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Abstract 32 

 This study uses experiments with an Atmospheric General Circulation Model (AGCM) to 33 

address the role of the oceans and the effect of land-atmosphere coupling on the predictability of 34 

summertime rainfall over northern Argentina focusing on interdecadal time scales during 1901-35 

2006. Ensembles of experiments where the AGCM is forced with historical SST in the global, 36 

Pacific and tropical-north Atlantic domains are used. The role of land-atmosphere interaction is 37 

assessed comparing the output of simulations with active and climatological soil moisture.  38 

 A Maximum Covariance Analysis between precipitation and SST reveals the impact of 39 

the Pacific Decadal Oscillation, the Atlantic Multidecadal Oscillation and the equatorial-tropical 40 

south Atlantic on rainfall over northern Argentina. Model simulations further show that while the 41 

dominant influence comes from the Pacific basin, the Atlantic influence can explain a large 42 

transition from dry to wet decades over northern Argentina during the beginning of the 1970s. 43 

Analysis of anomalies before and after the transition reveals an upper level anticyclonic 44 

circulation off the Patagonian coast with barotropic structure. This circulation enhances the 45 

moisture transport and convergence in northern Argentina and, together with enhanced 46 

evaporation, increased the rainfall after 1970. The SST pattern is dominated by cold conditions 47 

in the equatorial Atlantic and warm eastern Pacific and south Atlantic. 48 

 We also found that land-atmosphere interaction leads to a representation of the long term 49 

rainfall evolution over northern Argentina that is closer to the observed one. Moreover, it leads to 50 

a smaller dispersion among ensemble members, thus resulting in a larger signal-to-noise ratio.  51 
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1. Introduction 52 

 Subtropical South America, defined loosely between 20ºS and 40ºS and to the east of the 53 

Andes is a region with large gradients in precipitation during the year. In summertime, the season 54 

characterized by the South American Monsoon System, it rains rather uniformly in the whole 55 

region although in larger amounts in the northeastern sector due to the presence of the South 56 

Atlantic Convergence Zone (SACZ). On the contrary, in austral winter there is a strong west-east 57 

rainfall gradient so that rainfall is very limited to the west of 60ºW and has a maximum next to 58 

the coast in southern Brazil and Uruguay. The subtropics are strongly influenced by El Niño-59 

Southern Oscillation (ENSO) during most of the seasons with largest rainfall anomalies during 60 

southern springtime (e.g. Pisciottano et al 1994; Grimm et al 2000; Cazes et al 2003). Thus, most 61 

of the interannual predictability of rainfall is thought to come from the equatorial Pacific. 62 

Mechanisms through which ENSO influences subtropical South America include (1) direct 63 

effects through wave propagation from Rossby wave sources induced by anomalous latent 64 

heating and increased northerly moisture fluxes from the Amazon (e.g. Grimm et al 2000; 65 

Silvestri 2004; Grimm and Ambrizzi 2009), (2) indirect effects in which the atmospheric 66 

anomalies induced by El Niño change surface ocean conditions off south Brazil which then alter 67 

the persistence of atmospheric anomalies in this region (Barreiro 2010), and (3) indirect surface-68 

atmosphere interaction effects by which the soil moisture anomalies in central-east Brazil and 69 

SST anomalies off the southeast Brazil coast produced in spring alter the precipitation anomalies 70 

in summer (Grimm et al. 2007). 71 

 The variability and predictability on longer, interdecadal, time scales is much less well 72 

known and has attracted interest only in recent years. Kayano and Andreoli (2007) show that the 73 
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Pacific Decadal Oscillation (PDO) influences the El Niño teleconnection over South America 74 

during the warm season such that rainfall anomalies are strongest when the positive (negative) 75 

phase of the PDO and El Niño (La Niña) coincide (also Andreoli and Kayano 2005). 76 

Consistently, other studies showed that the predictability of rainfall and air surface temperature 77 

over southeastern South America is different before and after the mid-1970s largely due to 78 

changes in the ENSO remote influence (e.g. Boulanger et al 2005, Antico 2008, Barreiro 2010). 79 

Recently, Renom et al (2011) found that changes in El Niño evolution after 1976 may have 80 

played a role in altering the relationship between temperature extreme events in Uruguay and the 81 

atmospheric circulation. Moreover, several authors have found that the ENSO rainfall signal on 82 

subtropical South America can be modulated by sea surface temperature (SST) anomalies in the 83 

tropical Atlantic and Indian oceans, which can thus induce low frequency variability (Barreiro 84 

and Tippmann 2008; Chan et al 2008; Mo and Berbery 2011; Taschetto and Ambrizzi 2012).  85 

 On 20-30 years time scale low frequency internal climate variability will superimpose on 86 

the observed long term trend (see for example Seager et al 2010) and it is therefore of much 87 

interest to understand the sources of this variability. In an attempt to address this issue, Seager et 88 

al (2010) claim that the tropical Atlantic SST anomalies associated with the Atlantic 89 

Multidecadal Oscillation (AMO) play a dominant role on low-frequency variability such that 90 

cold conditions there promote wet conditions over southeastern South America. They further 91 

suggest that the wetting trend of the last decades in this region is not related to anthropogenic 92 

radiative forcing but, instead, is mainly due to the influence of the AMO. Recently, Gonzalez et 93 

al (2013) have proposed that the stratospheric ozone depletion has also significantly contributed 94 

to the wetting trend over southeastern South America during 1960-1999, through a poleward 95 



 

5 

displacement of the extratropical westerly jet. These latter results have important implications 96 

because the economy of a large portion of subtropical South America strongly depends on 97 

climate through hydroelectric production and agricultural activities. For example, the western 98 

Pampas in northern Argentina is particularly important for agriculture and in the last few decades 99 

of the 20
th

 century the area of soybean production in this region expanded due to an increase in 100 

mean rainfall that has allowed crop production in areas that were traditionally used for livestock 101 

production (Baldi and Paruelo 2008; Magrin et al 2005). This region also hosts Laguna Mar 102 

Chiquita, the largest saline lake in South America that has shown large interdecadal variability 103 

during the 20
th

 century most of it of natural (as opposed to anthropogenically forced) origin 104 

(Troin et al 2010).  105 

 In recent years it has become evident that once the oceanically-forced signal arrives over 106 

a certain continental region the atmospheric anomalies will be modified by the interaction with 107 

the surface (Koster et al., 2000, 2004), particularly during summertime. South America is one of 108 

those regions where the interaction between soil moisture and precipitation is important to 109 

correctly simulate the climatological fields and the South American Monsoon (Xue et al., 2006; 110 

Collini et al., 2008; Misra 2008; Ma et al., 2010, Sorensson and Menendez 2010). The 111 

observation that on interannual time scales precipitation anomalies in central-east Brazil during 112 

peak summer is negatively correlated with soil moisture in the previous spring, led Grimm et al 113 

(2007) to propose a feedback between the surface and the atmosphere to explain this 114 

relationship. Recently, Barreiro and Diaz (2011) have shown that the use of interactive soil 115 

moisture is of fundamental importance in simulating the right air surface temperature response  116 

and a strong positive rainfall signal during El Niño in summertime over southeastern South 117 
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America. 118 

