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ABSTRACT

A climatology of the South American low-level jet east of the Andes (SALLJ) is developed using the 1950—
2000 circulation and moisture fields from the NCEP-NCAR reanalyses and available upper-air observations
made in Bolivia and Paraguay since 1998. Upper- and low-level circulation fields were derived for seasonal
means and SALLJ composites during the warm and cold seasons. The Bonner criterion 1 was applied for sites
in central Bolivia and downstream near northern Paraguay, to determine the spatial and temporal characteristics
of the SALLJ. On the circulation characteristics, SALLJ composites during the warm season show the enhanced
low-level meridional moisture transport coming from equatorial South America as well as an upper-level wave
train emanating from the west Pacific propagating toward South America. The intensification of the warm season
SALLJfollowsthe establishment of an upper-level ridge over southern Brazil and atrough over most of Argentina.
The circulation anomalies at upper and lower levels suggest that the intensification of the SALLJ would lead
to an intensification of the South Atlantic convergence zone (SACZ) later on and to the penetration of cold
fronts with an area of enhanced convection ahead at the exit region of the SALLJ.

Regarding the time variability, the SALLJ seems to occur all year long, bringing tropical moist air masses
from the Amazon into southern Brazil-northern Argentina more frequently in the warm season, and bringing
tropical maritime air, which is less humid than the tropical air masses coming from the subtropical Atlantic
high, more frequently during the cold season. SALLJs are detected mostly during the warm season to the north
of ~20°S, while to the south the SALLJs seem to occur all year long. The diurna cycle shows that SALLJs
are more frequent and intense between 0600 and 1200 UTC for the warm season north of 20°S, while at the
region downstream the maximum is detected between 0000 and 0600 UTC during the cold season. At interannual
time scales, even though there is a weak tendency for stronger and more frequent warm season SAL L J episodes
in years with anomalously warm surface waters in the tropical Pacific, it cannot be affirmed with a large degree
of certainty that there is a strong relationship between the occurrence of El Nifio events and the number and/
or intensity of SALLJ episodes. However, the 1998 El Nifio featured more frequent and intense warm season
jet episodes than occurred during the 1999 La Nifia, and this has been demonstrated by the reanalyses, the
available Pan American Climate Studies-Sound Network (PACS-SONET) upper-air observations, and by other
studies using independent datasets and regional modeling.
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Climatology of the Low-Level Jet East of the Andes as Derived from the NCEP-NCAR

1. Introduction

The low-level jet (LLJ) represents a wind maximum
situated within the lowest 1-2 km, which sometimes
exhibits a horizontal extent of subsynoptic dimensions
and often has strong diurnal oscillations. The LLJ rep-
resents a relevant feature of the warm season low-level
circulation and represents a poleward transport of warm
and moist air concentrated in arelatively narrow region,
with strong wind speeds at low levels downstream and
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to the east of mountain barriers, asdocumented in earlier
studies for various regions of the world (Means 1952,
1954; Blackadar 1957; Bonner 1968; Stensrud 1996;
Whiteman et a. 1997).

For the Americas, the first climatology of the low-
level jet was implemented in the United States by Bon-
ner (1968) and later updated by Whiteman et al. (1997).
They identified that the LLJ occurred most frequently
over the Great Plains east of the Rocky Mountains, with
significant diurnal and seasonal variations: more LLJs
episodes in early morning soundings than in the after-
noon soundings, and more episodes in the warm Au-
gust—September season as well. The South American
LLJ east of the Andes (SALLJ) has been characterized
as a narrow stream that channels the near-surface flow
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Fic. 1. Conceptual model of the SALLJ east of the Andes.

between the Tropics and midlatitudes east of the moun-
tain range. The SALLJ is related to moisture transport
from the Amazon region into the fertile lands of south-
ern Brazil-northern Argentina and was identified in
studies during the 1980s and 1990s based on a few
rawinsonde observations for short-term periods or in-
dividual case studies (Virji 1981; Inzunza and Berri
1980; Berri and Inzunza 1993; Sugahara et al. 1994;
Douglas et a. 1999). Recent work based on the National
Centers for Environmental Prediction—National Center
for Atmospheric Research (NCEP-NCAR) and Euro-
pean Centre for Medium-Range Weather Forecasts
(ECMWEF) have identified some of the circulation and
moisture transport features of the low-level circulation
east of the Andes, suggesting an active role for the
SALLJ in the positioning and intensity of the South
Atlantic convergence zone (SACZ) and the rainfall and
convection at the exit region of the jet in southeastern
South America (Nogués-Paegle and Mo 1997; Seluchi
and Marengo 2000; Berbery and Collini 2001; Mo and
Paegle 2001; Berbery and Barros 2002; Nogués-Paegle
et al. 2002; Cazes-Boezio et a. 2003, and references
therein). Simulations of the SALLJ using global and
regional model have shown the basic low-level circu-
lation and rainfall features detected in previous obser-

vational studies (Saulo et al. 2000; Misra et al. 2000;
Nicolini et al. 2002; Vernekar et al. 2003; Berbery and
Collini 2000).

Figure 1 shows a conceptual model of the SALLJ as
a component of the South American monsoon system.
It illustrates the moisture transport coming from the Am-
azon-tropical North Atlantic region by the trade winds,
the change in direction of the near-surface flow from
northeast to southeast once it encounters the Andes, the
convergence of this southeastern flow with the north-
west stream coming from the subtropical Atlantic high
toward the southern Brazil-northern Argentina region
at the exit region of the jet, and the development of
convective activity and rain at the exit region of the jet
in southeastern South America over the La Plata River
basin. The moisture transport is enriched by the evapo-
transpiration from Amazonia. The conceptual model
also shows the effects of the topography in the SALLJ
through dry and moist processes; the impact of the en-
ergy balance terms (sensible and latent heat) released
from the Bolivian plateau while the near-surface heat
low is important in terms of the impacts of transients
in the SALLJ [see reviews in Paegle et a. (2001) and
Nogues-Paegle et al. (2002)]. The present study con-
centrates on the circulation, convection, and moisture
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Fic. 2. Annual cycle of number of cases verifying SALLJ Bonner criterion 1. PACS-SONET and upper-air stations are shown by dots at
the core and the exit region of the jet. Solid gray arrow shows the trajectory of tropical moist air coming from Amazonia, and the dotted
gray arrow shows the trajectory of subtropical air from the subtropical Atlantic high. The cases were verified using the NCEP-NCAR

reanalyses at the grid box closest to the stations.

transport components of the SALLJ from this concep-
tual model.

