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ABSTRACT: Positive trends in annual rainfall in the La Plata Basin (LPB), south of 20°S observed in the last four
decades of the twentieth century were not reversed and became more statistically significant when calculated until 2005.
These trends were part of a more general change in the monthly precipitation distribution including extreme precipitation.

Precipitation in dry and extremely dry months (below the 35th percentile) has been decreasing in the whole LPB region
south of 22°S. On the contrary, precipitation in the above normal (between the 65th and 90th percentile) and the extremely
high rainfall (above the 90th percentile) ranges has been increasing accounting for most of the annual precipitation trends.
More than a steady trend, there has been an abrupt change in extreme monthly precipitation concentrated between 1977
and 1983.

The analysis of intensity and frequency of extreme events was done fitting Generalized Extreme Values (GEV) and
Poisson distributions. Each distribution was fitted with and without trends in the location parameter and tested to determine
the best fit in each case. The regions where GEV with a positive trend was the best fit coincide with areas affected
by extensive floods during the last decades. Spatially aggregated results highlight the signal of change towards higher
maximum monthly precipitations for a wide span of return periods.

The atmospheric circulation associated with cases where extreme monthly precipitation was observed in most of the
stations was studied through the integrated water vapour transport in the lower troposphere and its associated divergence.
During warm months, an intense northern low-level water vapour flow with two convergence nuclei, one over eastern
Argentina, southern Brazil and Uruguay, and the other over western Argentina, along with a weakened south Atlantic
Convergence Zone was associated with the more extreme precipitation months favouring the occurrence of Mesoscale
Convective Systems. Copyright © 2011 Royal Meteorological Society
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1. Introduction Long periods of copious rainfall in LPB leading to
extreme discharges were documented by Bischoff et al.
(2000) for the Uruguay River, Camilloni and Barros
(2003) for the Parana River, and Barros et al. (2004) for
the Paraguay River. They found, as other authors did (i.e.
Berri et al., 2002), a strong relationship between extreme

discharges and the El Nifio phase of ENSO, which is

The La Plata Basin (LPB), the fifth largest in the world,
extends over five South American countries: Argentina,
Bolivia, Brazil, Paraguay and Uruguay (Figure 1). In
most of the LPB, large-scale slopes are very small and
even in the sub-basins of the Upper Parand and Uruguay

Rivers — where they are bigger — they do not exceed
0.3 m/km (Coronel et al., 2006). Hence, when high and
extensive rainfall anomalies persist during some months,
the combination of broad extensions and small slopes
favours river overflows for many months. Lingering
floods also take place in the southern part of the basin
over the Argentine plains, not only from overflows of
rivers and brooks but also from stagnation of the excess
water in plains with very small drainage (Latrubesse and
Brea, 2009).

* Correspondence to: Moira E. Doyle, Dto. Cs. De la Atmdsfera y los
Océanos, Ciudad Universitaria. Pabellén II, 2do piso, 1428. Buenos
Aires. Argentina. E-mail: doyle@cima.fcen.uba.ar
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consistent with the association between the El Nifio
phase and extreme precipitation events in the region (e.g.
Grimm et al., 2000; Ropelewski and Bell, 2008; Grimm
and Tedeschi, 2009). Floods have also been studied in
connection with other slow varying climate forcings such
as the Atlantic sea surface temperature (Camilloni and
Barros, 2004; Muza et al., 2009). Although no explicit
time scale was formulated in the abovementioned studies,
the relationship between floods or extreme discharges and
extreme precipitation events was documented at monthly
and sometimes seasonal scale.

During the last decades, the media has repeatedly
reported flood-related news in the LPB region. In fact,
mean river discharges showed a remarkable increase as
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Figure 1. Precipitation stations. In the lower right corner the LPB
contour and the area are depicted in the main panel. Circles show
the northern (N), central (C) and southern (S) LPB regions.

well as the frequency of extreme discharges did since
the 1970s (Garcia and Vargas, 1998; Camilloni and Bar-
ros, 2003). This trend can be linked to a similar trend
in monthly precipitation extremes. However, until now,
the few regional studies dealing with extreme precipi-
tation focused on the daily scale. For instance, Re and
Barros (2009) analysed the daily extreme precipitation
events over central and northeastern Argentina and over
southern Brazil finding positive trends in extreme pre-
cipitation frequency events in a region covering most of
central Argentina and part of southern Brazil. Penalba
and Robledo (2009) also studied extreme daily precip-
itations over much of Argentina and parts of Uruguay,
Paraguay and southern Brazil using percentile analysis,
and concluded that there was a trend towards an increase
in heavy daily rainfall events (above the 75th percentile)
over roughly the same areas found by Re and Barros
(2009).