 The aim of this study is to further explore the predictability of summertime rainfall over 119 

subtropical South America independent of the interannual ENSO signal. Specifically, the study is 120 

designed (1) to identify the role of the Atlantic and Pacific oceans in influencing rainfall on 121 

interdecadal time scales (e.g. can the Pacific explain all the variability?), and (2) to find out the 122 

role of land-atmosphere interaction on long time scales. To do so we analyze the covariant modes 123 

of variability between SST and rainfall with time series that show interdecadal time scales. Given 124 

our interest in long term climate variability and the disparity in the spatial distribution of rain 125 

gauges in South America we focus on northern Argentina (see Figure 1). This region has the best 126 

observational coverage over the whole XX century and has been shown to present interdecadal 127 

changes in summertime rainfall (e.g. Castañeda and Barros 2001, Boulanger et al 2005). 128 

Focusing on this region, we show that on long time scales both the Pacific and Atlantic oceans 129 

contribute to set up the right circulation anomalies that lead to rainfall variability in that area, 130 

suggesting the existence of interdecadal potential predictability. Furthermore, land-atmosphere 131 

coupling is shown to be important to correctly simulate the long term behavior in rainfall and 132 

increases the signal-to-noise ratio.   133 

 In the following section we describe the data sets used and model simulations performed 134 

to address the objectives of the study. In sections 3, 4 and 5 we describe the results concerning 135 

the role of the oceans on long term rainfall variability, while in section 6 we assess the role of the 136 

soil moisture feedback. The last section summarizes the main findings. 137 

 138 

2. Data and model simulations 139 
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 To address the objectives of the study we use observed data, as well as the output of 140 

experiments performed with an Atmospheric General Circulation Model (AGCM).  141 

2.1 Observations  142 

 The observed precipitation field is taken from the Global Precipitation Climatology 143 

Centre (GPCC) Full Data Reanalysis V 4. The data is on a 1ºx1º grid in the period 1901-2006 144 

(Schneider et al 2008). Before analysis the GPCC data was interpolated to the same grid of the 145 

AGCM. Rainfall products for South America face the problem of sparse information at the 146 

beginning of the last century, and the GPCC is no exception. Figure 1 shows the summertime 147 

(January-March, hereafter JFM) climatological precipitation during the period 1901-2006. This 148 

is the peak season of the South American Monsoon System and it rains over most of the  149 

continent. There is a maximum in the Amazon region that extends southeastward indicating the 150 

presence of the South Atlantic Convergence Zone. South of 20°S, in the subtropics, mean rainfall 151 

varies from 6 to 0.5 mm/day with a southwest-northeast gradient. In this study we will focus on  152 

northern Argentina which we define roughly by [40°S-26°S,68°W-60°W] (see Figure 1). The 153 

historical data coverage in northern Argentina has varied over the century: in 1901 there were 154 

about 25 gauges reporting data, increases rapidly to 45 gauges in 1920 and reaches a peak near 155 

the '70s with about 65 gauges in the area (Figure 2). In the following years there was a decline in 156 

the number of gauges so that in 2006 there are about as many gauges as there were in the 1920s. 157 

The spatial distribution of the average number of gauges per grid during the different decades 158 

shows that northern Argentina is the area with best coverage during the whole century (Figure 3). 159 

The coverage is better on the eastern portion and more sparse on the western region, even though 160 

since 1930s the coverage has improved in the latter. The maximum coverage during 1961-1980 161 
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as well as the decrease in coverage in the later decades can be clearly seen. Other areas like 162 

southeastern Brazil have increased enormously the number of reporting gauges over the last 50 163 

years, but had only very limited coverage in the first part of the 20th century. Changes in the 164 

number of reporting gauges are a major source of data inhomogeneity during the century not 165 

only over this region, but over the whole South American continent. Even in the second half of 166 

the 20th century, a period that is considered to have much better coverage than the beginning of 167 

the century, there is a clear change in the number of rainfall gauges (Fuchs et al 2009). There is 168 

no easy way to deal with this problem, it is a reality we have to face in order to study long term 169 

climate variability in South America and has to be taken into account when interpreting the 170 

results.  171 

 To compare results we use the CRU TS v3.10 (Climate Research Unit, University of East 172 

Anglia) observational product (Harris et al 2012). The original resolution of this data set is 173 

0.5°x0.5° and spans the same time period 1901-2006 but, as for GPCC, the CRU data was also 174 

interpolated to the same grid of the AGCM. Analyses were repeated using the CRU precipitation 175 

and, even though there are small differences, the main results of the study remain unaltered.   176 

 We also used rainfall and other atmospheric fields from 3 reanalysis products to try to 177 

validate the model simulation: NCEP-CDAS1 over the time period 1949-2006 with an original 178 

resolution of 1.875°x1.875° (Kalnay et al 1996), ERA40 from September 1957 to August 2002 179 

with an original resolution of 2.5°x2.5° (Uppala et al 2005) and the 20th Century Reanalysis 180 

(V2) within 1901-2006 with an original resolution of 2°x2° (Compo et al 2011). All reanalysis 181 

products were interpolated from their original grids to the model resolution previous to analysis. 182 

 183 
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2.2 Model and experimental setup  184 

 The model used in this study is the AGCM from the International Centre for Theoretical 185 

Physics (ICTP AGCM), a full atmospheric model with simplified physics and a horizontal 186 

resolution of T30 (3.75°x3.75°) with 8 vertical levels (Kucharski et al 2005). The model is forced 187 

with historical global sea surface temperatures taken from the second version of the Extended 188 

Reconstructed Sea Surface Temperature data set (ERSSTv.2, Smith and Reynolds 2004). We note 189 

that the model has a bias consisting in weak summertime precipitation over southern Brazil and 190 

Uruguay thus having a relative maximum at about 60ºW instead of the southwest-northeast 191 

gradient observed in the subtropics east of the Andes (Kucharski et al 2005). 192 

 We performed four experiments that allow to assess the impacts of the Pacific and 193 

Atlantic oceans and to test the role of the land-atmosphere interaction. In the first experiment the 194 

model is forced with global historical SST (Global Ocean Global Atmosphere, hereafter called 195 

GOGA-AL). In the second experiment the model is forced with historical SST prescribed only in 196 

the Pacific ocean between 55ºS and 40ºN; elsewhere, SST climatology is prescribed (Pacific 197 

Ocean Global Atmosphere, hereafter called POGA-AL). A third experiment was run with 198 

prescribed historical SST only in the Atlantic basin north of 20ºS; elsewhere, SST climatology is 199 

prescribed (hereafter NAOGA-AL). Comparison among these experiments allows to separate the 200 

contributions of individual ocean basins. In all these experiments the AGCM is coupled to a land 201 

surface model to allow atmosphere-land interaction. The land surface model assumes a single 202 

soil layer with different depths for the energy and water balance and is described in Zeng et al 203 