The SALLJs variability in time and space is rela-
tively poorly understood because the limited availability
of the upper-air observational network in South America
east of the Andes seems to be unsuitable for capturing
the occurrence of the low-level jet and its horizontal
extension and intensity or temporal variability. Because
of the limited observational verification, the reanalyses
have by necessity been taken as a reasonable approxi-
mation of the true atmospheric state over South America
east of the Andes.

With the availability of upper-air observations from
the Pan American Climate Studies-Sounding Network
(PACS-SONET) pilot balloon network for Santa Cruz,
Bolivia, since 1998 (Douglas et al. 1998, 1999, 2000),
and the implementation of the Large-Scale Biosphere—
Atmosphere Experiment in Amazonia—Tropical Rainfall
Measuring Mission (LBA-TRMM) field campaign dur-

ing the austral summer of 1999 (Silva Dias et al. 2002;
Marengo et al. 2002; Nieto Ferreira et a. 2003), ad-
ditional rawinsonde observations in Santa Cruz have
made possible the identification of some observed fea-
tures of the vertical structure and diurnal variability of
the SALLJ. Studies for individual cases during the aus-
tral summers of 1998 and 1999 have allowed for the
detection of some important characteristics of the
SALLJ. A maximum northwesterly flow below 3 km
that can reach up to 30 m s—* with a late afternoon
maximum, was observed (based on twice-a-day obser-
vations). In comparison, Douglas et a. (1998) using
regional Eta Model results showed a marked diurnal
cycle with an evening maximum. Therefore, the SALLJ
exhibits important observational features that still re-
main unexplored, among them its time variability.
The present study introduces a climatology of SALLJ
episodes during the period 1950—2000 using the NCEP-—
NCAR reanalyses. The analysis focuses on the warm
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Fic. 3. Low-level (850 hPa) wind speed (m s~*) and integrated meridional moisture convergence (m g s~ kg=1) for the (a) warm (NDJF)
and (b) cold (MJJA) seasons for the seasonal mean for Santa Cruz. The SALLJ composite at Santa Cruz during the (c) warm and (d) cold
seasons. The SALLJ composite at Mariscal Estigarribia during the (e) warm and (f) cold seasons. The mean for the SALLJ composite at
both Santa Cruz and Mariscal Estigarribia during the (g) warm and (h) cold seasons.

and cold seasons for a region influence by the SALLJ
(eastern Boliviaand northern Paraguay). At the moment,
no long-term climatology focusing on SALLJ occur-
rences, for both warm and cold seasons is available.
Some of the issues to be discussed in this study include
a documentation of the diurnal, seasonal, and interan-
nual variability of SALLJ activity, as well as a deter-
mination of the atmospheric circulation features that ac-
company SALLJepisodes. Results presented herein will
be compared and discussed in relation to previous find-
ings, with the aim of providing a comprehensive view
of documented work related to SALLJ. Together with
the NCEP-NCAR reanalyses, some of the few available
upper-air soundings from pilot balloons from PACS-
SONET and rawinsondes from 1998 to 2000 in Bolivia,
Paraguay, and southern Brazil are also used.

2. Data and methodology
a. Global NCEP-NCAR reanalyses and OLR dataset

For the analysis of circulation and moisture fields
typical of the SALLJ, circulation and specific humidity
fields from the surface to the 200-hPa level at 0000,
0600, 1200, and 1800 UTC were extracted from the
NCEP-NCAR reanalyses (Kalhay et al. 1996). The res-
olutionisset at 2.5° X 2.5° latitude—longitude, covering
1950—-2000. The analysisis centered on grid boxesalong
the main stream of the SALLJ in eastern Bolivia (Santa
Cruz) and northern Paraguay (Mariscal Estigarribia).
See Fig. 2 for locations of these sites. Previous studies
(Douglas et al. 1999; Saulo et al. 2000; Marengo et al.
2002) have focused their analyses on Santa Cruz as a
location representative of the core of the jet. An out-
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FiG. 3. (Continued)

going longwave radiation (OLR) dataset is used to an-
alyze the convection at the exit region of the SALLJ.
These data are available from 1975 to 2000 only with
a horizontal resolution of 2.5° X 2.5° latitude—longitude
and were provided by NCEPR.

Circulation and convection analyses are made during
the spring/summer season (November—February, NDJF)
and the autumn/winter (May—August, MJJA), both for
the mean season and for composites of episodes with
SALLJ events (the adopted definition is presented in
section 2c). The level of 850 hPa has been assumed as
representative of the maximum wind level for circula-
tion-related features of the SALLJ. Integrated moisture
transport encompasses the 850—-300-hPa layer.

b. Upper-air observations. PACS-SONET

The PACS-SONET is an enhanced atmospheric
sounding network that has been operating since April

1997 to provide observations that will help to describe
the atmospheric circulation changes associated with var-
iations in rainfall over Mexico, Central America, and
South America (Douglas et al. 1998, 1999, 2000). The
network evolved to six pilot balloon stations in Bolivia
(Santa Cruz, Trinidad, Roboré, Cobija, Uyuni, and La
Paz), while new pilot balloon stations entered into op-
eration in Paraguay (Mariscal Estigarribia and Asun-
cion) between 1999 and 2000. Pilot balloon observa-
tionswere made at ~0630-0700 and ~1700-1730 local
standard time (LST) each day. The difference between
LST and UTC is 4 h for Bolivia and 3 h in Paraguay.

