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Abstract: During austral summer (December-January-February or DJF), intense precipitation over 10 

central-eastern Brazil is modulated by the South American Monsoon System and the South Atlantic 11 

Convergence Zone (SACZ). Previous studies identified spatial variability in precipitation trends over this 12 

region, suggestive of a poleward shift of the SACZ in recent years. To identify underlying mechanisms 13 

associated with changes in the precipitation intensity and position of the SACZ, decadal averages of 14 

observed precipitation and the mean state of the atmosphere and ocean during three different periods from 15 

1979 to 2014 are compared. Results show evidence of decreasing (increasing) average daily precipitation 16 

along the equatorward (poleward) margin of the climatological SACZ, likely related to a poleward shift 17 

of the convergence zone. Precipitation reduction along the equatorward margin of the SACZ is associated 18 

with weakening of the poleward winds along the eastern Brazilian coast and drying of low-to-mid 19 

troposphere (700hPa) over the tropical Atlantic. These changes in circulation and moisture are likely 20 

related to the poleward expansion of the South Atlantic Subtropical High.  21 
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1. Introduction 1 

Persistent and intense precipitation characterizes the austral summer season (December-January-2 

February, DJF) in central-eastern and southeastern Brazil, with summertime rainfall accounting for more 3 

than 50% of the annual total there (Liebmann et al. 2001; Barros et al. 2000; Vera et al. 2006). 4 

Precipitation in these regions is influenced by both the South American Monsoon System (SAMS) and 5 

the South Atlantic Convergence Zone (SACZ; Zhou and Lau 1998; Barros et al. 2000; Zhou and Lau 6 

2001; Carvalho et al. 2004, 2011; Vera et al. 2006; Muza et al. 2009).  7 

The SACZ, which is one of the main features of the SAMS (Kodama 1992, 1993; Zhou and Lau 8 

1998; Liebmann et al. 2001; Carvalho et al. 2002, 2004; Marengo et al. 2012), comprises a diagonally-9 

oriented band of deep convection extending from tropical South America (SA) southeastward toward 10 

southeastern (SE) Brazilian coast and into the subtropical South Atlantic Ocean. Kodama (1992, 1993) 11 

described the SACZ as a baroclinic structure located to the east of a trough in the subtropical jet. It is 12 

formed by moisture converging from two different regions: low-level poleward (northerly) inflow 13 

originating along the western periphery of the South Atlantic Subtropical High (SASH); and westerly 14 

flows along the convergence zone, increasing in intensity with height and forming part of the subtropical 15 

jet in upper levels. These two components are thought to be essential for the development and 16 

strengthening of the SACZ through frontogenesis and convective instability generation (Kodama 1993).  17 

The spatial variability of spring and summer (September-February) precipitation over SA is 18 

dominated by a dipole-like pattern of opposing anomalies over central-eastern Brazil (CEBr) and 19 

southeastern SA (SESA) occurring across multiple timescales (Zhou and Lau 1998; Nogués-Paegle et al. 20 

2000; Carvalho et al. 2002; Grimm and Zilli 2009; Carvalho et al. 2011; Grimm and Saboia 2015). From 21 

spring to summer, this dipole switches polarity whenever the antecedent soil moisture conditions are 22 

favorable (Grimm et al. 2007; Grimm and Zilli 2009). Grimm and Saboia (2015) showed that this is also 23 

observed on decadal time scales and is partially influenced by large scale climate modes of variability, 24 

such as the Interdecadal Pacific Oscillation (IPO) and the Atlantic Multidecadal Oscillation (AMO). 25 

Additionally, the positive phase of the El Nino/Southern Oscillation (ENSO) has been related to above 26 

average precipitation in January over CEBr (e.g., Grimm 2003; Drumond and Ambrizzi 2006; Grimm et 27 

al. 2007; Krishnamurthy and Misra 2010) and to a persistent oceanic SACZ (Carvalho et al. 2004), which 28 

increases the probability of extreme rainfall events over coastal SE Brazil (Carvalho et al. 2002; 29 