Therefore, one objective of this paper is to analyse
the trends in the distribution of the aggregated monthly
precipitation over most of LPB (south of 22 °S) during the
second part of the twentieth century with special focus on
the extreme precipitation months, given their implications
on regional floods. North of 22°S, the scarce data does
not allow making trend analyses for that period.

In addition, the paper explores the low-level circulation
features predominant in months with extreme precipita-
tion and its relation with Mesoscale Convective Systems
(MCS).

These systems are generally associated with heavy pre-
cipitation and are frequent in the LPB region accounting
for 60—80% of the annual precipitation over a great part
of the region (Nesbitt ef al., 2006).

2. Data and methodology

Daily precipitation time series were obtained from the
National Weather Service of Argentina, the National
Meteorological Direction of Uruguay, and the Agéncia
Nacional de Aguas (ANA) of Brazil, and were aggre-
gated to obtain monthly totals. Only those stations with
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less than 0.5% of missing daily data in the January 1960
to December 2005 period (46 years), namely 47 stations,
were retained for further elaboration. The station loca-
tions are displayed in Figure 1.

Percentiles of monthly precipitation series for each
station were calculated using an empirical distribution
function with averaging method on the series of pre-
cipitation that includes monthly totals of all months.
The percentile ranges defined from this distribution do
not have the same probability of occurrence throughout
the year, since monthly totals of rainiest months will
preferably accumulate in the higher percentile ranges,
while totals of the driest months will preferably accumu-
late in the lowest percentile ranges in such distribution.
Five different ranges were chosen: below the 10th per-
centile (extremely dry months), between the 10th and
the 35th percentile (dry months), the 35th and the 65th
percentile (about normal months), the 65th and the 90th
(above normal months), and above the 90th percentile
(extremely high rainfall months). Then, for each year, the
monthly rainfall amounts falling within each range were
added, and the linear trends for each range of each sta-
tion were calculated applying a linear regression model.
The regression coefficients were tested through a z-test
(Darlington, 1990). In addition, to assess if the number
of months within each range had varied throughout the
period analysed, the frequency of months within each
range for each year was calculated and a linear trend
was fitted to each of these series and tested for statistical
significance.

There are two well defined rainfall regimes in the LPB
(Grimm et al., 2000). In one case, monthly averaged
precipitation has small variations along the year with no
distinct dry season. This regime is observed in the N
area of Figure 1, and also in Brazil, south of this area,
and in northeastern Argentina. In the northern part of the
LPB and in western Argentina, instead, the precipitation
regime is monsoonal with a pronounced maximum in
summer and spring and a minimum in winter and
autumn. However, in the boundaries of these two regions,
and even inside them, there are important seasonal
variations in the annual regime. Hence, it is likely that
trends in the distribution of the aggregated monthly
precipitation vary with season. Therefore, percentiles for
the January—February—March (JEM), April-May—June
(AMJ), July—August—September (JAS) and October—
November—December (OND) series were calculated and
then the total rainfall within each range was added for
each season of each year, computing and testing their
corresponding linear trends.

The presence of jumps in the annual extreme precip-
itation series was analysed for each station using the
Mann-Whitney-Pettitt test (Pettitt, 1979), which has been
used in previous works and shown to be an appropriate
tool for this kind of analysis (Kiely, 1999; Franks, 2002).
Basically, this method splits time series of length T into
two sub-samples (xy,...,x, and x;y, ..., X7, in which
time ¢ represents the most significant changing point of
the time series). The advantage of this method is that it

Int. J. Climatol. (2011)



TRENDS IN MONTHLY PRECIPITATION OVER THE LA PLATA BASIN

gives a statistical probability for the changing point as
well, so the significance of the change can be assessed.
A detailed description of the mathematical formulation
of the method is given in Kiely (1999).

To relate the occurrence of extremely high monthly
precipitation to particular features of the atmospheric
circulation, months were ranked, in each season, accord-
ing to the number of stations exceeding their respec-
tive 90th percentile (extremely high rainfall months).
The ten months with larger number of stations in the
extremely high precipitation range were chosen to com-
pose the water vapour fluxes vertically integrated from
1000 to 700 hPa. The vertically integrated horizontal
water vapour flux Q is defined as:

1 [P
Q=—/ V xqdp (D
8 Jp

t

where V is the mean horizontal wind vector, g is
the mean specific humidity, p, is 700 hPa, and p;y,
surface pressure. Then, the anomalies of the monthly
water vapour flux and its divergence with respect to
their respective trimester long-term mean were calcu-
lated. Monthly surface pressure and the horizontal wind
and specific humidity fields between 1000 and 700 hPa
were obtained from the National Centers for Envi-
ronmental Prediction-National Center for Atmospheric
Research (NCEP-NCAR) 40-Year Reanalysis Project
(Kalnay et al., 1996).