In Santa Cruz, as part of the LBA/TRMM field cam-
paign (Silva Dias et al. 2002; Marengo et al. 2002),
upper-air observations were enhanced in Santa Cruz by
implementing rawinsonde observations during January—
April 1999. These observations provide the opportunity
to explore the characteristics and variability of the
SALLJ, such as moisture transport, and examples of
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some jet case studies detected during summer and au-
tumn 1999 are described in Marengo et al. (2002) and
Marengo and Soares (2002).

c. Methodology: Identification of LLJ

The Bonner criterion 1 is applied to PACS-SONET
upper-air stations and to the NCEP-NCAR reanalyses
for grid boxes closest to PACS-SONET sites in Santa
Cruz and Mariscal Estigarribia (Fig. 2). The sites are
ideally suited for SALLJ research because they are lo-
cated near the core of the stream. These are the con-
ditions that must be met to detect a low-level jet: 1)
northerly 850-hPa winds with speeds equal or larger
than 12 m s, 2) a vertical wind shear larger or equal
than 6 m s between 850 and 700 hPa, and 3) a Me-
ridional component larger than the zonal component,
and with the meridional winds from the north, in order
to exclude southerly wind events. The criterion of se-
lecting the 850-hPalevel islessrestrictive than the 925-
hPa level and has been used in previous studies on
SALLJ (Li and Le Treut 1999; Salio et al. 2002; Saulo
et a. 2000; Marengo et al. 2002; Marengo and Soares
2002); in addition, strong jet episodes can exhibit in-
tense near-surface winds that can be detected both at
850 and 925 hPa. Observations from the PACS-SONET
sounding network from Santa Cruz during the 1998 ob-
servations (Douglas et al. 1998; Saulo et al. 2000; Ma-
rengo et a. 2002) have identified SALLJ episodes with
wind speeds of up to 30 m s~* in the northwesterly flow
around 850 hPa.

Some concerns over the use of the NCEP-NCAR
reanalyses for studies on spatial variability and the fre-
guency of the SALLJ have been raised by Berbery and
Barros (2002), suggesting that the global reanalyses are
perhaps not the best datasets to use when examining a
phenomenon like the SAL L J, which has mesoscal e char-
acteristics, and they point out the risk of using data that
is affected by the global model that generates the re-
analyses (regions with poor data coverage). However,
some useful information regarding circulation charac-
teristics and moisture transports can still be extracted
from the reanalyses, and long-term climatologies can
only be derived from datasets like this. The lack of
upper-air observations precludes the selection of an ad-
equate criterion at this stage; therefore, the Bonner cri-
terion may be arbitrary. In any case, we have adopted
it given its generalized use in previous work and for
climatological purposesin theidentification of low-level
jets.

Once the episodes of the SALLJ are identified in the
four times daily NCEP-NCAR reanalyses using Bonner
criterion 1, we then average all of these cases during
1950—2000 to implement the mean seasonal fields for
the warm season (NDJF) in Santa Cruz and for the cold
season (MJJA) in Mariscal Estigarribia. Then we form
composites of SALLJ episodes by integrating all cases
that meet Bonner criterion 1. Spatial and temporal var-
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iabilities for the warm and cold season circulations in
South America are discussed for the seasonal mean and
for the SALLJ composites. For individual SALLJ case
studies, comparisons are made between wind profiles
obtained from the reanalyses and those from the avail-
able upper-air observations at Santa Cruz and Mariscal
Estigarribia.

3. Low-level jet spatial and temporal variability

In this section we describe the geographical extent,
and the lower- and upper-level circulation characteristics
associated with the SALLJ east of the Andes, as well
asitstimevariability, during the warm and cold seasons.
The analysisis focused on the mean circulation and for
composites of SALLJ events in the two seasons. Fo-
cusing on Santa Cruz during the warm season NDJR
from the total of 24 532 wind occurrences detected from
1950 to 2000, a subtotal of 764 cases exhibited a low-
level jet, suggesting that from the total of wind occur-
rences during this period and season, roughly 3% fea-
tured a low-level jet.

a. Geographical distribution of SALLJ wind and
moisture fields during summer and winter

Figure 2 shows the number of cases of SALLJevents
along the region of the jet to the east of the Andes as
derived from the NCEP-NCAR reanalyses, indicating
that the SALLJ annual cycle depends on the latitude,
the proximity to the Andes, and the circulation features
during those seasons. In general SALLJ episodes can
be detected during the entire year, as compared to the
summertime-only LLJ in the U.S. Great Plains as iden-
tified in Berbery and Barros (2002).

At lower latitudes, the seasonal cycle shows that
SALLJ occurrences peak during warm months, while
south of Mariscal Estigarribia (20°S) there are more jet
episodes detected during the cold season. Thisis afirst
indication that the mechanisms organizing the low-level
jets at these latitudes during both warm and cold seasons
may not be the same. There may be SALLJ episodes
detected during the warm season in Santa Cruz that may
not show at Mariscal Estigarribia, and on a few occa-
sions SALLJs are detected in Santa Cruz and Mariscal
Estigarribiawith just afew hours of difference. Thefact
the there are more SALLJ episodes detected during the
autumn/cold seasons in Mariscal Estigarribia as com-
pared to Santa Cruz is something that deserves special
attention and will be discussed later on.

The mean low-level circulation during the warm and
cold seasons (Figs. 3a,b) shows features similar to those
identified in previous studies (Rao et a. 1996; Garreaud
and Wallace 1998; Labragaet al. 2000; Salio et al. 2002;
Berbery and Barros 2002). The mean 850-hPa circu-
lation and vertically integrated moisture flux from Fig.
3ashowsthat the warm season is characterized by strong
northeast trade winds near the equator, which veer to
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FiG. 4. OLR fields during the warm season for the 1975-2000 period: (a) mean field, (b) SALLJ composite for both Santa Cruz and
Mariscal Estigarribia simultaneously, and (c) the anomaly (b) — (a). Units are in W m~2.

the southwest as they approach the Andes, producing a
maximum in the northwesterly flow nearby Santa Cruz
(~17.5°S), while another maximum occurs at approx-
imately 20°S, associated with the subtropical Atlantic
high and the Brazilian Planalto. Figure 3b shows the
850-hPa circulation for the cold season, with the weak-
ening of the northeast trades and the irruption of tropical
air, while the strong northerly flow over eastern Bolivia
and Paraguay is due to the intensification of synoptic
eddies in the moisture fluxes, as described in previous
studies (Rao et al. 1996; Labraga et al. 2000; Vera et
al. 2002).