Liebmann et al. 2001). 30 

On interannual and interdecadal time scales, the position and intensity of the SACZ is also 31 

modulated by the South Atlantic Dipole (SAD). The SAD is a coupled atmosphere-ocean mode 32 

characterized by changes in the SASH intensity, which forces sea surface temperature (SST) anomalies of 33 

opposite sign over the tropical and subtropical South Atlantic (Venegas et al. 1997; Robertson and 34 

Mechoso 2000; Barreiro et al. 2002; Wainer and Venegas 2002; Bombardi et al. 2013). Bombardi et al. 35 

(2013) showed that during negative SAD phases, negative (positive) SST anomalies over tropical 36 

(subtropical) South Atlantic are related to the enhancement of the westerly winds over CEBr, with the 37 

associated increase of cyclonic moisture transport enhancing precipitation over this region. In turn, SST 38 
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variability over the southwestern subtropical South Atlantic appears to be related to SACZ internal 1 

variability, with positive (negative) precipitation anomalies over the SACZ, particularly its oceanic 2 

portion, increasing (reducing) cloudiness and resulting in negative (positive) SST anomalies over the 3 

region (Barros et al. 2000; Grimm and Zilli 2009; Talento and Barreiro 2012).  4 

Thus, both SACZ and South Atlantic SST variability are modulated by the position and intensity 5 

of the SASH. Li et al. (2013) demonstrated that the SASH has become more intense in recent years, 6 

which may be a regional manifestation of the observed poleward expansion of the Hadley circulation 7 

(Chen et al. 2014). Similar behavior is also evident in present and future scenarios of climate change as 8 

simulated by climate models (Seidel and Randel 2007; Vecchi and Soden 2007; Lu et al. 2007; Schneider 9 

et al. 2010; Li et al. 2013; Chen et al. 2014), suggesting that this trend will likely persist in the future. 10 

Climate change projections indicate that future intensification of the SASH could shift the SACZ 11 

poleward (Seth et al. 2010), favoring the occurrence of positive (negative) precipitation anomalies over 12 

SESA (CEBr), with a spatial pattern analogous to the negative phase of the SACZ dipole (Junquas et al. 13 

2012; Talento and Barreiro 2012; Jones and Carvalho 2013; Diaz and Vera 2017). Talento and Barreiro 14 

(2017) used an Atmospheric General Circulation Model (AGCM) forced with idealized heat sources over 15 

the Northern Hemisphere and demonstrated relationships between changes in the Hadley circulation, the 16 

intensification of the SASH, and consequent enhancement of subsidence over the tropical South Atlantic. 17 

Additionally, studies based on a two-way nesting climate model (model with a finer resolution region 18 

nested in a global climate model) forced with projected changes in SST showed that positive (negative) 19 

precipitation trends over SESA (CEBr) are related to enhanced (weakened) convergence as part of a 20 

propagating Rossby wave train forced by asymmetric warming over the Indian and equatorial western 21 

Pacific oceans (Junquas et al. 2013).  22 

In fact, the observed spatial pattern of precipitation trends over SA in recent decades is 23 

consistent with climate model projections. Previous studies identified an increase in total precipitation 24 

over SESA, mostly related to both an increase in the number of intense events as well as a decrease in the 25 

number of consecutive dry days over the region (Haylock et al. 2006; Barros et al. 2008; Skansi et al. 26 