3. Results
3.1.

Annual and, in some areas, seasonal positive rainfall
trends in southeastern South America during the last
decades of the past century were documented in previous
studies (i.e. Barros et al., 2000, 2008; Haylock et al.,
2006; Doyle and Barros, 2011). The issue is revisited
briefly in this subsection, updating results till 2005, as a
background for the percentile trends study.

Linear trends calculated on the annual precipitation
series are displayed in Figure 2, highlighting those that
are significant at the 5 and 10% confidence levels. All
stations show positive trends with values above 5 mm
yr~! in almost the whole region east of 60°W, and
a maximum exceeding 8 mm yr~! over northeastern
Argentina and southern Brazil. Many of these trends
are significant at either the 5 or 10% confidence level,
indicating that the upward trend in precipitation over the
area is generalized.

In previous studies (Barros et al., 2008; Doyle and
Barros, 2011), the spatial pattern of trends was similar
to the one depicted in Figure 2, though with negative
trends in the Upper Parand Basin, and in some parts of
the Pantanal regions that are not analysed here.

In the present analysis, extended until 2005 (Figure 2),
the number of stations with significant positive trends is
higher than in Barros et al. (2008). Thus, trends in rainfall

Background: total precipitation trends
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Figure 2. Linear trends of annual precipitation series. Stations where
trends are significant at the 5 and 10% levels are shown in black
triangles and gray circles, respectively. Values are in mm yr—!

over the central and southern part of LPB of the last four
decades of the last century have become more generalized
and were not reversed when calculated including the first
five years of the twentyfirst century.

3.2. Percentile trends of the aggregated monthly
precipitation

The 10th, 35th, 65th, 90th and 100th percentiles of
the monthly precipitation for each station are shown
in Figure 3(a—e). For each year, the monthly rainfall
amounts falling in each range were added and their linear
annual precipitation trends and statistical significance
calculated (Figure 3(f—j)).

In the extremely low precipitation range (Figure 3(f)),
most of the stations had negative trends (31 out of 47),
with a few exceptions located in the northern part of the
domain and over central-western Argentina. This pattern
is also visible in the dry range (Figure 3(g)), in which
almost all the stations had negative trends, and many of
them were significant at the 10% and some at the 5% con-
fidence level. The near-climatology range (precipitation
falling between the 35th and the 65th percentiles) shows
a pattern of positive trends in the east of the domain
and negative ones over most of Argentina (Figure 3(h)),
while the above-normal (Figure 3(i)) and extremely high
rainfall ranges (Figure 3(j)) are characterized by posi-
tive trends in almost all stations, many of them sta-
tistically significant. The above-90th percentile range
trends reach up to 12 mm yr~! over southern Brazil near
the border with northern Argentina. Values in Figures 2
and 3 indicate that the above-normal and extremely high
monthly precipitation trends over the LPB, south of 22°S,
accounted for most of the total annual precipitation trends
during 1960-2005, Though the lower percentile ranges
had negative trends, they were smaller and were far from
compensating the positive trends of the upper percentiles.

The annual pattern of trends in the upper range per-
centiles comes primarily from the spring (Figure 4(f-j))
and the autumn (Figure 4(p-t)) trends. In summer and
winter, the trends are in general smaller than in the transi-
tional seasons, and their spatial pattern is noisy with even
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Figure 3. Monthly precipitation (a) 10th; (b) 35th; (c) 65th; (d) 90th and (e) 100th percentile (mm); and annual precipitation linear trends for
monthly precipitation ranges: (f) below the 10th; (g) between the 10th and the 35th; (h) the 35th and the 65th; (i) the 65th and the 90th and
(j) above the 90th percentile in mm yr~!. Significant trends at the 5 and 10% levels are shown as black triangles and grey circles, respectively.
The seasonal dependency in the chosen precipitation in the chosen precipitation percentiles was not taken into account, and therefore, the defined

e i G Wi 38 = 32 o 4 e
-2 =17
) 4~
-244, [/
-, o
& S
26 R *
281" . B /
N /
ail (—f
-32 =
34 -3 Gu (J)
=36 /F_"\ =

: 3 et i —— —
-6 -64 -62 -60 -5 -56 -54 -52 -50 -48 -46

percentile ranges do not have the same probability of occurrence throughout the year (in Section 2).
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negative trends in many areas. Also, in the lower per-
centile ranges, spring and autumn contribute more to the
small negative trend than winter and summer; in winter,
these ranges have positive trends in most of the region,
and in summer, trends are small and spatially noisy.
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Trends in monthly precipitation percentile ranges can
be caused either by a trend in the frequency of cases
within each range or in the average amount of precipita-
tion within the range, or by both. To explore this issue,
the changes in the annual frequency of months in each
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Figure 4. As in Figure 3(f—j), but for winter months (July—September) (a—e) panels, spring months (October—December) (f—j) panels, summer
months (January—March) (k—o0) panels, and autumn months (April-June) (p—t) panels.
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Figure 4. (Continued).