Figures 3c and 3d show the mean low-level circu-
lation and moisture transport fields for a SALLJ com-
posite detected in Santa Cruz for the warm and cold
seasons. Thewarm season SAL L Jcomposite map shows
an intensification of the circulation features of the sea-
son mean, specifically the enhanced northeast trades
from the tropical North Atlantic, the low-level flow east
of the Andes, and the enhanced meridional moisture
transport coming from tropical South America, which

is almost twice the mean of the summer season. In win-
ter, while still enhanced, the pattern does not seem to
be as efficient as it is in summer at producing precip-
itation with in the continent. Similar figures for SALLJ
composites for Mariscal Estigarribia during the warm
and cold seasons (Figs. 3e,f) show a weakening of the
northeast trade winds and moisture transport and amore
concentrated maximum flux, possibly associated with
transient eddies as suggested by Berbery and Barros
(2002) and Vera et al. (2002). Figures 3e and 3f show
the intensification of the winds from the subtropical At-
lantic high contributed to the acceleration of the SALLJ
stream driving moisture directly into the La Plata basin.

Theanalyses of Figs. 2 and 3a—f show that there might
be SALLJ episodes detected in Mariscal Estigarribia
that are not detected in Santa Cruz and vice versa. A
strong SALLJ should in principle be detected in both
Santa Cruz and Mariscal Estigarribia, and it is during
the austral summer when strong SALLJ events are de-
tected in both seasons. Therefore, Figs. 3g and 3h show
the circulation fieldsfor a SALLJ composite of episodes
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Fic. 5. Cross sections of meridional wind speed (m s—*) and specific humidity (g kg—*) along 17.5°S (near Santa Cruz) and 23.5°S (near
Mariscal Estigarribia) for (a) the warm (NDJF) and (b) the cold (MJJA) seasons for the seasonal mean for Santa Cruz. The SALLJ composite
at Santa Cruz during the (c) warm and (d) cold seasons. The seasonal mean for Mariscal Estigarribia for the (e) warm and (f) cold seasons.
The mean for the SALLJ composite at Mariscal Estigarribia during the (g) warm and (h) cold seasons.

for both Santa Cruz and Mariscal Estigarribia for the
warm and cold seasons. The warm season SALLJ com-
posite (Fig. 3g) resembles the circulation features of the
strong Chaco LL Jsidentified by Salio et al. (2002) using
the ECMWEF reanalyses during austral summer: strong
surface winds that meet Bonner criterion 1 and that can
reach 25°S with more than 12 m s—*. The warm season
SALLJ composite from Fig. 3g is characterized by an
important low-level flux of moisturethat is stronger than
the season mean (Fig. 3a) and than the SAL L Jcomposite
for Santa Cruz (Fig. 3c). Figures 3g and 3h are in close
agreement with Fig. 11 from Salio et al. (2002) for the
Chaco LLJ ensembles, and this provides grounds for an
assumption that Figs. 3g and 3h can be representative
of stronger SALLJs during the warm season, meeting
Bonner criterion 1.

The presence of SALLJ episodes represented by the
maximum low-level flow near the Andesisclear in both
warm and cold seasons. In Santa Cruz, during the warm
season the main cause is the incursion of warm and
humid air from tropical South America, while in winter
the SALLJ events are liked to the intensification of the

subtropical Atlantic high and to the impact of synoptic
perturbations as shown by Vera et al. (2002), which can
reach this latitude during winter and which in turn are
more frequent during the cold season than in the warm
season. In the next section, there will be indicators that
the air masses are different for the SALLJ episodes
during these two contrasting seasons.

In relation to the convective activity, Figs. 4a— show
the OLR fields (1975-2000) for the mean warm season,
for the strong SALLJcomposite, and the differencefield
between the composite and season mean. Perhaps, the
most revealing information can be extracted from the
anomaly field (Fig. 4c). The SALLJ OLR warm season
composite shows increased convective activity over
southeastern South America at the exit region of thejet,
aswell asweaker convection in central Brazil and along
the SACZ. Nogués-Paegle and Mo (1997), Salio et al.
(2002), and Nieto Ferreira et al. (2003), using different
methods, have also identified that strong SALLJs are
linked to a weak SACZ, suggesting that our warm sea-
son SALLJ composites are consistent enough to depict
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circulation and convection features associated with the
low-level jet east of the Andes.

Cross sections of meridional wind and specific hu-
midity along 17.5° (Santa Cruz) and 23°S (Mariscal Es-
tigarribia) are shown in Fig. 5, for the mean warm and
cold seasons, and for SALLJ composites. At Santa Cruz
(Figs. 5a,b,e,f) the warm season mean shows the north-
erly flow around 62°W (Fig. 5a), with the maximum
speed (~4 ms—1) at 900 hPa, aswell as another shallow
maximum at lower levels and approximately at 38°W.
The cold season mean (Fig. 5b) is characterized by
stronger northerly flow with a maximum a bit higher
(around 800 hPa) and relatively less moisture content
as compared to the warm season mean circulation. The
composite of the SALLJ during the warm season (Fig.
5e) shows northerly flow reaching 12 m s-*, with a
maximum between 850 and 900 hPa and extending up
to 50°W near the Brazilian Planalto with a secondary
maximum over the adjacent oceans, west of 40°W, while
the cold season composite shows similar intensitieseven
though it is narrower than the warm season composite
(Fig. 5f).

The mean warm season pattern at the latitude of Mar-

iscal Estigarribia (Fig. 5¢) showsno SALLJlikefeature
to the east of the Andes, and a northerly flow east of
40°W can be associated with an active SACZ over this
area. During the mean cold season (Fig. 5d), anortherly
flow is found to be located around 60°W and 850 hPa,
with speed of ~6 m s=* and exhibiting lower moisture
content as compared to Santa Cruz. For the composites
with SALLJ at Mariscal Estigarribia during the warm
season (Fig. 50), the episodes detected at thissite exhibit
the same behavior as the SALLJ composite in Santa
Cruz (Fig. 5e), with the difference being that Santa Cruz
shows more SALLJ events in the warm season while
Mariscal Estigarribia shows more SALLJ events during
the cold season (Fig. 2). The SALLJ composite for the
warm season (Fig. 5g) shows a strong northerly flow
around 58°W and with a maximum speed ~15-16 m
s-1, and it is shallower (~900 hPa) than the composite
in Santa Cruz. The cold season SALLJ composite (Fig.
5h) exhibits stronger northerly winds and relatively less
moisture content as compared to a similar composite
for summer (Fig. 5g).