2013). Zilli et al. (2016) showed that extreme rainfall events have become more intense and frequent 27 

during the rainy season over the northern part of the CEBr region in recent decades, although the number 28 

of rainy days (days with precipitation above 1mm/day) is decreasing. Over the southern portion of the 29 

region CEBr, Zilli et al. (2016) identified an increase in total precipitation related to an increase in rainy 30 

days and more frequent and intense extreme events and speculated that the spatial variability of the 31 

observed trends in extreme precipitation over coastal SE Brazil could be explained by a poleward shift of 32 

the SACZ.  33 

The present study investigates decadal changes in the circulation features related to the position 34 

and intensity of the SACZ that could influence dynamic and thermodynamic processes related to 35 

precipitating deep convection over central-eastern Brazil and adjacent South Atlantic Ocean. This study 36 

also explores possible mechanisms through which tropospheric warming may influence large-scale 37 

circulation in the region. The discussion is organized as follows: dataset and methodology are described 38 

in Section 2. Changes in decadal mean state of the atmosphere during DJF, including changes in 39 
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precipitation, circulation and temperature, are presented in Section 3. Section 4 discusses the implications 1 

of large scale changes on regional precipitation, while in Section 5 we summarize the results and present 2 

conclusions. 3 

2. Data and Methods 4 

2.1. Data 5 

The precipitation dataset used in this study is the monthly gridded data from the Global 6 

Precipitation Climatology Project Version 2.2 (GPCP; Huffman et al. 2009). It has 2.5° lon/lat horizontal 7 

resolution, spanning 1979 to 2015, and combines rain gauge and satellite precipitation estimates. Changes 8 

in the basic state of the atmosphere are evaluated with the National Center for Environmental Prediction 9 

(NCEP) Climate Forecast System Reanalysis (CFSR; Saha et al. 2010), at a spatial resolution of 0.5° 10 

lon/lat and daily temporal resolution, from 1979 to 2015. The atmospheric fields investigated are: 11 

geopotential height at 200hPa (Z200), vertical velocity at 500hPa (ω500), specific humidity at 700hPa 12 

(Q700) and 850 (Q850), wind and temperature at 850hPa (Wind850 and T850, respectively), and sea 13 

level pressure (SLP). Sea surface temperatures (SSTs) are derived from the National Oceanic and 14 

Atmospheric Administration (NOAA) Optimum Interpolation (OI) SST Version 2 High Resolution 15 

dataset (Reynolds at al. 2007), with daily data since 1981 at spatial resolution of 0.25° lon/lat. The same 16 

analysis was repeated using the European Reanalysis Interim (ERAI) from the European Centre for 17 

Medium-Range Weather Forecasts (Dee et al. 2011) and reconstructed SST from the Hadley Centre 18 

(HadISST; Rayner et al. 2003), with similar results (see Online Supplementary Material). 19 

2.2. Methods 20 

Changes in the mean DJF precipitation rate and in the basic state of other atmospheric fields 21 

over SA were estimated by comparing the austral summer averages for three 10-year periods. Since 22 

ENSO is the most important coupled mode of variability influencing precipitation in SA (e.g. Grimm, 23 

2003; Grimm et al. 2007), the 10-year periods were determined after excluding strong ENSO events. 24 

These strong ENSO events were identified when the absolute values of the Oceanic Niño Index (ONI, 25 

available at http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml) were 26 

greater than 1.4°C for at least three consecutive 3-month running means, as long as these conditions were 27 

satisfied in at least one month in DJF. Thus, the resultant periods were: 1979-1991 (excluding 1982-83 El 28 

Niño, 1988-89 La Niña, and 1991-92 El Niño); 1992-2004 (excluding 1997-98 El Niño, 1998-99, and 29 

1999-2000- both La Niña); and 2005-2014 (no strong ENSO events). The exact choice of years for each 30 

period as well as the length of these periods did not affect the final results. Furthermore, the inclusion of 31 

ENSO years did not change the final results despite small variations in the magnitude of the difference of 32 

specific variables and regions. However, we decided to remove those years due to the large number of 33 

strong ENSO events during the 80’s and 90’s. Because the SST dataset begins in 1981, the first period 34 
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considered when investigating changes in the mean SST conditions in this analysis spans 1981-1992 and 1 

the second period 1993-2004, excluding the same number of ENSO years. The years considered in each 2 

period and dataset and the years excluded due to ENSO events are summarized in Table 1. Notice that the 3 

