

nﬁtua\tions.

.1.1 High frontogenesis

A sharp maximum can be seen over the continent, slightly
north of 40 S. A much weaker diagonal band stretches
southeastwardly into the Atlantic. This shows that fronts

npassing inside the studied region have positions which, for

this data resolution, are almost coincident.

The geopotential field shows the Low Pressure Tongue
east of the Andes, the NAL as well as a transient trough to
its south. All of these features are sharp and similar to what
can be seen in individual events (not shown). The location
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DFG+ > . DFG+ <, The third row of panels of Fi2 show vectors of vertically

] integrated moisture transport as well as its intensity. High

frontogenesis situations exhibit an intense moisture transport
corridor close to the eastern Andes from the deep tropics all
the way to the midlatitudes. Comparing with the geopoten-

tial field it can be seen that this transport takes place on the
eastern side of the Low Pressure Tongue and close to the Ar-
gentinean Col it diminishes, increasing again to its south. In

BWoe0w asw o 30w 18w I the neighborhood of the Col this flow encounters the extra-

tropical westerlies accounting for the, previously discussed,

intense frontogenesis. While the NAL and Low Pressure

Tongue promote the southward transport of the tropical air

mass, the geometry of the wind field in the neighborhood of

the Col favors a violent encounter with the colder and drier

extra-tropical air.

Composites of rainfall with one day lag are shown in
the bottom panels of Fig2. For high frontogenesis a
strong, vaguely circular, rainfall pattern with intensity reach-
ing above 12 mm/day can be seen over the triple frontier of
Brazil, Uruguay and Argentina. This is immersed in a much
weaker diagonal band extending into the South Atlantic. It
is located slightly to the northeast of the AC, where moisture
transport slows down, likely due to convergence.

90w  75W  BOW  4BW  30W  15W

DY
208 5

4.1.2 Low frontogenesis

None of the features observed in the high frontogenesis com-
posites are present in those for low frontogenesis. In fact,
high level winds show a weak ridge straddling the Andes.
The direction of vertically integrated moisture flow reflects
that of low level winds and is from the south in the subtrop-
ics. Low level geopotential also shows a weak ridge. The
1-day lagged rainfall shows a drying of the continental sub-
tropics and an enhancement of rainfall in a diagonal band
over the ocean, to the northeast. These are compatible with
the situation following a frontal incursion.

7
GOW 45w 30W 15w 60w 45W

Fig. 2. Composites for cases with DFG-¢g 75 (left) and 4.2 Argentinean Col composites

DFG+<qq.25 (right) are shown. From top to bottom, the panels

show geopotential height (m) aits 3 (K/100 knyday) at850hPa,  Figure3 presents composites analogous to the one described

wind vectors and its magnitude (is) at 250 hPa, vertically inte- above, but built for the presence and absence of the Ar-

grated humidity transport and its magnitude (kg/m/s), and precipi-4ontinean Col inside the study region and the Low Pressure

tation (mm/day) with 1-day lag. Tongue east of the Andes. For simplicity these shall be called
AC and no-AC composites. AC composites contain 42%

of the Argentinean Col is coincident with that of strongest of all events while no-AC composites contain the remaining

frontogenesis. 58%.

Composites of wind vectors and wind speed, both at |t s important to note that the Argentinean Col is a geo-
250hPa are shown on the second row of panels of Eig. metrical necessity whenever the NAL is formed. This can be
For high frontogenesis there is a trough straddling the Andesasily seen by considering the geostrophic wind field; a col
with a maximum of wind speed to its east. These featuress necessary to separate the easterlies south of the NAL from
are compatible with the initial phase of a frontal incursion. the extra-tropical westerlies. In fact the algorithm for de-
They are similar to those reported during NAL events and thetection of the Col begins by searching for the NAL . In these
presence and position of the wind speed maximum is suclzomposites it is verified if the Argentinean Col lies within the
as would cause the Zonda wind¢htenstein 198Q Seluchi  studied region, as well as if its separatrices form a self con-
et al, 2003 Ferreirga 2008. nection containing the NAL. Occurrences of the Argentinean
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Col are in fact highly concentrated in the studied region (see
Arraut, 2007andArraut and Barbos&009). 105
It is interesting to note that AC composites are all qual-

itatively similar to high frontogenesis composites, although **

showing lower intensity. In particular we point out that the s \

geopotential and frontogenesis composites show a maximurr "
of frontogenesis over the Argentinean Col with a diagonal

band protruding southeastwardly into the Atlantic. Fronto- 50 ‘

genesis is weaker than in the high frontogenesis composite
which contains the strongest 25%, while 42% of events are
included in this case. Interestingly however, the NAL and

Low Pressure Tongue are also weaker, as is the meridiona '*
moisture transport on their eastern flanks. This shows that by 20

selecting high frontogenesis events, strong cases of the Low 3os -

Pressure Tongue were also selected. 405

508

5 Conclusions

It was shown that the South American subtropics exhibit

N
high frontogenesis in equivalent potential temperature during )0\ )
summer. Deformation of the wind field is the most important 2os {325 1

contributor. .
The synoptic situation associated with high frontogenesis

includes a high level trough straddling the Andes with a max- ** .

imum of wind speed to its east. The NAL and Low pressure s
Tongue are formed over the continent, on their eastern flanks
intense moisture flow from the tropics into the subtropics and

midlatitudes takes place. Frontogenesis exhibits an intense el

and sharp maximum over the continent, its position coincid-
ing with that of the Argentinean Col. 208

It is relevant to observe that the simultaneous presence 01 |

the high level wind maximum over the continent and the
NAL in the low levels is in agreement with the findings

=
@

of previous authors regarding the contribution of the Zonda 5021

wind to the formation of the NAL.
It is concluded that:

With AC and LPT

Without AC and LPT

EQT

X
308

00w  75W  6OW 45w  30W 15W

450 30w

T5W  60W  45W  3OW 15

4

BOW 45w

1. High frontogenesis over subtropical South America oc- Fig. 3. Composites for cases with (left) and without (right) AC and
curs when frontal incursions foster the NAL and Low LPT inside the selected region. From top to bottom, the panels show

Pressure Tongue formation. geopotential height (m) anfiG3 (K /100 krryday) at 850 hPa, wind
vectors and its magnitude (m/s) at 250 hPa, vertically integrated

2. These structures promote the transport of tropical airhumidity transport and its magnitude (kg/s), and precipitation
into the subtropics and midlatitudes, thus enhancing(mmy/day) with 1-day lag.

frontogenesis.

3. The geometry of the wind field in the neighborhood of  The rainfall pattern is compatible with that of Meso-scale
the Argentinean Col is such that it promotes the “vio- Convective Complexes and the question of whether the Ar-
lent” encounter of the tropical air with the extra-tropical gentinean Col promotes the formation of MCCs merits in-
westerlies, accounting for the maximum of frontogene- vestigation.
sis. All of the above described features are more intense in the

4. From this encounter of air masses strong precipitation
ensues, with maximum intensity delayed one day.

high frontogenesis composites than in the AC composites,
even the AC and LPT themselves. While the high frontogen-
esis composites include 25% of all events the AC composites

include 42%. This shows that by selecting higher frontogen-
esis strong NAL and LPT cases are indirectly selected.
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