The cross sections of mean warm and cold season
meridional winds and moisture content in Santa Cruz
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and Mariscal Estigarribia (Fig. 5), respectively, resem-
ble Figs. 9c and 9d of Berbery and Barros (2002). In
fact, their figures show intense southward moisture flux
within the structure of the low-level jet east of the An-
des. Figure 5 shows more details than are seen in Ber-
bery and Barros (2002), indicating higher moisture con-
tent of the warm season SALLJ as compared to rela-
tively lower moisture content present in the cold season
SALLJ

Based on the circulation features from Figs. 2-5 and
the conceptual model inFig. 1, stronger SALLJepisodes
during the warm season that are characterized by north-
erly transport of tropical moist air from the tropical
North Atlantic-Amazon regions toward the subtropical
regions of Brazil-northern Argentina, and that are ca-
pable of producing stronger convective activity and rain-
fall at thisregion are observed. More frequent and stron-
ger SALLJ episodes were identified during the warm
season in Santa Cruz and during the cold season in
Mariscal Estigarribia. The differenceisthat the stronger
jetsin Mariscal Estigarribiabring lesshumid air as com-
pared to the moister air carried out by the northerly flow

during the warm season in Santa Cruz. The strength of
the SALLJ flow at Santa Cruz during the warm season
is mostly contributed by the equatorial source and en-
hanced by synoptic perturbations as are analyzed in sec-
tion 3b. In the cold season, the signal of the SALLJin
Mariscal Estigarribia is more related to synoptic mid-
latitude perturbations rather than tropical influences.

b. Upper- and low-level circulation features
associated to the presence of intense SALLJ

Figures 6 and 7 show an evolution of upper- and low-
level circulation features for SALLJ composites during
the warm season from day —3 to day +2, assuming day
0 as the date where the SALLJ reaches it maximum
intensity in Santa Cruz. At higher levels (Figs. 6a—g),
the SALLJ circulation composites suggest a wave train
that emanates from the midlatitude western Pacific and
then propagates toward South America, turning equa-
torward as it crosses the Andes around the southern tip
of South America. An anomalous upper-level trough
(ridge) over southern South America (southern Brazil)
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is embedded in awave pattern. Thistrough isintensified
1 day before the SALLJ reaches its largest intensity to
the east of the Andes and then dissipates 3 days after
the SALLJ weakens.

The wave pattern in Figs. 6a and 6b shows some
resemblance to that related to the SACZ activity from
Liebmann et al. (1999). However, there is an out-of-
phase relationship between the SALLJ composites in
Figs. 6a—g and the SACZ compositesin Fig. 4 of Lieb-
mann et al. (1999), where the cyclonic anomaliesin the
SALLJ contrast with the anticyclonic anomalies in the
SACZ composites for the same regions in South Amer-
ica. This suggests that moisture transport and possibly
rainfall downstream of the jet or in the SACZ show a
contrasting pattern, with enhanced convection and rain-
fall due to an enhanced SALLJ consistent with periods
of weak SACZ and vice versa and consistent with Fig.
4c. The pattern identified in Fig. 6 for the warm season
SALLJ composite also resembles the upper-air wave
patterns identified in previous studies of subseasonal
variability of convection and low-level circulation in

South America. These studies used different approaches
such as principle component or regression analysis as-
sociated with the variability of austral summertime low-
level circulation, convection, and rainfall (Nogués-Pae-
gle and Mo 1997; Mo and Paegle 2001; Salio et al.
2002; Herdies et al. 2002; Cazes-Boezio et a. 2003;
Liebmann et al. 2004).

At near-surface levels (Figs. 7c,d), the 850-hPa
SALLJ circulation composites show a baroclinic struc-
ture, with cyclonic anomalies over southern South
Americathat start to intensify 2 days before the intense
SALLJ east of the Andes. On day —1 the anomalous
low-level northwesterly flow that extends from northern
Bolivia to southern Brazil and Uruguay starts to inten-
sify and by days 0 and day +1 this flux from the north
is intensified, to be dissipated later (day +3). The in-
tensification of alow-level trough extending from south-
ern Argentina toward the northwest along the eastern
side of the Andes is an indicator of the intensified
SALLJ. This figure provides further evidence that the
pattern over Mariscal Estigarribia is more strongly in-
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fluenced by synoptic-transient activity that the area
around Santa Cruz.

c. Time variability

In this section, we analyze the variability in time of
the frequency and intensity of the SALLJ, focusing on
the mean warm and cold seasons, and on SALLJ com-
posites during these two seasons.

1) ANNUAL AND DIURNAL CYCLE

Considering both the occurrences and intensity of the
SALLJ and in the context of the SALLJ annual cycle
inFig. 2, Figs. 8 and 9 have been constructed to analyze
the preferred diurnal cycle of SALLJs. In Santa Cruz
(Fig. 9a), 67% of the SALLJ cases were detected at
0600 UTC during the warm season, and at the other
sites along the SALLJ stream (Cobija and Mariscal Es-
tigarribia; Figs. 8a,c) the more frequent events during
summertime are also detected at 0600 UTC, and at 1200
UTC in Foz de Iguacu (Fig. 8d). During the cold season,
the more frequent SALLJ events (35%-54%) are de-
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tected at 1200 UTC (followed by 0600 UTC) at Mariscal
Estigarribia and Foz de Iguacu (Figs. 8g,h), at 0600
UTC followed by 0000 UTC in Cobija, and at 0000
UTC and at 1800 UTC Santa Cruz (Figs. 8e,f). Results
at Santa Cruz are consistent with the diurnal oscillation
documented by Salio et al. (2002) during the warm sea-
son. Figures 9a and 9b show that in Santa Cruz, LLJ
winds show a maximum of 14 m s—* between 0600 and
1200 UTC during the warm season, with the stronger
winds during the cold season occurring between 0000
and 0600 UTC. In Mariscal Estigarribia, the winds are
in general stronger than those in Santa Cruz, especially
during the cold season. Asin Santa Cruz, the maximum

near-surface winds are detected at 1200 and 0600 UTC
during the warm and cold seasons, respectively.

The larger variability for the preferred hour of SALLJ
occurrences detected in winter (Fig. 10c) may be another
indication that during this season synoptic-transient ac-
tivity (which in turn is not characterized by a clear di-
urnal cycle) is the main forcing mechanism for SALLJ
formation. On the other hand, the preferred nocturnal
or very early morning SAL L Joccurrence (between 0600
and 1200 UTC) over all the selected stationsin summer
suggests the influence of boundary layer mechanisms
in organizing this pattern during this season. As sug-
gested in theliterature, there is not an equival ent number
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of wintertime low-level jets in the U.S. Great Plains
(Berbery and Barros 2002).