(2000). In order to test the role of active soil moisture, we performed a final experiment where 204 

the AGCM is forced with global historical SST but has fixed soil moisture to its climatological 205 
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value (hereafter called GOGA). In all experiments the AGCM was integrated from 1880 to 2006, 206 

starting from 9 different initial atmospheric conditions in order to create a 9-member ensemble 207 

for each experiment. In this study we only consider the period 1901-2006, as for observations, 208 

and anomalies are calculated with respect to that period.  209 

 As shown in Figure 4 the AGCM forced with historical global SST can reproduce the 210 

long term rainfall variability over northern Argentina which mainly shows an extended period of 211 

rainfall below the mean during 1930-1970 and rainfall above the mean since then. The 212 

correlation between observed and simulated evolutions over the 106 years is 0.34 and grows to 213 

0.59 after a smoothing of 9 years to highlight interdecadal time scales, both values statistically 214 

significant at 5% level (see section 2.3). Therefore, since there is no inhomogeneity in the model 215 

output the similarity between model simulations and the GPCC data provides enhanced 216 

confidence in the observed long term variability, with the exception of the beginning of the 20th 217 

century. As shown below the CRU data set also shows the 1970 transition. 218 

2.3 Methodology 219 

 The signal forced by the oceans is found performing a Maximum Covariance Analysis 220 

(MCA) between rainfall and the SST during JFM. The resulting modes are called SVDs because 221 

the MCA involves a singular value decomposition of the cross-covariance matrix, although here 222 

we used the correlation matrix between fields in the MCA in order to not take into account the 223 

different variances of rainfall and SST. In the case of model data we considered the ensemble 224 

mean precipitation from each experiment because the average procedure filters out a large 225 

portion of the noise variance allowing to separate the signal more clearly. The standard deviation 226 

was introduced back when plotting in order to represent anomaly fields with the right units. To 227 
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relieve the aliasing problem the frequencies higher than 1/12 month
-1

 were filtered using a low-228 

pass Lanczos filter to all year data before sampling the summer season (e.g. Zhou and Lau 2001).   229 

 The MCA is performed between the continental precipitation within 20°S-50°S and the 230 

SST field within [60°S-80°N, 0-360°E]. As mentioned in the introduction, precipitation 231 

variability in the region of interest is strongly associated with the ENSO phenomenon. Since we 232 

are focusing on interdecadal time scales we remove the interannual ENSO-related variability 233 

previous to the MCA in both precipitation and SST data sets. In order to do so, but keeping the 234 

long term variability in the tropical Pacific, we proceeded in the following way: 1) construct the 235 

Nino3.4 index in January-March (JFM), 2) use the Pacific Decadal Oscilation index in JFM to 236 

remove PDO-related variability from Nino3.4 through a linear regression procedure, and 3) 237 

remove the interannual Nino3.4-related variability from SST and precipitation data through a 238 

linear regression. The PDO time series was downloaded from 239 

http://jisao.washington.edu/pdo/PDO.latest. In the following we also use the AMO index 240 

(http://www.esrl.noaa.gov/psd/data/timeseries/AMO/) to determine the relationship between 241 

SVD modes and  the AMO. 242 

 All data sets, simulated or observed, were linearly detrended previous to analysis; 243 

anomalies are always constructed based on the period 1901-2006. Statistical significance in the 244 

correlation analysis is calculated using the Student t-test. In the case of interannual variability 245 

(raw time series) we considered each year as independent, which results in (106-2) degrees of 246 

freedom. Correlations are tested at the 5% significance level.  247 

 After the MCA is performed, and in order to highlight the low-frequency behavior, the 248 

time series were band-passed with a 9-point running mean, resulting in time series that only 249 

http://jisao.washington.edu/pdo/PDO.latest
http://www.esrl.noaa.gov/psd/data/timeseries/AMO/
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include variability longer than a decade. In this case, to take into account the smoothing 250 

procedure, only 10 degrees of freedom were considered in the t-test, resulting that correlation 251 

values larger than 0.5 are significant at 5% level.  252 

 The statistical significance of anomalies between two chosen decades was assessed using 253 

the Monte Carlo method (Mo and Berbery 2011). In this method we compute the difference of 254 

the means of two decades constructed by taking randomly selected years from the same time 255 

series. The process is repeated 1000 times, allowing the statistical significance at each grid point 256 

to be calculated based on the empirical distribution function.   257 

 258 

3. Observed interdecadal covariability between rainfall and SST 259 

 Figure 5 shows the first three observed SVD modes between observed (GPCC) rainfall in 260 

subtropical south America and global SST. The leading SVD (SVD1O) explains 28% of the 261 

covariance and the anomaly patterns suggest the remote influence of the PDO. The rainfall 262 

maximum is over southern Brazil-northern Uruguay and extends westward toward northern 263 

Argentina. The SVD1O time series of rainfall and SST are strongly correlated with the PDO 264 

index (see table I), such that a negative phase of the PDO induces negative rainfall anomalies, 265 

and show a clear change of sign in the mid-70s (from negative to positive anomalies), a 266 

characteristic of the PDO index (e.g. Mantua et al 1997). Furthermore, the correlation value 267 

between the evolution of rainfall time series and the PDO index increases to -0.7 on interdecadal 268 

time scales (table I).   269 

 The second SVD mode (SVD2O) explains 14% of the total covariance and the rainfall 270 

anomalies are dominated by an east-west dipole with centers over Uruguay and western northern 271 
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Argentina. The SST pattern shows negative anomalies over the tropical south Atlantic and 272 

positive anomalies south of 30°S and in the eastern Pacific. The SST SVD2O time series is not 273 

correlated with the PDO index, but is correlated with the AMO index at interannual and 274 

interdecadal time scales (table I). The rainfall time series is, however, not correlated to PDO or 275 

AMO. 276 

 The third SVD mode (SVD3O) explains approximately 11% of the covariance and 277 

represents the covariability between precipitation in southern Brazil, Paraguay and northeastern 278 

Argentina and most of the global oceans. In particular, the SST and rainfall time series of 279 

SVD3O are significantly correlated with both the PDO and AMO indices on interanual time 280 

scales (table I).  On interdecadal time scales the SST time series is correlated with PDO and with  281 

the AMO indices, while the rainfall time series is significantly correlated only with AMO (table 282 

I). 283 

 The three observed SVDs suggest that rainfall anomalies in subtropical South America 284 

have large interdecadal fluctuations and are influenced by the PDO and AMO. In particular, the 285 

variability over northern Argentina seems to be mainly represented by the first two SVDs, the 286 

first showing a strong correlation with the PDO. The correlation of the SST time series of 287 

SVD2O with the AMO is puzzling because the north Atlantic, the main region of the AMO, only 288 

shows very weak SST anomalies (though significant). Instead, SVD2O shows larger significant 289 

anomalies in the equatorial-tropical south Atlantic. It is possible that the SVD2O mode is 290 

strongly influenced by internal atmospheric variability or by other processes that obscures the 291 

AMO signal. Moreover, from observations alone it is not possible to distinguish co-variability 292 

from causality. Thus, in order to further understand the impact of the oceans on rainfall 293 
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variability we turn to model simulations. 294 