DJF average of a variable for a specific year is calculated using December of that year and January and 4 

February of the next year. 5 

To identify decadal changes in the mean basic state of the atmosphere during DJF, we compared 6 

the averages for the period 1979-1991 with those for 2005-2014. Since we used all daily values for each 7 

period (900 days), the null hypothesis of the averages over two periods being equal was tested using a z 8 

test considering two independent samples, at 5% significance level, according to a Student’s t-distribution 9 

(Wilks, 2011). The degrees of freedom were assessed based on the effective sample size of each grid 10 

point, after accounting for serial autocorrelation (Wilks, 2011).  11 

Changes in SLP were based on the zonally asymmetric SLP (ZA_SLP), estimated as the 12 

difference between the SLP at each grid point and the DJF zonal mean. Upper level (200hPa) divergence 13 

(Div200) and the 700hPa and 850hPa saturation deficits (Q700d and Q850d, respectively) were also 14 

calculated using CFSR. The latter quantifies how far the atmosphere is from saturation, in terms of vapor 15 

mass (g/kg), and is defined for each level as the difference between the saturation specific humidity (Qsat) 16 

and the ambient specific humidity (Q) at that level. The Qsat (in kg/kg) was estimated as (Emanuel, 1994):  17 

𝑄𝑠𝑎𝑡 =
𝜖𝑒𝑠𝑎𝑡

𝑝 − 𝑒𝑠𝑎𝑡(1 − 𝜖)
 (1) 

where 𝑝 is pressure, 𝜖 (= 0.62220)  is the ratio between the gas constant for dry air and for water vapor, 18 

and 𝑒𝑠𝑎𝑡 is the saturation vapor pressure at that level, estimated as (Bolton, 1980): 19 

𝑒𝑠𝑎𝑡 = 6.112𝑒[
17.67𝑇

𝑇+243.5
]
 (2) 

where 𝑒𝑠𝑎𝑡 is in units of hPa and 𝑇 is the temperature at that level, in °C.  20 

3. Decadal Changes in the Mean State 21 

3.1. Precipitation 22 

Both the SAMS and SACZ are evident in the GPCP average DJF daily-mean precipitation rate 23 

(Fig 1a). Additionally, the seasonal average precipitation in Fig 1a indicates the climatological positions 24 

of the Intertropical Convergence Zone (ITCZ) over the equatorial Atlantic and Pacific oceans, as well as 25 

the South African Summer Monsoon and the South Pacific Convergence Zone (SPCZ) over the central 26 

South Pacific.  27 

The difference between DJF precipitation averaged during the first (1979-91) and last (2005-14) 28 

periods (Fig 1b) indicates an area of decreased (increased) precipitation along the equatorward (poleward) 29 

margin of the climatological SACZ extending from central Brazil into the subtropical Atlantic ocean, 30 

significant along eastern Brazilian coast. For reference, we have included in Fig 1b the 5mm/day isohyet 31 

for each 10-yr period (1979-91, solid red; 1992-04, dot-dashed brown; and 2005-14, dashed black), to 32 
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delineate the climatological location of the SACZ. A similar drying/wetting pattern is observed along the 1 

Atlantic ITCZ and over southern Africa, while the SPCZ exhibits a drying trend along both its poleward 2 

and equatorward margins. Additionally, there is a region of significant precipitation increase over 3 

equatorial western Amazon. These spatial patterns and intensity of changes are robust to the inclusion of 4 

ENSO years (not shown).  5 

To highlight the SACZ precipitation differences, we considered a cross-section roughly 6 

perpendicular to the NW-SE orientation of the SACZ (between 40°S, 47.5°W and 10°S, 30°W) and 7 

across the regions with the largest changes in precipitation (Fig 1b). The Hovmöller diagram in Fig 2a 8 

represents the average precipitation for each DJF season along this cross-section, while Fig 2b illustrates 9 

the mean DJF precipitation for each of the study periods. While there is clearly substantial year-to-year 10 

variability, a general shift toward wetter conditions over the poleward margin of the SACZ (south of 11 