Previous observational studies in Santa Cruz during
April 1999 (Douglas et al. 1999; Marengo et al. 2002)
have shown a maximum wind speed at 850 hPa between
0600 and 1200 UTC and a minimum around 1800 UTC.
However, the observations were made only twice a day,
and there is still some uncertainty over whether this
sampling time would catch the real daily peaks or not.
Theanalysis of wind profiles during the summer/autumn
of 1998 in Santa Cruz (Douglas et a. 1998) identifies
a deep and late afternoon (rather than shallow and early
morning) wind maximum at Santa Cruz, which is in
general agreement with studies based on 1 yr of sound-
ing data performed by Inzunzaand Berri (1980) in Salta,
Argentina (25°S, just east of the Andes). However, these
findings were based on twice-a-day observations of ra-
winsondes or pilot balloons and can hardly resolve the
diurnal cycle of the SALLJ. In comparison, the diurnal
cycle of the U.S. Great Plains LLJ was studied with a
network of rawinsondes with higher resolution in space
and time, showing maximum speeds at early morning
(0200 LST) (Anderson and Arrit 2001).

2) INTERANNUAL VARIABILITY

Time series of the frequency and intensity of SALLJ
episodes during 1950-2000 are shown in Figs. 10a and
10b for Santa Cruz during the warm season, and for
Mariscal Estigarribia during the cold season, as derived
from the NCEP-NCAR reanalyses. Figure 10 does not
suggest a clear signal between the occurrence of El Nifio
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or La Nifia and the number and the intensity of SALLJs
at both sites. During the period with available PACS-
SONET pilot balloons in Santa Cruz, the number of
SALLJ events during the strong 1998 El Nifio was 29,
and the La Nifia event of 1999 featured only 7 events.
The intensity of the winds based on the average for the
time with the maximum wind speed from the reanalyses
(0600-1200 UTC in Fig. 10b) shows that the strongest
events were observed during 1997-98 while the epi-
sodes during the middle 1980s and early 1990s were
relatively weaker.

Few studies using the PACS-SONET, reanalyses, and
regional modeling have suggested enhanced SALLJ ac-
tivity during 1998 as compared to 1999 (Douglas et al.
1999; Misra et a. 2000; Saulo et a. 2000; Vernekar et
al. 2003; Marengo et al. 2002; Lau and Zhou 2003)
exhibits substantial interannual variability. Both re-
analyses and observations suggest fewer episodes of
SALLJs in 1999 as compared to 1998, but the lack of
observations during other El Nifio events does not allow
for a general conclusion between the presence of El
Nifio and a more active SALLJ season. In this regard,
the scatter diagram in Fig. 11 shows the associations
between the annual Southern Oscillation index and SST
anomalies for the Nifo-3.4 region (5°S-5°N, 170°-
120°W) and the number of SALLJs during the warm
season NDJF in Santa Cruz for 1950—2000. The diagram
shows a somewhat moderate influence of El Nifio oc-
currences on the warm season SALLJ activity, and the
correlation coefficient (0.46, significant at the 95% lev-
el) suggests that approximately 20% [or R? as explained
in von Storch and Zwiers (1999, p. 154)] of the variance
in the number of SALLJ events can be explained by the
warming of the tropical Pacific due to El Nifio.

In order to identify the potential role of the SST of
the tropical oceans, and the SALLJ activity, Fig. 12
shows regression maps of the number of warm season
SALLJs detected in Santa Cruz and SST anomalies dur-
ing spring and early summer for the 1950—2000 period.
The maps show positive and statistically significant cor-
relations between the SALLJfrequency and SST anom-
alies in the Pacific Ocean, while the correlations in the
tropical Atlantic are very weak. However the correla-
tions barely surpass 0.4, implying that less than 20% of
the SALLJvariance can be explained by the SST anom-
alies in the tropical Pacific. The size of the correlations
indicates a more important role for tropical Pacific SST
anomalies during September (Fig. 12¢) as compared to
November (Fig. 12a) or even during January or Feb-
ruary (not shown).

The physical explanation of this is that warm SST
anomalies in the tropical Pacific excited an anomalous
east—west overturning with sinking motion and low-lev-
el easterlies in northern Brazil. These easterlies turn
southwestward when encountering the Andes, enhanc-
ing the SALLJ activity and increased rainfall was de-
tected over southern subtropical South America, while
the SACZ was weak. On the other hand, cold watersin
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the central equatorial Pacific feature a wakening of the
SALLJ and arainfall pattern that is associated with an
intensified and poleward-shifted SACZ. This situation
was more clearly observed during the 1997/98 EI Nifio
and 1998/89 La Nifa by Nieto Ferreiraet al. (2003) and
Zhou and Lau (2003).

In Mariscal Estigarribia, the cold season SALLJs do
not exhibit a consistent signal due to El Nifio, nor do
we have any statistics derived from PACS-SONET that
show greater or fewer SALLJs during the summertime
of the 1998 El Nifio or 1999 La Nifia of SALLJ events
detected at this site. The frequency of SALLJ events
(Fig. 10b) shows larger numbers of jets during 1965—
75 and 198595, approximately, with avery low number
of SALLJ episodes during the 1950s. The intensity of
the winds (mean of 0000—0600 UTC) shows a slight
positive trend, with strong SALLJ episodes (even
though less frequent) from 1995 to 2000.

The contrast between the increased number of SALLJ
episodes detected during the warm season of the EI Nifio
1998 and the smaller number of SALLJ episodes during
the 1999 La Nifia cannot be generalized to all El Nifio
or La Nifa events. Furthermore, this 1950—2000 cli-
matology of SALLJ events is based on products gen-
erated by the NCEP-NCAR reanalyses, and without ob-

servational evidenceitishardtovalidate SALL Jactivity
during other strong El Nifio or La Nifa years.