  295 

4. Simulated interdecadal covariability between rainfall and SST 296 

4.1 Impact of the global oceans 297 

The first row of figure 6 shows the patterns and associated time series of the first SVD (SVD1G) 298 

from the GOGA-AL experiment. As for observations, it mainly shows the impact of the PDO 299 

over precipitation in subtropical South America, but explains more than double (about 63%) of 300 

the covariance between precipitation and SST. The simulated precipitation anomaly is located to 301 

the northwest of the observed anomaly, a known bias of the model for the Pacific influence in 302 

this region (see for example Barreiro and Diaz 2011). Nevertheless, it is clear that the model 303 

captures the signal adequately as the time series associated with the SST and rainfall anomalies 304 

are highly correlated with the PDO index (table II). The SVD1G is also correlated with the AMO 305 

index (table II), which is evidenced by a significant SST anomaly over the north Atlantic. On 306 

interdecadal time scales, however, the rainfall time series is only significantly correlated with the 307 

PDO (-0.72). The SVD1G time series associated with precipitation is also correlated with the 308 

corresponding rainfall series of the observed first three SVD modes, but only marginally with 309 

SVD2O and SVD3O (table II).  310 

 The second SVD (SVD2G, explains 12.5% of the covariance)  reveals enhanced 311 

precipitation over northern Argentina accompanied by cold conditions in the equatorial-tropical 312 

south Atlantic and warm waters south of 20°S (second row of Figure 6). Moreover, most of the 313 

northern (southern) hemisphere extratropics tend to show negative (positive) SST anomalies. The 314 

rainfall and SST time series are characterized by interannual variability superimposed on a long 315 
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term interdecadal swing that dominates the overall behavior. They are correlated at 0.6 which 316 

grows to 0.83 on interdecadal time scales, both statistically significant at 5% level. SST 317 

anomalies are relatively weak with peak-to-peak amplitudes of about 0.4 °C. Rainfall anomalies 318 

have a peak-to-peak amplitude of 0.6 mm/day, which should be compared with climatological 319 

means of about 3-4 mm/day (Figure 1). The rainfall time series of this SVD2G is significantly 320 

correlated with that of the second observed SVD (SVD2O), although the simulated rainfall 321 

pattern does not show anomalies over Uruguay (table II). Moreover, the rainfall time series is 322 

marginally correlated with the AMO (r=-0.51) on interdecadal time scales. Lastly, the SST 323 

patterns associated with the simulated and observed SVD2s show similar anomalies over the 324 

Atlantic.  325 

 As will be shown later, this mode of variability plays an important role in the behavior of 326 

rainfall over northern Argentina in the last decades, and thus it is analyzed in more detail. Figure 327 

7 shows the regression of rainfall, 200mb geopotential height and vertically integrated moisture 328 

flux onto the time series of rainfall associated with SVD2G. As can be seen, enhanced rainfall 329 

over northern Argentina is accompanied by a weak Intertropical Convergence Zone (ITCZ) and 330 

stronger SACZ, particularly over the ocean. There is also a tendency for a southward shift of the 331 

Indo-Pacific ITCZ, although it is significant only over the Indian ocean and maritime continent 332 

(see section 4.3). At upper levels there is a clear dipole representing a strong Southern Annular 333 

Mode (SAM), characterized by stronger westerlies at 50-60°S and weakened westerlies at about 334 

30-40°S, which induce reduced rainfall over southern Chile and the Patagonia. Note that a recent 335 

study shows that weaker westerlies are correlated with weaker (stronger) rainfall to the west 336 

(east) of the Andes (Garreaud et al 2013). The increased rainfall over Patagonia is not captured in 337 
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our simulations probably because the low resolution of the model can not represent the steep 338 

topography of the region. The positive anomalies of geopotential height has superposed 4 339 

maxima, one of which is close to southern South America, next to the Patagonian coast. This 340 

anticyclonic anomaly has a barotropic structure and influences the surface flow bringing more 341 

moisture from the Atlantic into northern Argentina. Convergence of this flow, together with 342 

increased evaporation (not shown), supports increased rainfall there. 343 

These results suggest that the oceans can induce atmospheric anomalies that project onto SAM. 344 

Several studies have shown that SAM is primarily an internal mode of variability arising from 345 

eddy-mean flow interaction (e.g. Thompson and Wallace 2000, Limpasuvan and Hartmann 346 

1999). However, it also has been shown that SAM can be influenced by external forcing from the 347 

tropical SST (e.g. Ding et al 2012). Seager et al 2003 report, for example, that ENSO projects 348 

strongly onto SAM. Recently, Yu and Lin (2013) show that the tropical Atlantic forcing 349 

dominates over forcings in the tropical Pacific or Indian ocean for the SAM trend and 350 

interannual summertime variability. 351 

 The third SVD (SVD3G) explains 7% of the covariance and anomalies reveal a weak 352 

rainfall dipole over subtropical South America covarying with negative SST anomalies in the 353 

tropical south Atlantic and warm anomalies in the eastern Pacific. There are also significant SST 354 

anomalies over the north Pacific. The time series of precipitation of SVD3G is marginally 355 

correlated with that of SVD2O (table II).  356 

 The analysis of the model simulations further supports that subtropical rainfall in South 357 

America shows large interdecadal variability and is influenced by PDO and AMO. Moreover, a 358 

cold tropical south Atlantic is apparently able to force significant atmospheric anomalies in the 359 
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southern hemisphere that influence rainfall over northern Argentina. To further clarify the 360 

influence of the different ocean basins we turn to experiments POGA-AL and NAOGA-AL. 361 

4.2 Impact of the Pacific ocean  362 

 The covariability between precipitation and SST in experiment POGA-AL is strongly 363 

dominated by the first SVD (SVD1P) that explains 72% of the covariance (Figure 8). As 364 

expected it shows the influence of the PDO on subtropical rainfall with patterns of SST and 365 

rainfall that are very similar to the first SVD of GOGA-AL. The rainfall time series of SVD1P is 366 

correlated with that of SVD1O at 0.37, with that of SVD3O at -0.23 and with the PDO index at -367 

0.71. Thus, this experiment confirms the dominant role of the PDO on interdecadal rainfall 368 

variability over the subtropics, including northern Argentina. Regression of southern hemisphere 369 

precipitation onto the time series of rainfall associated with SVD1P shows a weakening of the 370 

Indo-Pacific ITCZ, an enhancement of the Atlantic ITCZ and in northern South America as well 371 

as negative rainfall anomalies in subtropical South America (Figure 9). Regression also shows  372 

anomalous northward flux from the subtropics to the Amazon basin flanked by a cyclonic 373 

circulation in eastern Brazil and an anticyclonic circulation centered at about 40°S over 374 

Argentina. This configuration reduces the southward climatological transport of moisture 375 

consistent with the simulated decreased subtropical rainfall. On upper levels there are positive 376 

geopotential height anomalies in a belt centered at 40°S with 4 centers, one of them located in 377 