precipitation percentile range are shown in Figure 5. It
can be seen that, in general, the pattern of these trends is
similar to that of the precipitation amounts discussed ear-
lier: the low-precipitation months became less frequent
along the period, while months with high precipitation
became more frequent. The largest increase in the fre-
quencies of months with extremely high precipitation was

Copyright © 2011 Royal Meteorological Society

in a few stations in the far southern portion of the domain
and some in southern Brazil; in both areas, there are sta-
tions with upward trends that resulted in an increase of
about 1-2 cases in the 46-year period (Figure 5(e)). Since
the expected number of cases in the upper 10th percentile
for this period is 55, this implies that the increase in the
frequency of months with extremely high rainfall should

Int. J. Climatol. (2011)
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Figure 5. Changes in the annual frequency of months in each range of monthly precipitation resulting from a linear trend in the 46-year period,

(a) below the 10th; (b) between the 10th and the 35th; (c) the 35th and the 65th; (d) the 65th and the 90th and (e) above the 90th. Significant

changes at the 5 and 10% levels are shown as black triangles and grey circles respectively. The seasonal dependency in the chosen precipitation

in the chosen precipitation percentiles was not taken into account, and therefore, the defined percentile ranges do not have the same probability
of occurrence throughout the year (in Section 2).

be in the order of 2% and no more than 4%. In the area
with an upper limit of about 800 mm in the extreme rain-
fall range (Figure 3(e)) a 4% increase in the frequency
of events explains only less than a 32-mm increase in
precipitation for the whole period, against the observed
increment of 1 to about 10 mm per year during 46 years
(Figure 3(j)). It can be concluded that the increase in
rainfall in the upper 10th percentile range of monthly
rainfall was basically owing to higher precipitation in
this range with only a small contribution from the higher
frequency of months with rainfall in this range.

This result does not necessarily imply that heavy
daily rainfalls became only more intense and not more
frequent. In fact, more frequent heavy two-daily rainfall
was reported by Re and Barros (2009) for part of the
region, but they can only produce more extreme values
in monthly rainfall and not necessarily more frequent
extreme rainfall months, indicating no major variations
in the seasonality of these rainfalls.

3.3. Jumps or trends in rainfall distributions

Barros et al. (2000, 2008) have shown that in the case of
northeastern Argentina and eastern Paraguay, rather than
a trend, there was a jump in the mean value after 1980, in
phase with simultaneous changes in two ENSO indexes,
the SST at El Nifo 3.4 region and the SOI and although
more to the south they found a steady trend in the annual
rainfall. Here the possibility of jumps was explored also
to the north and south of that region.

Figure 6 shows adjusted Gamma Distributions of
monthly rainfall for the spatial average of the three
groups of stations corresponding to the regions shown in
Figure 1 for three sub-periods: 1960—1975, 1975-1990
and 1990-2005. The mean value reflects a jump from
the first to the second period only in region C, consistent

Copyright © 2011 Royal Meteorological Society

with results from Barros et al. (2000, 2008). As expected,
according to results of section 3.2, in the three regions
there was a reduction (increase) of frequencies below
(above) the mean value, with a more noteworthy change
in the more extreme values in the case of the northern
(N) and central (C) stations. These changes in regions N
and C took place from the first to the second period with
little change afterwards, indicating that an abrupt change,
rather than a progressive trend, took place in the monthly
precipitation distribution.

An analysis of possible jumps in extreme monthly
precipitation was performed to identify the changing
points in the series of highest monthly precipitation of
each year. The stations with positive changing points in
the annual maximum monthly precipitation were 42 while
only 4 had a negative changing point in years 1966, 1973,
1976 and 1984. In 16 stations, namely in 1 out of 3,
the significance associated with the changing points to
a greater maximum monthly precipitation was at 90%
level or higher. Most of the positive changing points, 26
out of 42 took place between 1977 and 1983 (Figure 7),
indicating that during those years there was an abrupt
increase of the maximum monthly precipitation in the
majority of the stations. Furthermore, the stations with
positive jumps in the maximum monthly precipitation
are spread all over the region of the LPB that was
analszed here. Therefore, although these jumps took place
around the same years as in the case of the annual mean
precipitation, their spatial extension was considerably
greater.