4. Validation of SALLJ episodes derived from
reanalyses

SALLJ episodes were identified from the PACS-SO-
NET pilot balloon profiles and from NCEP-NCAR re-
analyses for grid boxes nearest to PACS-SONET sites.
The focus is on Santa Cruz and Mariscal Estigarribia
along the main axis of the SALLJ, for 1998-2000 where
both the NCEP-NCAR reanalyses and pilot balloon ob-
servations were available. For Santa Cruz, Table 1
shows that for the summer of 1998 the number of ob-
served low-level jets was larger than that during 1999.
In January 1998, 10 LLJs were identified by the NCEP—
NCAR reanalyses while the PACS-SONET wind pro-
files showed 14 LLJ episodes. Both PACS-SONET and
NCEP-NCAR reanalyses profiles agreed during six of
those events. This agreement was also observed for one
episode in February 1998 and two episodes in March
1998. In 1999 fewer SALL J episodes were detected dur-
ing the summer season, as is shown by both the re-
analyses and PACS-SONET pilot balloons. The number
of missing observations during the period January—
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March 1999 is almost the same as in 1998 (46 in 1999
and 45 in 1998). In November 2000, the Santa Cruz
station became operational again, and even though we
have 60% of missing observations, two SALL Jepisodes
were detected from the observations while the reanal-
yses do not show any episode at all.

In Mariscal Estigarribia, pilot balloon observations
started at the end of 1999, and the percentage of missing
data is significantly large, more than 50% of the month
(Table 2). In December 1999, eight jet episodes were
detected from the PACS-SONET profiles and only one
of them was reproduced by the NCEP-NCAR reanal-
yses. In January 2000, with 20 days of observations,
seven jet episodes were detected, while the NCEP-
NCAR reanalyses did not show any SALLJ at al. The
numbers of jet episodes detected in both reanalyses and
observations for 2000 were: one in June, one in Sep-
tember, one in October, and four in December.

An analysis of the wind profiles during some episodes
of the SALLJ during 1998, 1999, and 2000 in both the
reanalyses and observations (Figs. 13a—f) suggests that
the reanal yses capture the position of the observed max-
imum low level winds ~850 hPa, even though the re-
analyses show a systematic underestimation especially
in the lower and middle atmosphere for both Santa Cruz
and Mariscal Estigarribia. There is a disagreement be-

tween the observed and NCEP-NCAR reanalysis de-
rived wind profiles, possibly due to errors in the data
quality control. Figure 13j shows that even though the
NCEP-NCAR reanalyses represent well the wind pro-
files, the observed maximum is almost twice the max-
imum wind derived from the reanalyses. The differences
may be due to (a) the station data being compared with
grid box data, (b) the PACS-SONET soundings showing
higher vertical resolution while the reanalyses are avail-
able for the mandatory vertical levels, and (c) the re-
analyses tending to smooth out what should be a sharp
vertical structure of the real atmosphere, therefore not
complying with Bonner criterion 1 and not depicting an
SALLJ episode that otherwise could be detected if the
reanalysis had higher vertical resolution. Since few or
no upper-air observations east of the Andes in the
SALLJregion have been assimilated into the model that
produced the reanalyses, it is possible that the reanalyses
in the SALLJ area better represent the modeled circu-
lation.

5. Discussion and conclusions

An analysis of the 1950-2000 four times daily
NCEP-NCAR reanalyses for the region east of the An-
des has provided a detailed climatological description
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TABLE 1. SALLJ episodes in Santa Cruz as detected by the NCEP-NCAR reanalyses and the PACS-SONET pilot balloon observations.
Bonner criterion 1 was applied to the wind profiles: X = SALLJ detected by Bonner criterion 1; black = none or incomplete observation
where Bonner criterion 1 cannot be applied; white = observations available but do not meet Bonner criterion 1 to qualify as an SALLJ.
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DayinNov2000 |1|2[3|4|5[6|78[9|10(11]12/13[14]15/16|17|18[19]20|21|22)|23 24|25 26|27 |28 29

DayinMar1999 (1|2 |34 [5(6 /7 8|9 [10(11(12|13|14(15[16(17(18]19]20(21[22|23)/24|25|26|27(28)|29|30|31
PACS SONET X X
NCEP-NCAR

DayinApr1999 |1 (2|3 |4 |5|6|7|8)|9(10(11/12({13]|14|15|16|17[18(19|20(21]22|23|24|25|26|27|28[29|30
PACS SONET XX
NCEP-NCAR

30




2278

JOURNAL OF CLIMATE

VoLuMmE 17

TABLE 2. Same as Table 1, except for SALLJ episodes in Mariscal Estigarribia.

Day/inNov1999 [ 1 [2 [3[4[5[6[7 [ 8] 9 [10[11][12[13]1a]15[16[17[18[19]20]21]22[23]24]25] 2627 [28[29]30]31
PACS SONET W H X H w X
NCEP-NCAR | | | | | ] |
DayinDec1999 |1 |2 |3 |4 |5 |6 |7 |89 [10[11][12][13][14]15[16[17[18 1920212223 24|25 26|27 28] 293031
PACS SONET X X | x X X [ x| x[x
NCEP-NCAR X
DayinJan2000 |1 |2 |3 |4 |5]|6 |7 |89 [10[11][12]13[14]15[16[17[18][19]20]21|22]23]24] 252627 28] 29[30]31
PACS SONET X X x [ x[x X X XH
NCEP-NCAR
DayinFeb2000 | 1 |2 |3 4|56 |7 |8 |9 [10[11]12[13[14]15[16[17[18]19]20]|21|22]23]24] 25|26 |27 |28
PACS SONET H X
NCEP-NCAR
DayinMar2000 |1 |2 [3 4|56 |7 [8]9[10[11]12][13][14]15[16[17][18]19]20]21]22]23 24|25 26| 27]28 293031
PACS SONET
NCEP-NCAR [ [ | [t rr x| | X | |
DayinApr2000 |1 | 2 |3 |4 |5]|6 |7 8|9 [10[11]12[13]1a]15[16[17[18]19]20]21|22]23]24] 25|26 |27 28] 29]30
PACS SONET
NCEP-NCAR X X

DayinMay 2000 | 1 | 2 |3 |4 |56 |7 [ 8] 9 [10[11[12[13[1a]15[16]17[18]19]20]21] 22|23 24| 25|26 |27 |28 [29|30]31
PACS SONET X
NCEP-NCAR | X | X X X
DayinJun2000 |1 |2 [3[a[5]6 78] 9]10[11]12]13][14]15[16[17][18]19]20]21[22] 232425 26]27]28]29]30
PACS SONET X | x
NCEP-NCAR X X X X X
DayinJul2000 |1 |23 [a |56 |7 ]8]|9[10[11]12]13]1a]15[16[17[18[19]20]21|22]23]24] 252627 [28]29]30]31
PACS SONET X X H
NCEP-NCAR | X X