South America. 378 

 The second and third SVDs show mainly interannual variability and are not considered 379 

here. 380 

4.3 Impact of the tropical-North Atlantic ocean 381 
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 The leading SVD (SVD1N, 45% of covariability) of experiment NAOGA-AL represents 382 

the impact of the north Atlantic basin on rainfall over subtropical south America. The SST 383 

pattern strongly resembles that of the AMO and the time evolution is correlated at r=-0.49 with 384 

the AMO index and grows to -0.86 on interdecadal timescales (Figure 10). The rainfall time 385 

series is correlated with the corresponding one of SVD3O (r=-0.2). The pattern, however, shows 386 

very weak anomalies that, even though they are significant, they are smaller than 0.1 mm/day 387 

over northern Argentina, which might be the reason why the observed SVD3O does not show 388 

significant rainfall anomalies over this region. Over the Southern hemisphere, regression onto the 389 

rainfall time series of SVD1N shows a southward shifted ITCZ over South America as expected 390 

for a cold tropical north Atlantic (Figure 11). Moreover, the ITCZ also shifts over the Indian 391 

ocean and western Pacific. Upper levels show an enhanced SAM, similar to that shown for 392 

SVD2G. However, in this case the anticyclonic circulation in the Atlantic sector is located over 393 

the continent, instead of to the east of the Patagonian coast (compare Figures 7 and 11) such that 394 

now the moisture flow is weaker and converges only weakly over northern Argentina.  395 

 The second SVD (SVD2N) explains 25% of the covariability and shows increased 396 

precipitation over northern Argentina associated with a cross-equatorial SST gradient in the 397 

tropical Atlantic with negative anomalies on the equator and to the south. The rainfall time series 398 

of SVD2N is significantly correlated with that of SVD2G (r=0.37) and with that of SVD2O 399 

(r=0.34), but is not correlated with the AMO index. The regression of southern hemisphere 400 

precipitation onto the time series of rainfall associated to SVD2N shows a weak and southward 401 

shifted ITCZ, an enhanced oceanic SACZ and decreased rainfall in southern Chile (Figure 12), 402 

as in the regression using the time series of SVD2G (Figure 7). Moreover, the southward shift of 403 
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the ITCZ in the Indian ocean is also recovered, suggesting a remote forcing of the tropical 404 

Atlantic as in the case of SVD1N, although with weaker amplitudes. The mechanism of this 405 

connection is not a concern of this study, but it might be related to that found by Kucharski et al 406 

(2009) in a different season. In upper levels the regression shows anomalies characteristic of a 407 

stronger SAM and a clear anticyclone next to the Patagonian coast with about 75% of the 408 

intensity found in the regression of SVD2G. In the tropics there is overall decrease of 409 

geopotential height as expected due to a colder tropical Atlantic. The pattern of cyclonic and 410 

anticyclonic geopotential height anomalies at about 20°S and 45°S, respectively, over South 411 

America is very similar to the Rossby wave train found by Seager et al (2010) when forcing 412 

another AGCM with a cold tropical Atlantic during austral winter. Regression of the integrated 413 

moisture flux also recovers a pattern similar to that of SVD2G. Comparison of Figures 7 and 12 414 

then demonstrates that the increased rainfall over northern Argentina, and most of the anomalies 415 

associated with SVD2G, are the result of a cold equatorial-tropical south Atlantic, and are not 416 

related to AMO. Anomalies are generally weaker, except in the tropical Atlantic, but the spatial 417 

structure is very similar.  418 

 The third SVD mode of NAOGA-AL is dominated by interannual variability and is not 419 

considered here. 420 

 The analysis of the SVDs of NAOGA-AL together with those of GOGA-AL and GPCC 421 

suggests that the AMO has a significant but weak influence on rainfall variability over northern 422 

Argentina and that its impact might be seen as a long time scale modulation of the impact from 423 

the tropical Pacific basin (as proposed recently by Mo and Berbery 2011) instead of in isolation. 424 

At the same time, the cross-equatorial SST gradient with largest weight in the south Atlantic 425 
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(independent of AMO) that characterizes the second SVD modes of GPCC, GOGA-AL and 426 

NAOGA-AL can have a stronger impact than AMO on rainfall over northern Argentina during 427 

southern hemisphere summer. Together, these results suggest that the second SVD mode of 428 

GOGA-AL (SVD2G) has components of both AMO and the cross-equatorial SST gradient 429 

leading to a larger rainfall anomaly over northern Argentina. 430 

 It is worth mentioning that atmospheric internal variability associated with an 431 

intensification of the south Atlantic anticyclone induces cold (warm) SST anomalies north 432 

(south) of 20°S, inducing an SST pattern at the end of the austral summer similar as that 433 

represented in SVD2G (Barreiro et al 2004). Here we showed that the northern lobe is the one 434 

playing the major role in forcing rainfall anomalies, as expected from our current understanding 435 

of the impact of the tropical versus extratropical SST anomalies on atmospheric circulation. 436 

 437 

5. Long term behavior of precipitation over northern Argentina 438 

 Figure 13 shows the long term behavior of the observed (GPCC) rainfall over northern 439 

Argentina together with the time series of precipitation associated with the first two SVD modes 440 

of GOGA-AL (SVD1G and SVD2G). It is easily seen that SVD2G follows more closely the long 441 

term behavior of the observed precipitation. In fact, after neglecting the first decade in which the 442 

two time series are out of phase, from 1910 onwards the correlation between SVD2G and 443 

precipitation in northern Argentina is 0.7, significant at 5% level. (The opposite behavior seen in 444 

the first decade of the century might be a result of the limited number of observations during that 445 

time (Figures 2, 3).) On the other hand, the correlation between SVD1G and precipitation in 446 

northern Argentina on interdecadal time scales is not statistically significant. Moreover, SVD2G 447 



 

21 

captures very well the evolution of the observed precipitation over northern Argentina during the 448 

transition from a dry period in 1950-1960 to a wet period that started in the 1970s, the largest 449 

transition on record. Interestingly, the time series of the SVD1G, that characterizes the PDO 450 

influence, suggests that while the  PDO did not play a role in the transition, it did play a role in 451 

maintaining the wet conditions from 1980 to the end of the record.   452 

 To diagnose the atmospheric anomalies that accompany the long term precipitation 453 

variability in northern Argentina we computed the difference between the decades before and 454 

after the 1970s transition: we considered the periods (1959-1968) and (1975-1984), respectively 455 

(see Figure 13). These periods are within the time span of largest coverage of rain gauges in the 456 

area of interest (see Figure 2) and there are reanalysis data sets available to compare with model 457 

simulations. According to the time series, anomalies will have components of SVD1G and 458 

SVD2G. Notice that in the model rainfall anomalies during (1959-1968) evolve from positive to 459 

negative, while they are consistently positive during (1975-1984) as in observations. 460 

 Figure 14 shows a comparison between the precipitation in the decades before and after 461 

the transition for the ensemble mean of experiment GOGA-AL and GPCC over South America. 462 

It can be clearly seen that the map of GOGA-AL is quite similar to that of the GPCC data set: 463 

they both show increased rainfall over northern Argentina and between [10°S-20°S, 70°W-464 