3.4. Extreme value analysis

To further explore extreme monthly precipitation an
extreme value analysis was performed. Monthly extreme
precipitation was studied fitting rainfall time series of

Int. J. Climatol. (2011)
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Figure 6. Gamma Distribution of monthly precipitations fitted for peri-

ods 1960-1975, 1975-1990 and 1990-2005 averaged for (a) the N;

(b) C; and (c) S regions shown in Figure 1. The seasonal dependency

in the chosen precipitation in the chosen precipitation percentiles was

not taken into account, and therefore the defined percentile ranges do

not have the same probability of occurrence throughout the year (in
Section 2).

each station to the Generalized Extreme Values distribu-
tion (GEV;Coles, 2001),

J—=

G(z) =exp —(l—i—y-%)_ 2)

where p is the location parameter (conceptually simi-
lar to the mean in a normal distribution), o is the scale
parameter (similar to the standard deviation), and y is
the shape parameter, which determines the tail behavior

Copyright © 2011 Royal Meteorological Society

of the distribution. To fit the GEV distribution, data was
grouped into blocks of the same length and the largest
value in each sub-sample was considered for the analy-
sis (Block Maxima Approach (BMA)). In this case, the
month with the highest rainfall amount of each year
was considered, leading to a series of 46 values for
each location. GEV distributions were fitted, with and
without linear trends in the location parameter and then
tested through a likelihood-ratio test (Nadarajah, 2005) to
determine whether or not the fit with the trend was sig-
nificantly better than the one with no trend (Coles, 2001).

Results of the GEV analysis are shown in Figure 8.
None of the stations fits to a GEV distribution with a
negative trend in the location parameter. Although the
majority of the stations fit better to the GEV distribution
without trend in the location parameter, in more than a
third of the series, 17 out of 47 — mainly over central
Argentina, and also over southern Brazil — the model
with the linear trend is significantly better. It is worth
noting that the stations in central Argentina where there
was a positive linear trend in the GEV location parameter
are located in areas that have suffered from extensive
plain or river-related floods during the last part of the
twentieth century and also early this century (Latrubesse
and Brea, 2009). It is also the case of the stations in
the Upper Parand Basin between 23°S and 28°S, an
area where most of the streamflows that led to floods
downstream originated during the last decades (Camilloni
and Barros, 2003).

The stations with best fit of the GEV to a linear trend
in the location parameter (triangles in Figure 8) are also
stations with significant trends in the annual precipitation.
In Argentina, seven of nine stations with a GEV best
fitting with a linear trend coincide with stations with
significant trends in annual precipitation, while in Brazil
the coincidence is six out of eight. This is consistent
with the fact that most of the annual precipitation trends
are explained by the monthly precipitations of the upper
percentile ranges as shown before.

The fact that 64% of stations did not adjust best to
a GEV distribution with a positive trend included can
be explained by a lack of significance in the otherwise
vigorous trends in the extremely high precipitation range
(Figure 3(j)). The poor statistical significance of extreme
monthly precipitation may be due to the high variability
of the heavy convective precipitations, which in south-
eastern South America is the major fraction of annual
precipitation (Nesbitt et al., 2006).

Since the monthly precipitation maximum of every
year showed a generalized jump in the 1977-1983
period, its implications on the maximum monthly precip-
itation corresponding to a wide range of return periods
were explored. The GEV distribution was adjusted for
each station to monthly maximums for three different
periods: before the time of the generalized jump, namely
1960-1975 and for two subsequent periods, 1976—1990
and 1990-2005.

The percentage of stations showing an increase in the
maximum monthly precipitation expected for a given

Int. J. Climatol. (2011)
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Figure 8. GEV distribution fit to each precipitation series. Triangles

indicate stations which fit best to a GEV distribution with a positive

trend in the location parameter, and the equal signs indicate stations
adjusting best to a no-trend approach.

return period is shown in Table I. It can be seen that,
in most stations, there was a positive jump in this
maximum precipitation from the first to the second
period, roughly in 80% of the stations for return periods
from 2 to 20 years and about 65—-70% for longer return
periods. On the other hand, the number of stations
with increased maximum monthly precipitation from
the second to the third period is lower for all return
periods and about 50%, the expected frequency in the
case of no change, for return periods of 10 years or
more.

The jump from the first to the second period is more
visible when the maximum level corresponding to each
return period is averaged over all stations (Figure 9).
The average of the maximum monthly precipitation val-
ues during the first period (1960—1975) were smaller
for all return periods than in the two other periods,
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Table I. Percentage of stations with an increase in the amount
of the precipitation level for the return periods as shown.

Return period 1990-2005 1990-2005

(years) with respect to with respect to
1960-1975% 1975-1990%

2 77 64

3 81 60

5 81 57

10 81 53

15 81 53

20 77 53

25 72 53

30 74 51

50 70 49

60 70 49

70 66 49

100 64 49

150 66 51

while the differences between the second and third peri-
ods are very small. Considering only the 1960-1975
period, the once-in-a-century monthly extreme precipi-
tation was about 460 mm, while using data from any
of the two other periods leads to a value of nearly
620 mm. The close proximity of the 1975-1990 and
1990-2005 curves confirms the jump in the maxi-
mum annual values observed at the beginning of the
1975-1990 period.