30°S) emerges in the early 1990s (Fig 2a). Fig 2b highlights a poleward expansion of the poleward 12 

margin of the SACZ during the second period (1992-04) relative to the first period (1979-91). On the 13 

equatorward margin of the cross-section (north of 30°S), the drying tendency appears in the mid-2000s 14 

(Fig 2a), affecting the average over the last period (2005-14) and shifting precipitation poleward (Fig 2b, 15 

dashed black line). Overall, the average position of maximum precipitation along this cross-section has 16 

been displaced southward by ~4° from the late 1970s through the 2010s. The low-frequency evolution of 17 

precipitation, more evident after the mid-2000s, indicates that the drying tendency along the SACZ 18 

equatorward margin is not simply the effect of the intense drought that affected SE Brazil in 2014/2015 19 

(Otto et al. 2015; Coelho et al. 2016a, b; Nobre et al. 2016). In fact, the behavior seen here over the 20 

oceanic portion of the SACZ is broadly consistent with the drying tendency observed since 1998 in the 21 

region as documented in Coelho et al. (2016a). 22 

The spatial pattern of precipitation changes shown above resembles the negative phase of SACZ 23 

dipole, with the positive (negative) precipitation anomalies over SESA (CEBr) (e.g., Zhou and Lau 1998; 24 

Carvalho et al. 2002, 2011; Grimm and Zilli 2009). Grimm and Saboia (2015) demonstrated that 25 

precipitation variability associated with the dipolar mode also has a multidecadal component. However, 26 

such changes are also consistent with the projected increase in the frequency of the dipole’s negative 27 

phase arising in historical and future scenarios of anthropogenic climate change (Junquas et al. 2012; 28 

Talento and Barreiro 2012; Jones and Carvalho 2013; Diaz and Vera 2017). 29 

3.2. Temperature and Specific Humidity 30 

The SAMS circulation is mainly driven by the differential heating between land and ocean and 31 

resulting land-ocean pressure gradient (Zhou and Lau 1998). During the period analyzed here, the average 32 

temperature at 850hPa (T850) in DJF has increased over tropical SA and adjacent oceans, whereas 33 

subtropical and midlatitude regions have cooled (Fig 3a). Over the tropics, the largest warming has 34 

occurred over equatorial and subtropical North Atlantic Ocean basins. Over the tropical North Atlantic 35 

warming of SST has also occurred, as exemplified by the northward shift of the 27°C isotherm along the 36 

northern SA coast during the three consecutive periods (Fig 3b). Similar changes in the spatial 37 
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distribution of SSTs are also observed in HadISST data (Fig S1 in the Online Supplementary material). 1 

Although the increase in SST over the tropical and subtropical South Atlantic resembles the SAD’s 2 

spatial pattern, the observed changes in precipitation are not consistent with its impacts. During SAD 3 

negative phase, the warming (cooling) of the subtropical (tropical) South Atlantic is associated with an 4 

enhancement of SACZ activity resulting in positive (negative) precipitation anomalies over CEBr (SESA) 5 

(Bombardi et al. 2013). Our results suggest that the warming of the subtropical South Atlantic is 6 

associated with drying over CEBr, opposite to the expected positive precipitation anomalies related to 7 

negative SAD phase. Over the tropical South Atlantic, the changes in SST are negligible and not 8 

statistically significant (Fig 3b).  9 

Moreover, the warming over the southwestern South Atlantic is coherent with the atmosphere-10 

ocean coupled mode of internal variability described by Talento and Barreiro (2012). According to these 11 

authors, negative (positive) precipitation anomalies over CEBr and the oceanic part of the SACZ reduce 12 