65°W] to the east of the Bolivian Altiplano as well as a weaker ITCZ. On the other hand, the 465 

simulated rainfall increase in northern Argentina does not extend as far south as in observations 466 

and also shows enhanced rainfall in eastern Brazil between 10°S-20°S that is only suggested in 467 

GPCC. The CRU data set (Figure 15a) shows similar features, including enhanced rainfall in 468 

eastern Brazil between 10°S-20°S. 469 
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 On the other hand, the precipitation anomalies in the three reanalyses (NCEP-CDAS1, 470 

ERA40 and 20th Century) show significant different features. First of all, they present strong 471 

positive rainfall anomalies over the whole Amazon region that are not present in observations 472 

(Figures 15b,c,d). Also, ERA40 shows a weakened SACZ, while the 20th century and NCEP 473 

CDAS-1 reanalyses show an enhanced SACZ. The 20th century reanalysis appears to be the 474 

closest to observations because there is a hint of decreased rainfall in northeast Brazil and shows 475 

increased rainfall in northern Argentina, although only in the southern part.  NCEP-CDAS1 476 

shows maximum rainfall over Uruguay where observations show no significant anomalies and 477 

ERA40 does not show a consistent signal over northern Argentina.  478 

 Furthermore, the difference of 200 mb geopotential height between decades across the 479 

transition for NCEP CDAS1 and the 20th Century reanalyses show large differences (Figure 16). 480 

While in the northern hemisphere extratropics the patterns of anomalies in the reanalyses 481 

coincide (although with different amplitude), in the southern hemisphere anomalies are of 482 

opposite sign over large regions. Particularly, over southern South America the 20th Century 483 

reanalysis shows a cyclonic circulation centered off the Patagonian coast, while the NCEP 484 

CDAS1 shows positive height anomalies south of 20°S. To allow comparison the figure shows 485 

anomalies with respect to the period 1949-2006 for both data sets, but in the case of the 20th 486 

century reanalysis the results do not change significantly if the period 1901-2006 is considered. 487 

The differences in the southern hemisphere in different reanalyses is not surprising given the lack 488 

of observations in the southern extratropics previous to the satellite era, that is, before 1979 489 

(Sterl 2004).  490 

 The substantial differences between reanalysis products and observed rainfall anomalies, 491 
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together with different upper level atmospheric circulation anomalies in different reanalyses 492 

precludes us from using them to study the atmospheric circulation anomalies associated with the 493 

observed rainfall differences, and at the same time validate the model. On the other hand, given 494 

that the model does a reasonable job in representing the observed rainfall anomalies over whole 495 

South America (Figure 14) we expect that the atmospheric circulation processes associated with 496 

the climate transition in the 1970s are well represented.  497 

 The SST field accompanying the transition in the 1970s reveals warm conditions in the 498 

eastern Pacific and south Atlantic oceans as well as a cold equatorial Atlantic (Figure 17a). The 499 

output of GOGA-AL shows that in upper levels the extratropical atmosphere is dominated by a 500 

barotropic anticyclonic anomaly that weakens westerly winds at 30°S, increases northerly winds 501 

in the South American subtropics and westerlies south of 40°S (Figure 17b). The location of the 502 

upper level anticyclone is very similar to that seen in SVD2G (Figure 7). 503 

 On seasonal time scales precipitation is balanced by the convergence of moisture 504 

advected into the region by the winds and local evaporation. Thus, Figure 17c,d show the 505 

moisture flux integrated from top to bottom of the atmosphere as well as its divergence and the 506 

evaporation anomalies. Because of data availability from the simulations the moisture transport 507 

was calculated using the monthly mean fields of winds and specific humidity, and thus it does 508 

not consider the contribution of the synoptic eddies. The plots show that the positive 509 

precipitation anomalies seen in Figure 14b are the result of both enhanced local evaporation and 510 

moisture convergence by the mean flow. On the other hand, the weakened ITCZ region is mainly 511 

result of anomalous moisture divergence, except in northern South America where decreased 512 

moisture is also important. Over northern South America there is increased moisture transport 513 
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from the equatorial Atlantic into the Amazon region, probably as consequence of the SST 514 

gradient resulting from a cold Atlantic and warm equatorial Pacific (e.g. Barreiro and Tippmann 515 

2008). The moisture flux turns southward due to the Andes topographic barrier joining the 516 

increased moisture flux coming from the south Atlantic due to the extratropical anticyclonic 517 

anomaly. As a result there is convergence of moisture over northern Argentina, which together 518 

with increased evaporation leads to increased precipitation in the region. Consistently, the 519 

anomalous vertical velocity at 500 mb shows enhanced ascent over northern Argentina (not 520 

shown). There is also a noticeable contribution of the eddy field to the moisture convergence 521 

over northern Argentina that can be estimated as the difference between the precipitation and the 522 

sum of evaporation and moisture convergence of the mean flow.   523 

 524 

6. Effect of land-atmosphere interaction 525 

 In this section we are interested in addressing the role of the interaction between moisture 526 

anomalies and the atmospheric circulation in the rainfall response to remote forcing. The results 527 

of the previous section were found allowing the soil moisture to change due to rainfall variability 528 

and then feed back to the atmosphere in the form of enhanced or reduced evaporation. Here we 529 

consider the output of an experiment where soil moisture is prescribed to a climatological value 530 

(GOGA). As before the model is forced with global SST and a 9-member ensemble is 531 

constructed.  532 

 The lack of land-atmosphere interaction modifies the evolution of summertime 533 

precipitation in northern Argentina. In the absence of soil moisture feedback the model captures 534 

some of the observed variability as the correlation of simulated rainfall anomalies with 535 
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observations over northern Argentina is 0.25 during the 106 years (Figure 18). This value is 536 

statistically significant but appreciably smaller than when soil-moisture varies with precipitation 537 

(0.34). Moreover, the differences are larger when considering the long term evolution: while with 538 

soil-moisture feedback the correlation is 0.59 (statistically significant at 5% level), in its absence 539 

the correlation drops to 0.26 which is not significant. The lack of correlation on long time scales 540 

is clearly seen in figure 18, where the two time series are out of phase during the first 60 years of 541 

the century, and only tend to behave similarly in the last 40 years.  542 

 To further address the role of soil moisture feedback we plot  the precipitation difference 543 

between periods (1975-1984) and (1959-1968) for individual ensemble members (Figure 19). 544 

Clearly, the dispersion of rainfall anomalies is larger for GOGA than for GOGA-AL ensemble 545 

members. In fact, while all ensemble members show positive anomalies in the case of GOGA-546 

AL, there are two ensemble members of GOGA that show negative values, the opposite from 547 

observations. On the other hand, some GOGA members reach higher values, closer to the one 548 

seen in the GPCC and CRU data. Thus, interactive soil moisture allows a more consistent 549 

response among ensemble members, increasing the signal-to-noise ratio and results in a better 550 

representation of the impact of the oceans on precipitation over northern Argentina.  551 

 552 

7. Summary and discussion 553 

 The study explored the SST-forced signal in summertime precipitation over subtropical 554 

South America using observations and tailored experiments that separate the contributions of the 555 