Figure 10 shows the range of differences in the maxi-
mum monthly precipitation computed for selected return
periods and for all stations, using GEV parameters
derived for the periods 1960—1975 and 1975-2005. It
can be seen that the median over the stations is always
positive and, although there is a large spread among the
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Figure 9. Return levels (in mm month™!) for different return periods

(in years) as derived from GEV fits in periods 1960—1975 (solid gray

line with circles), 1975-1990 (dashed gray line with triangles), and
1990-2005 (solid black line with squares).
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Figure 10. Box plot of the difference in return levels derived from GEV

data for the period 1975-2005 minus 1960-1975 for the 47 stations

used in this study. Boxes have lines at the lower quartile, median and

upper quartile values, and the outside whiskers show the extent of the

data (i.e. the extreme changes among all the stations considered in the
analysis).

different stations, particularly for large return levels, there
are more stations with an increase in the return level for
all return periods. The higher frequency of extreme events
does not explain the higher total precipitation, as already
discussed, but it has, however, an important practical
importance for engineering and water resource manage-
ment. In fact, overlooking the presence of this important
change in extreme precipitations has led, in some cases,
to erroneous decisions in the water management (Cdmara
Argentina de la Construccién, 2003).

To analyse the frequency of extreme events, a Poisson
Distribution (PD) was fitted to the annual frequency of
monthly precipitation over a threshold. Its distribution
function can be written as

e)h_)\‘x
x!

Fx) = 3
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Figure 11. As in Figure 8, but for the Poisson distribution and with a
positive trend applied to the A parameter.

with A being at the same time the mean and variance of
this distribution.

PD analysis was similar to that of GEV, although in
this case the analysis was for exploring trends in the
frequency of occurrence of extreme precipitation. The
90th percentile was chosen as the threshold above which
events were considered for the PD analysis. Figure 11
displays the stations to which PD fits best with and
without a linear trend in the A parameter. None of the
stations fits well to a PD with a negative trend, but
very few stations display significant positive trends in
the frequencies of extremes, while the rest show no trend
in the frequency. This indicates once again that, over
most of the region, the positive trends of the annual totals
corresponding to monthly rainfalls in the extremely high
rainfall range are mainly because of increasing monthly
precipitation within this range rather than to a raise in the
frequency of these extremely rainy months.

3.5. Atmospheric circulation anomalies related
to extreme monthly precipitations

The number of stations in the region that exceeded its
90th percentile varied from 31 of the 47 stations in the
rainiest region-wide month (December 1965) to 22 of
the 47 stations in the 10th rainiest month (April 1986).
Of these ten months, four were in November—December,
three in January and four in April-May. It is worth
mentioning that, although in most of the stations used
in this study January is not the rainiest month, it was,
however, the month with more cases in the top ten with
more stations over the 90th percentile. When the 20 top
months are ranked with the same criterion, there are
cases in all calendar months, except August These results
indicate that while the more extended events over the
region of extreme monthly precipitations may occur at
any time in the year, there is however a bias towards the
warmer months.

Monthly precipitation extremes generally result from
several precipitation events that are likely embedded
in a circulation that favours warm and humid advec-
tion (moisture influx from the tropical continent) and
dynamic lift over the region. Hence, the composite of
the 1000-700 hPa integrated moisture flux anomaly and
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Figure 12. 1000-700 hPa vertically integrated water vapour flux composite anomaly, of the composite of the months with most stations

exceeding their corresponding 90th percentile (vectors, mm m s~'), and associated horizontal divergence (shaded, in 107> mm s~!). Regions

with topography above 1500 m are blanked out, (a) December 1965 and 1991 and November 1982 and 1986, (b) January 1970, 1990 and 2001,
and (c) April 1986 and 1998, and May 1983.

its associated divergence field for the 10 months in which
the largest number of stations in the region exceeded the
90th percentile were calculated and composed in three
groups, November—December, January and April-May
(Figure 12).
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It can be seen that during these warm months (Novem-
ber, December and January) (Figure 12(a—b)), there is an
enhancement of the horizontal moisture convergence over
most of the subtropical continent, east of the Andes and
south of 25°S. There are two nuclei of convergence: one
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in the eastern part of LPB, where most of the stations
that are used in this study are located, and the other
along western and central Argentina. The first nucleus of
convergence is in the path of an enhanced low-level water
vapour flux from the northwest, very much as in the cases
in which the South Atlantic Convergence Zone (SACZ)
is in its weak phase (Nogués-Paegle and Mo, 1997). In
fact, over Brazil, in the region where in the case of the
strong phase of the SACZ an eastward low-level flow
coming from the Amazon prevails, there are dominant
westward anomalous flows and anomalous divergence;
these features extend also into the SACZ region itself
(Figure 12). These features are a relevant part of the
regional intraseasonal variability, but are also seen at the
interannual time scale (Doyle and Barros, 2002; Grimm
and Zilli, 2009).