(increase) cloudiness over the ocean, resulting in positive (negative) SST anomalies over southwestern 13 

South Atlantic. In fact, our results suggest a warming of southwestern South Atlantic (Fig 3b and Fig S1) 14 

and a reduction of precipitation along the equatorward margin of the SACZ stronger over its oceanic 15 

portion (Fig 1b). However, the analysis presented here does not allow us to determine whether changes in 16 

SST are forcing precipitation along the equatorward margin of the SACZ or the reduction in cloudiness is 17 

warming up the ocean’s surface. Positive SST anomalies over southwest South Atlantic have been related 18 

to the strengthening of the SASH, shifting the confluence of the warm Brazilian current with the cold 19 

Maldives current southward (Wainer and Venegas 2002). 20 

Over the continent, T850 has increased over eastern Amazon and northeastern Brazil, with a 21 

progressive warming since 1990s illustrated by the behavior of the 18°C isotherm (Fig 3a). Note that the 22 

mean (climatological) temperature is above (below) 18°C inside (outside) this isotherm (see also Fig S2 23 

in the Online Supplementary Material). At 850hPa, summertime temperature in the tropics and subtropics 24 

is largely controlled by cloudiness and precipitation (e.g., McGregor and Nieuwolt 1998). In fact, 25 

precipitation has decreased over eastern Amazon and northeastern Brazil (Fig 1b), where the warming has 26 

been more intense during the last period (Fig 3a). Conversely, over western Amazon, where precipitation 27 

has increased during the last period (Fig 1b), the warming at 850hPa is less intense (Fig 3a). The warming 28 

over tropical SA, also detected when using ERAI (Fig S3), is consistent with previous studies based on 29 

historical scenarios of climate change (Carvalho and Jones 2013; de Barros Soares et al. 2017) and cannot 30 

be explained by natural climate variability alone (de Barros Soares et al. 2017).  31 

Significant cooling at 850hPa is observed in the subtropics, coinciding with the climatological 32 

position of the semi-permanent anticyclones of the southeastern Pacific and Atlantic oceans (Figs 3a and 33 

S3). Cooling is also observed in the storm track over southeastern Pacific and southwestern Atlantic, and 34 

over northwestern Argentina. Cooling over these regions is restricted to levels below 500hPa (not shown), 35 

which suggests the impact of an increase in cloudiness.  36 

Consistent with the observed tropospheric warming and with Clausius-Clapeyron scaling of 37 

moisture saturation, specific humidity has also increased over the monsoonal regions of SA and Africa 38 

(Fig 4a for 850hPa and Fig 4b for 700hPa). However, it is worth noticing that over eastern Brazil the 39 
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increase in specific humidity is not as pronounced, despite the strong warming observed over the region 1 

(compare Fig 3a, 4a, and 4b). Over the oceans, the moistening is not uniform with altitude. Interestingly, 2 

at 700hPa (Fig 4b), there is drying of the troposphere equatorward of the SACZ and extending eastward 3 

over the tropical South Atlantic; similarly, drying occurs over the tropical Central Pacific to the north of 4 

the SPCZ (Fig 4b). Both regions are characterized by subsidence (ω500, c.f. Fig 6b, contours) associated 5 

with the semi-permanent anticyclones southeastward of each oceanic basin. Changes in specific humidity 6 

from ERAI indicate decreased moisture over the tropical South Atlantic in the later period, both at 7 

850hPa and 700hPa (Fig S4a and b, respectively), including those regions where CFSR Q850 exhibits 8 

moistening. However, both reanalyses agree with an increase (decrease) of available moisture along the 9 

poleward (equatorward) margin of the SACZ. These results are further explored in Section 4.  10 

3.3. Circulation and Geopotential Height 11 

The warming trend of the tropical troposphere can also be seen in the vertical expansion of the 12 

troposphere and consequent increase in geopotential heights in the upper troposphere. Fig 5a illustrates 13 

this by highlighting the mean 12400gpm isopleth for the three consecutive periods. During 1979-1991 14 