DayinAug2000 |1 |2 |3 4|56 |7 [8]9[10[11]12]13[1a]15[16]17[18]19]20]21] 22|23 2425|2627 |28 29[30]31
PACS SONET X X
NCEP-NCAR X
DayinSep2000 |1 |2 [ 3[4 [5|6[7[8]9[10[11[12][13]1a]15[16]17]18[19[20]21]22]23[24]25]26]27 282930
PACS SONET X
NCEP-NCAR X X
DayinOct2000 |1 | 2 |34 [5[6[7[8]9[10[11][12[13[1a]15[16]17[18]19]20]21]22]23]24]25] 262728293031
PACS SONET X X [ x[x X
NCEP-NCAR i e Ix| | x| | [ | [ || | e e e e

DayinNov2000 |1 | 2|34 5|67 [8]9[10[11][12][13]1a[15[16]17[18[19]20]21]22]23]24]25]26]27 282930
PACS SONET | X %
NCEP-NCAR | X X
DayinDec2000 |1 |2 [3 4567 [8]9]10[11]12]13][14[15[16[17][18]19[20]21[22]23 |24 [25]26]27]28 293031
PACS SONET X | x| x X | x
NCEP-NCAR X X X [ x| x[x[x

of the SALLJ, regarding its time and space character-
istics. Patterns are stronger when the SALLJ condition
is satisfied both over Santa Cruz and over Mariscal Es-
tigarribia. The low-level circulation associated with the
composites of SALLJs during summer shows the inten-
sification of the typical mean summertime circulation
features, specifically the low-level flow east of the An-
des and the enhanced meridional moisture transport
coming from tropical South America, which is stronger
than that of the mean summer season. The upper-level
circulation shows awave train emanating from the west-
ern Pacific near Australia—New Zealand, propagating
toward South America, and moving to the northeast after
reaching the southern tip of the continent. The inten-
sification of the SALLJ over Santa Cruz follows the
establishment of an upper-level ridge over southern Bra-
zil and atrough over most of Argentina, with the pattern

reaching somewhat larger amplitudes for SALLJs de-
tected in northern Paraguay.

SALLJ episodes are detected all year long, with 75%
of the cases detected during NDJF along the axis of the
SALLJ near Santa Cruz, and 25% occurring predomi-
nantly during spring and autumn. In Mariscal Estigar-
ribia, located near the exit region of the SALLJ, 45%
of the cases were detected during MJJA and 29% during
November—December. While virtually no LLJs are de-
tected in the U.S. Great Plains during the cold season,
SALLJepisodes can be detected during winter too, even
though the moisture content of the air masses is lower
than during the warm season. During the warm season,
the height of the core of the jet east of the Andes (~12
m s7%) is ~850 hPa at 62°W, with a shallow and rel-
atively weaker (~4 m s—*) second jet near the Brazilian
Planalto (~40°W). Strong SALLJeventswereidentified
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as those occurring both in Santa Cruz and Mariscal Es-
tigarribia, and during the warm season. More frequent
wintertime SALLJs are related to the intensity and po-
sition of the subtropical Atlantic anticyclone. In this
case, the source of moisture is the tropical and sub-
tropical Atlantic, during the summertime SALLJ. The
most important source is the northeast winds deflected
to the southwest, with enriched moisture content pro-
vided by the Amazon basin, with a less pronounced
secondary moisture supply coming from the subtropical
Atlantic Ocean.

At interannual time scales, even though there have
been more frequent and stronger SALLJ episodes iden-
tified during the 1998 El Nifio as compared to the 1999
La Nifa, there is no strong statistical evidence that sug-
gests that more SALLJ episodes are detected during El
Nifio years or less strong or frequent SALLJsduring La
Nifia years. Of course, the low percentage of the vari-
ance of the SALLJ explained by tropical Pacific SST
anomalies indicates that other factors make important
contributions to this variability, factors such as the as-
similation of satellite data or some other nonmeteorol-
ogical causes. Given the uncertainties in the ability of
the NCEP-NCAR reanalyses in studying interannual
variability of the SALLJ due to changes in assimilation
techniques and the introduction of satellite data during
the late 1970s, we analyzed the circulation features and
the number of SALLJ occurrences in Santa Cruz during
1950—2000 and 1979-2000 and we have not noticed
any significant difference in the low-level circulation
features or the frequency of SALLJ cases that could be
attributed to changes in the data ingested into the re-
analyses.

The reanalyses for the SALLJ region east of the An-
des are produced by model output in a region where
few observations are assimilated by the model. Thus, it
is possible that the reanalyses show only the circulation
features generated by the model. In any case, we use
the wind at station level from PACS-SONET compared
with the wind from a 250 km X 250 km grid box to
explain this underestimation. It should also be pointed
out that the observations provided by PACS-SONET
exhibit many discontinuities. This fact suggests that re-
sults from this dataset should be interpreted cautiously.

While the reanalyses show some success in depicting
the structure and characteristics of the SALLJ as well
asitsvariability in time, they do show some limitations
in reproducing the diurnal cycle or the interannual var-
iability. This is due in part to the lack of continuous
upper-air observations in time and space that are assim-
ilated by the NCEP-NCAR model to generate the re-
analyses, and it is necessary to validate these results
with alarger and better observational network. The Bon-
ner criterion 1 applied to either upper-air stations or to
the grid box closest to the stations using the reanalyses
products helps to identify an SALLJ by taking into ac-
count the low-level wind speeds and wind profiles.
However, this criterion does not specify the character-
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istics of the air mass, thus allowing SALLJsin summer
and winter and from tropical and subtropical sources.
The discrepancy between the diurnal cycle derived from
the surface-upper-air observations and the NCEP-
NCAR reanalyses indicates the need for more obser-
vations, and a more accurate evaluation of the diurnal
cycle will be accomplished through a dense network of
observations at least four to six times per day. This has
been one of the major objectives of the South American
Low Level Jet Experiment (SALLJEX) that took place
during the austral summer of 2002/03, as part of the
Variability of South American Monsoon Systems (VA-
MQOS) project.
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