Another feature of the extremely rainy-month compos-
ite of these months, which is not always in the weak
phase of the SACZ, is a second nucleus of convergence
over northwestern and central Argentina in the path of
the western part of the low-level moisture flux that has a
southward direction along central Argentina. In this west-
ern region, very few stations enter into this study, and
therefore, the convergence in the composite field results
from an indirect connection with extreme rainfall months
in the eastern nucleus. This feature is consistent with the
first and second modes of the interannual variability of
summer precipitation found by Grimm and Zilli (2009;
in their Figs. 3a, c¢) and also with the wind field corre-
lation with the first summer mode of precipitation (their
Figure 8b).

One possible explanation of the connection between
the low-level convergence of moisture in western
Argentina with the composite of more rainy months
in southeastern South America is that extreme rainfall
months in this region result from the occurrence of MCS
that generally originate in western and central Argentina
in the eastern slopes of the mountains that run parallel to
the Andes, west of 65 °W, and then move eastwards (Salio
et al., 2007) accounting for about 60% of the annual
precipitation of the region (Nesbitt er al., 2006). The
occurrence of MCS is highly correlated with the events
of the Low Level Jet (LLJ), which sometimes is embed-
ded in the northern flow branch during the weak phase of
the SACZ (Nicolini et al., 2002). More specifically, Salio
et al. (2007) found that the MCS developing over cen-
tral and northern Argentina associated with LLJ events
were accompanied by two areas of maximum moisture
flux convergence: one over northeastern Argentina and
southern Brazil, and a secondary one centred over west-
ern Argentina at about 65 °W (their Fig. 8). This suggests
that these individual events also have a signature in the
monthly mean field, given that the convergence pattern
shown in Figure 12 is very similar to that MCS-related
field.

The frequency of MCS during months with greater
number of stations over the 90th precipitation percentile
was estimated from the GOES satellite imagery database
of NOAA (available at http://www.ncdc.noaa.gov/gibbs/)
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identifying the region of their origin, whether they origi-
nated east or west of 60 °W (which is roughly the merid-
ian that separates the two convergence nuclei; Figure 12).
Since December 1965 and January 1971 could not be
considered in this analysis because geostationary imagery
was not yet available in those periods, only five months
of the top ten remained for this analysis. Therefore, to
gain more representativeness, the three following cases
were added: namely February 1984, December 1997 and
March 2002. A total of 72 MCSs were identified, with
an average of 9 MCS per month, which is a high rate of
almost one every three days. Of the 72 MCS, 52 devel-
oped west of 60°W and then moved eastward, towards
the region east of 60°W, while 19 systems originated
and reached their maximum intensity east of 60 °W. Only
one MCS formed and dissipated west of 60°W. Thus,
there was a predominant pattern in which MCS developed
over the mountain region of central and northwestern
Argentina and then moved eastwards, as also suggested
by the moisture flux anomalies convergence fields for the
warm semester (Figure 12(a—b)).

As a conclusion, it can be said that during the warm
part of the year, extremely rainy months over eastern
Argentina, Uruguay and southern Brazil occur when the
SACZ is weaker and there is a convergence of low-
level moisture flux, not only over the east of LPB, but
over northwest and central Argentina that favours the
formation of MCS.

During cold season, the SACZ is inactive, and the
higher precipitation over the region tends to develop over
Uruguay and southern Brazil, related to the passage of
cyclonic perturbations and cold fronts (Vera et al., 2002).
During the extremely rainy months of April-May there
was an enhanced low-level moisture coming from the
Amazon, crossing northern Bolivia, Paraguay and ending
in a convergence nucleus in Brazil at 20°S, 50 °W, but
also continuing over the eastern part of the region along
the Brazilian coast; however, most of this flow in this
region comes from the Atlantic (Figure 12(c)). These two
branches produce a convergence region over northeastern
Argentina, southern Brazil and Uruguay. As in the warm
months, there is also a second region of convergence
of the low-level water vapour flux anomaly, but only
in northwestern Argentina that has probably the same
connection to the extreme rainfall in the east side of LPB
as in the warm part of the year, namely the starting up
of the MCS. In fact, these systems are frequent in April
and May (Salio et al., 2007) although, of course, they
are more constrained towards lower latitudes than in the
warmer months.