Pacific and tropical-north Atlantic SST anomalies on long time scales. Moreover, the role of 556 

land-atmosphere interaction was assessed analyzing the results of twin experiments with and 557 
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without soil moisture feedback. We focus on northern Argentina because it is the region with 558 

more uniform rain gauge coverage over the whole 20 century in the observed (GPCC) data set, 559 

thus providing best confidence in the results. In this region it is also located Laguna Mar 560 

Chiquita, a lake that has shwon large interdecadal variability over the last 200 years (Piovano et 561 

al 2004). The results of this study provides important information about the oceanic forcing that 562 

has dominated this region in the last century and may have affected the evolution of the lake 563 

level. 564 

 After removing the interannual ENSO signal, a MCA between the observed precipitation 565 

and SST fields during January-March reveals three first modes that together explain more than 566 

50% of the covariability. These modes show substantial interdecadal variability and suggest the 567 

impact of the Pacific Decadal Oscillation, the Atlantic Multidecadal Oscillation and the tropical 568 

Atlantic SST on rainfall variability in subtropical South America. The first mode is associated 569 

with the PDO and suggests that its influence is largest over southeastern South America 570 

extending over northern Argentina, and is such that a negative PDO induces negative rainfall 571 

anomalies. These results are in agreement with previous studies (e.g. Kayano and Andreoli 572 

2007). The second mode associates a rainfall dipole over subtropical South America mainly with 573 

a cold equatorial-tropical South Atlantic and warm eastern Pacific. Finally, in the third observed 574 

mode  negative rainfall anomalies in south Brazil and Paraguay are correlated with positive PDO 575 

and AMO.  The difficulty in interpreting the role of individual basins motivated us to analyze 576 

model simulations where the AGCM is forced imposing different SST fields as boundary 577 

conditions. 578 

 When forced with global historical SST the model captures the impact of the PDO on 579 
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subtropical rainfall (as the leading mode with 63% of covariability), although a bias of the model 580 

puts the maximum anomalies to the northwest of the observed pattern. This influence is further 581 

verified in an experiment where the AGCM is forced with Pacific-only SST anomalies. 582 

 The second SVD mode of the model forced with global SST anomalies shows enhanced 583 

precipitation over northern Argentina accompanied by cold (warm) sea surface conditions north 584 

(south) of 20°S in the Atlantic basin. A south-north equatorial SST gradient is also apparent in 585 

the Atlantic. The rainfall time series is correlated with that of the second observed SVD, and with 586 

the AMO on interdecadal time scales. Even though the SST patterns in the Atlantic are similar in 587 

observations and model simulations (SVD2O and SVD2G), rainfall anomalies in the model are 588 

concentrated over northern Argentina, while in observations the rainfall pattern is characterized 589 

by a dipole structure with opposite anomalies in Uruguay and northern Argentina. These 590 

differences may reflect the existence of large internal atmospheric variability in observations, or 591 

model biases.  592 

 To further explore the impact of the Atlantic ocean on northern Argentina's rainfall we 593 

analyzed the output of an experiment where the AGCM is forced with SST anomalies restricted 594 

to that basin north of 20°S. The MCA revealed a first mode dominated by the AMO with weak 595 

influence on rainfall over subtropical South America, and a second SVD mode characterized by 596 

the impact of a cross-equatorial SST gradient such that a south-north gradient induces increased 597 

rainfall over northern Argentina. Comparing these modes with the second mode of the 598 

experiment forced with global historical SST (SVD2G), suggests that the rainfall anomalies in 599 

the latter are mainly forced by the cross-equatorial SST gradient dominated by the equatorial-600 

tropical south Atlantic. Moreover, according to this experiment, both the AMO and the tropical 601 
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south Atlantic force a barotropic anticyclonic circulation in the southwestern Atlantic that is 602 

crucial for changing summertime rainfall in northern Argentina. Seager et al (2010) showed that 603 

a cold tropical Atlantic also forces a similar anticyclone during winter. The position and strength 604 

of the forced anticyclone is not very different in the case of a cold AMO and a cold equatorial-605 

tropical south Atlantic, but the moisture convergence and rainfall anomalies over northern 606 

Argentina are significantly different. Thus, relatively small changes in the characteristics of the 607 

anticyclone leads to significant differences in climate anomalies over northern Argentina, and 608 

future work should address the particular physical processes that lead to the establishment of this 609 

circulation anomaly during summertime as well as its sensitivity to SST and model formulation.   610 

 The long term behavior of rainfall over northern Argentina is characterized by a strong 611 

change at the beginning of the 1970s, from decades of unusually dry conditions to decades of 612 

unusually wet conditions. We found that the rainfall time series associated with the second SVD 613 

of the AGCM forced with global SST (SVD2G) captures very well this transition, which 614 

suggests that the Atlantic basin is the main responsible for this transition. We further found that 615 

the mode associated with the PDO changed phase in late 1970s and helped maintain wet 616 

conditions after 1980. The observed rainfall difference across the transition over South America 617 

shows enhanced rainfall not only in northern Argentina, but also within [60-70°W,10-20°S] and 618 

to the north of 5°N. On the other hand, it shows a weakened ITCZ. The model simulation is able 619 

to reproduce these changes, particularly those over northern Argentina, and except over 620 

Venezuela where they present anomalies of the opposite sign. Data from reanalyses, on the other 621 

hand, are not able to reproduce the observed rainfall changes over northern Argentina and show 622 

strong anomalies in the Amazon basin that are not present in observations. Moreover, reanalysis 623 
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products show very different anomalies in upper levels in the southern hemisphere across the 624 

transition. These deficiencies did not allow to use the reanalysis data sets to validate the model. 625 

 According to model simulations, the 1970s rainfall transition is characterized by a cold 626 

equatorial Atlantic and a warm equatorial Pacific which induce enhanced moisture transport into 627 

the Amazon region part of which turns south when it encounters the Andes. Moreover, upper 628 

levels are dominated by a strong extratropical anticyclone located at about (40°W,40°S) that due 629 

to its barotropic vertical structure is able to influence the surface flow. These two processes 630 

increase the moisture transport and convergence in northern Argentina leading to enhanced 631 

rainfall there.  632 

 These results tend to agree with those of Seager et al (2010) on the importance of the 633 

Atlantic for interdecadal variability in subtropical South America, even tough we focus on a 634 

different season. Recently, Mo and Berbery (2011) found that a warm equatorial Pacific and a 635 

cold tropical north Atlantic is the best combination for increasing the persistence of wet spells in 636 

subtropical South America, including the area of interest of this study (northern Argentina). Our 637 

results suggest that the impact of the Atlantic ocean on rainfall in northern Argentina is mainly 638 

associated with a cold equatorial-tropical south Atlantic that induces positive anomalies 639 

(SVD2G, SVD2N). On the other hand, assuming linearity in the response, a cold tropical north 640 

Atlantic (SVD1N) and a warm tropical Pacific (SVD1P) will also tend to interact constructively 641 

to induce stronger rainfall over that area, but not in other subtropical regions. 642 