(red solid contour), the 12400gpm isopleth is confined to the Bolivian Altiplano, near the center of the 15 

Bolivian High. During 1992-2004, (brown dot-dashed contour), this isopleth encompasses most of 16 

tropical SA, while during 2005-2014 (black dashed line) it extends over most of the tropics, between 17 

20°N and 20°S. Similar behavior is observed at upper levels over southern Africa. Even though the 18 

vertical expansion of the troposphere in ERAI occurs mostly along the storm tracks (Fig S5a), both CFSR 19 

and ERAI show a poleward expansion of subtropical anticyclones over both the South Atlantic and South 20 

Pacific oceans (Fig 5b, S5b, and S6). One possible consequence of the vertical expansion of the 21 

troposphere is the widening of the Hadley cell, shifting the semi-permanent subtropical high pressure 22 

systems and the Southern Hemisphere storm track poleward (Schneider et al. 2010; Seidel and Randel 23 

2007; Vecchi and Soden 2007; Chen et al. 2014). Similar changes in the SASH have been described in 24 

studies using the 40-year European Centre for Medium-Range Weather Forecasts Re-Analysis (Li et al. 25 

2013) and in future scenarios of climate change from CMIP3 and CMIP5 models (Lu et al. 2007; Li et al. 26 

2013). 27 

Changes in the SASH affect the intensity of the northerly winds along the eastern Brazilian 28 

coast. In fact, the difference between the average summer wind at 850hPa between 1979-91 and 2005-14 29 

shows a cyclonic anomaly over the subtropical South Atlantic Ocean (Fig 6a), consistent with a 30 

southwestward expansion of the SASH. The anomalous southerly winds along the western flank of this 31 

anomalous circulation reduce the poleward flow over CEBr and adjacent tropical Atlantic (Fig 6a). Given 32 

that the northerlies in this region are related to the position and strength of the SACZ (Kodama, 1992, 33 

1993), a weakening of the meridional wind component is potentially associated with reduced precipitation 34 

caused by the weakening of the low-level convergence and ascent (ω500; Fig 6b). This will be examined 35 

further in section 4.  36 



 

9 

 

During the most recent period, the northerly winds have accelerated (Fig 6a) and the ascending 1 

motion has intensified (Fig 6b) along the eastern slope of the tropical Andes. Together with increased 2 

specific humidity over the region (Fig 4), the increased low-level flow enhances the poleward moisture 3 

flux toward subtropical SA. These results are similar to the changes in climatology projected for the A2 4 

scenario according to HadRM3P regional model described by Soares and Marengo (2009). Along the 5 

poleward margin of the SACZ, anomalous westerlies form the northern flank of a cyclonic circulation 6 

anomaly centered at about 35°S and 56°W (Fig 6a), which deflects the moisture flux from the Amazon 7 

toward southeastern Brazil and is associated with the enhancement of ascending air (Fig 6b) and 8 

convection over the region (Fig 1b). A similar pattern of changes in meridional wind at 850hPa, namely 9 

accelerating (decelerating) northerly winds east of the Andes (along eastern Brazilian coast), is also 10 

observed in ERAI (Fig S7a). Furthermore, the changes in Wind850 in ERAI suggest a cyclonic anomaly 11 

over tropical South Atlantic, related to an expansion of the SASH, and over subtropical South America 12 

(Fig S7b). 13 

4. Impact of Large Scale Changes on Regional Precipitation over Eastern 14 

Brazil 15 

According to Kodama (1992, 1993), subtropical diagonal convective zones such as the SACZ 16 

are maintained by the convergence between the low level poleward flow along the western periphery of 17 

subtropical anticyclones and the mid-to-upper level westerlies on the equatorward flank of the subtropical 18 

jet. On interannual timescales, stronger low-level poleward (northerly) winds on the equatorward margin 19 

of the SACZ are related to intense precipitation events, both over the continent and the adjacent ocean 20 