It was still not possible to assess if the trend in
the extreme monthly precipitation was because of more
intense or frequent MCS, or because of other factors.
Satellite information suitable for MCS analysis was
not available before the time of the abrupt increase
of the extremely high precipitation, and other meteoro-
logical information was not dense enough in time and
space.
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4. Conclusions

The positive trends in rainfall over the central and
southern part of LPB observed during the last four
decades of last century (Barros et al., 2008) were not
reversed during the first five years of the twentyfirst
century and, on the contrary, in the 1960-2005 period,
more stations distributed all over the region showed
statistically significant positive trends.

These positive trends of the annual precipitation over
the La Plata Basin, south of 22°S, was part of a change
that modified the aggregated monthly precipitation distri-
butions, including positive changes in its upper extreme
ranges in most of the stations (Figure 3). There was a
negative trend in the amount of precipitation and in the
frequency of dry and extremely dry months (i.e. those
below the 35th percentile) while, on the other hand, there
was a positive and, in many cases, significant trend in the
above normal monthly precipitation (over the 65th per-
centile). The above-normal, and especially the over-90th
percentile range trends accounted for most of the annual
precipitation trends over large areas (Figures 2 and 3).
The trends in these percentile ranges come primarily from
the spring and especially from the autumn with little or
no contribution from winter and summer (Figure 4).

Although the atmospheric mechanisms related to pre-
cipitation vary along the year (Rao and Hada, 1990; Gan
and Rao, 1991; Vera et al., 2002; Nesbitt et al., 2006),
the more extreme monthly precipitations events, which
extends over a great part of the region may occur at any
time of the year. However, there is a clear bias towards
the warmer months. Consequently, the fact that trends
in the upper ranges of the precipitation distribution of
monthly rains took place in the intermediate seasons may
indicate that certain atmospheric features which are more
frequent in the warmer months and are associated to the
upper range precipitation events, were expanded to the
intermediate seasons.

Changes in the monthly precipitation distributions were
in many cases not steady but rather abrupt and concen-
trated around the 1970 and 1980 decades as suggested
by the Gamma Distribution analysis in three sub-regions
in the north, centre and south of the area of this study
(Figure 6). This abrupt change was also observed in
the annual maximum monthly precipitation. Most of the
records, namely 90%, corresponding to stations spread
all over the LPB region, had positive changing points,
with significance at 90% level in almost 40% of them.
The positive changing points were concentrated in a few
years between 1977 and 1983 when they took place in
55% of the stations (Figure 7). The analysis of the annual
monthly maximum precipitation with the GEV distribu-
tion was less conclusive; although no series fitted best
to a negative trend, only one third of them did it to
a positive trend better than to a non-trend distribution.
Since extreme precipitations are highly variable, even at
monthly scale, especially when they are based on mea-
surements at a single rain gauge, other approaches consid-
ering averages over the region or sub-regions can produce
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a clearer signal. Thus, a jump from the 1960—1975 years,
and the subsequent similar length periods, was observed
in the maximum monthly precipitation level for a span
of return periods from 2 to 150 years, which was calcu-
lated from the GEV distribution for each station and then
averaged over all stations (Table I).

These results indicate that monthly extreme precipita-
tions were more important since the late 1970s. Given
that most of the basin has a slow runoff because of its
prevailing small land slopes, this change in the extreme
monthly precipitations was reflected in more frequent
long-lasting extreme floods (Camilloni and Barros, 2003;
Barros et al., 2004; Latrubesse and Brea, 2009). There-
fore, the changes in the precipitation distribution, and
especially in the more extreme precipitations, had impor-
tant implications for water management practices; floods
in Argentina alone caused the evacuation of hundreds of
thousands of people and estimated costs of over a bil-
lion dollars on several occasions during the last decades
(Nufiez and Vargas, 1998; Latrubesse and Brea, 2009).

The low-level atmospheric circulation associated with
the occurrence of extremely wet months over most
of LPB south of 22°S was characterized by positive
anomalies of the low-level water vapour flux into the
region as well as of its convergence (Figure 12(a-b)).
In the warm months, this convergence occurred over
northern Argentina and also over western Argentina with
anomalous divergence over the SACZ region. Thus, in
the warm months, the more extremely rainy months
stretching over LPB south of 22°S occurred when the
SACZ is less active and there was enhanced low-level
water vapour flow and convergence not only over the
LPB region itself, but also over western Argentina. The
last condition results from the fact that the majority
of the MCS that account for a great part of warm-
season precipitation in most of LPB are initiated in
western Argentina. In the case of the autumn, the positive
anomaly of low-level water vapour convergence was
located more to the east over Uruguay and southern
Brazil, but again was accompanied by a second nucleus,
this time more to the north, over northwestern Argentina
(Figure 12(c)). This relationship between the low-level
atmospheric circulation, the MCS and the most extreme
monthly precipitations could be used to explore the
causes of the abrupt increase of these precipitations,
going back in time before the period with satellite
information, suitable for MCS analysis.
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