 Finally, we found that land-atmosphere interaction leads to a rainfall evolution over 643 

northern Argentina that is closer to the observed one during the whole 20th century. Moreover, 644 

allowing soil moisture feedback leads to a signal that has smaller dispersion among ensemble 645 



 

30 

members, and thus larger signal-to-noise ratio. In the absence of interactive soil moisture the 646 

simulated rainfall anomaly shows large variability among ensemble members such that when 647 

considering the difference between two decades the anomaly over northern Argentina can be of 648 

the opposite sign compared to observations. 649 

 Our results, together with those of previous authors, reinforce the idea that rainfall over 650 

subtropical South America may have some predictability on interdecadal time scales provided 651 

the sea surface temperature anomalies are known in advance. This opens an interesting 652 

possibility and asks for more research on a topic that has very important societal applications. 653 

Future studies should include the representation of this variability in coupled climate models and 654 

its interaction with the anthropogenic signal.  655 
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Tables 793 

 794 

 795 

 SVD1O-S SVD2O-S SVD3O-S SVD1O-P SVD2O-P SVD3O-P 

PDO -0.8 (-0.86)  * 0.59 (0.56) -0.47 (-0.7) * 0.25 (*) 

AMO * -0.33 (-0.55) 0.57 (0.63) * * 0.28 (0.56) 

 796 

Table I – Interannual correlation coefficients between the time series associated with the first 797 

three observed modes and PDO and AMO indices. SVD1O-S denotes the time series of SST 798 

associated with the first SVD mode; SVD1O-P denotes the time series of rainfall associated with 799 

the first SVD mode. Other SVD indices are analogous. Values within brackets indicate 800 

correlations on interdecadal time scales (after a 9-year smoothing). Only statistically significant 801 

correlation values at 5% level are shown. 802 

 803 

 804 

 805 

 806 

 SVD1O-P SVD2O-P SVD3O-P PDO AMO 

SVD1G-P 0.33 -0.2 -0.23 -0.61 -0.27 

SVD2G-P * 0.25 * * * 

SVD3G-P * 0.2 * * * 

 807 

Table II - Interannual correlation coefficients between the time series of precipitation associated 808 

with the first three simulated modes and those of observed modes as well as AMO and PDO 809 

indices. SVD1G-P denotes the rainfall time series associated with the first SVD of the 810 

experiment where the AGCM is forced with global historical SST; other SVD indices are 811 

analogous. Only statistically significant values at 5% level are shown.  812 

 813 

 814 
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Figure captions 815 

 816 

Figure 1 – January-March rainfall climatology (1901-2006) from GPCC data set (mm/day). The 817 

crosses indicate the area of northern Argentina.  818 

Figure 2 – Total number of rain gauges in northern Argentina from 1901 to 2006 considered in 819 

the GPCC data set. Note the increase during the first half of the century and the decline after a 820 

peak in the 1970s. 821 

Figure 3 – Average number of reporting gauges per grid cell in GPCC data set through the 822 

different decades of the XX century. The last contour of the scale is 30.  823 

Figure 4 – Summertime evolution of rainfall averaged over northern Argentina in GPCC data 824 

(blue) and in ensemble mean of experiment where AGCM is forced with global SST (GOGA-825 

AL, red). The thick curves represent the interdecadal variability computed as a 9-year running 826 

mean. Times series have been normalized. 827 

Figure 5 – First three SVD modes between observed rainfall and SST. The first column shows 828 

the rainfall patterns, the second the SST pattern, and the third column the corresponding time 829 

series for precipitation (dashed) and SST (solid). SST and rainfall patterns in °C and mm/day, 830 

respectively. The shading indicates regions statistically significant at 5% level. 831 

Figure 6 - First three SVD modes between rainfall and SST from ensemble mean of GOGA-AL. 832 

The first column shows the rainfall patterns, the second the SST pattern, and the third column the 833 

corresponding time series for precipitation (dashed) and SST (solid). SST and rainfall patterns in 834 

°C and mm/day, respectively. The shading indicates regions statistically significant at 5% level. 835 

Figure 7 – Linear regression onto the rainfall time series of SVD2G of a) rainfall (mm/day), b) 836 
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200 mb geopotential height (m), c) vertically integrated moisture flux (g/cm/s). In a) the contours 837 

are (-1,-0.8,-0.6,-0.4,-0.2,-0.1,0.1,0.2,0.4,0.6,0.8,1) mm/day. Shaded areas are statistically 838 

significant at 5% level; in c) shading indicates that at least one component of the moisture flux is 839 

statistically significant.  840 

Figure 8 – First SVD mode between rainfall and SST from ensemble mean of POGA-AL. Plots 841 

as in Figure 6. 842 

Figure 9 – Analogous to Figure 7, but regression onto rainfall time series of SVD1P. 843 

Figure 10 – First two SVD modes between rainfall and SST from ensemble mean of NAOGA-844 

AL. Plots as in Figure 6. 845 

Figure 11 – Analogous to Figure 7, but regression onto rainfall time series of SVD1N. 846 

Figure 12 – Analogous to Figure 7, but regression onto rainfall time series of SVD2N. 847 

Figure 13 – Long term evolution (9-yr smoothed) time series of observed rainfall in northern 848 

Argentina (blue), rainfall time series associated with the first (green) and second (red) SVD 849 

modes of GOGA-AL. Time series are normalized. 850 

Figure 14 – Rainfall anomaly (contours, mm/day) between periods (1975-1984) and (1959-851 

1968) over all South America for a) GPCC data, b) the ensemble mean of GOGA-AL. Shading 852 

indicates the regions statistically significant at the 10% level. The contour interval for GOGA-853 

AL is 0.2 mm/day, while for the GPCC data set is 0.4 mm/day. 854 

Figure 15 – Analogous to Figure 14, but for a) CRU, b) 20th century renalysis, c) ERA40 855 

reanalysis, d) NCEP CDAS1 reanalysis. 856 

Figure 16 – 200 mb geopotential height anomaly (contours, m) between periods (1975-1984) 857 

and (1959-1968) for a) 20th century reanalysis, b) NCEP CDAS1 reanalysis. Shading indicates 858 



 

40 

the regions statistically significant at the 10% level. 859 

Figure 17 - Anomalies between periods (1975-1984) and (1959-1968) for different fields of 860 

experiment GOGA-AL. a) SST (°C), b) 200 mb geopotential height (m), c) vertically integrated 861 

moisture flux (g/cm/s) and its divergence (mm/day), d) evaporation (mm/day). Shading indicates 862 

the regions statistically significant at the 10% level. 863 

Figure 18 – Analogous to Figure 4, but for GOGA experiment (AGCM with climatological soil 864 

moisture). 865 

Figure 19 – Rainfall difference over northern Argentina between periods (1975-1984) and 866 

(1959-1968) in each ensemble member for GOGA experiment (blue) and GOGA-AL experiment 867 

(red) in mm/day. The green dots indicate the anomalies in GPCC data and the black asterisks in 868 

the CRU data. The horizontal axis is only drawn to separate data from GOGA-AL and GOGA 869 

experiments, it does not have units. 870 
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