(Muza et al. 2009). Our results indicate a weakening of the low level poleward flow (Wind850, Fig 6a) 21 

during the latest period (2005-14) along with a decrease in convection over CEBr, as exemplified by 22 

reduced precipitation (Fig 1b) and ascent (Fig 6b), and increased temperature at 850hPa (Fig 3a).  23 

A more detailed analysis of the difference in winds at 850hPa averaged over the first (1979-91) 24 

and last periods (2005-14) is presented in Fig 7a. In this figure, the black arrows represent the average for 25 

the last period (2005-14) and red arrows the average for the first period (1979-91). The wind speed 26 

weakens along the north and western flanks of the SASH, with the black arrows systematically smaller 27 

than and oriented to the right of the red arrows, consistent with an expansion of the SASH. To further 28 

investigate the implications of weaker northerlies on precipitation over the equatorward margin of the 29 

SACZ, we consider a cross-section along the convective margin (between 12°S, 45°W and 35°S, 15°W, 30 

Fig 7a). The Hovmöller diagram along this cross-section (Fig 7b) shows the DJF average of meridional 31 

wind at 850hPa from 1979 to 2014. During the late 1970s-1990s, the maximum wind speed along this 32 

cross-section occurred between 41°W and 35°W. After 2000, the position of the maximum meridional 33 

wind moved southeastward, with reduced intensity after 2005. Fig 7c shows the meridional wind and 34 

precipitation along this cross-section, averaged over the three periods considered here. The reduction in 35 

the meridional wind during the last period (2005-14) between 39°W and 34°W along the convective 36 

margin is as large as 1m/s and corresponds to a decrease in average precipitation of about 1mm/day (Fig 37 
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7c). Similar changes in the 850hPa meridional wind along the equatorward margin of the SACZ are also 1 

observed when using ERAI (Fig S8). 2 

The weakening of the northerly winds along the equatorward margin of the SACZ in recent 3 

decades is associated with reduced low-level convergence and consequently reduced ascent (Fig 6b), 4 

weakening the upper level divergence (at 200hPa, Div200; Fig 8a). The cross-section along the 5 

convective margin is located where the climatology for the upper level divergence changes from 6 

divergence to the south to convergence to the north (cross-section “A” in Fig 8a). Consequently, the 7 

divergence was close to zero along this cross-section until approximately 1990, with a region of small 8 

positive values between 41°W and 36°W near the eastern Brazilian coast (Fig 8b). Since then, the 9 

divergence has become consistently negative near the coast, with more intense convergence occurring 10 

after 2005. From 2009 until 2014, upper level convergence has dominated over the entire oceanic portion 11 

of the cross-section (east of 41°W, Fig 8b). The average Div200 during each of the three periods (Fig 8c) 12 

shows that the area of the cross-section with the largest decrease in divergence coincides with the region 13 

with significant reduction in precipitation (Fig 8c). 14 

Changes in Div200 along the equatorward margin of the SACZ suggest a poleward shift in the 15 

upper level convergence-divergence boundary, evident in the DJF Div200 averaged across the oceanic 16 

portion of the SACZ, along the cross-section “B” in Fig 8a. Until 2005, the transition from convergence 17 

to divergence was located near 19°S (Fig 8d). After 2005, the convergence-divergence boundary shifted 18 

southwestward, accompanying changes in precipitation. The DJF average over each of the periods 19 

manifests this shift in both precipitation and Div200 between 24°S and 18°S (Fig 8e). Over the poleward 20 

margin of the SACZ (south of ~32°S along the “B” cross-section), the upper level divergence reversed 21 

from convergence to divergence in the beginning of the 1990s (Fig 8d and 8e), shifting the convergence-22 

divergence boundary poleward. Consequently, precipitation increased along the poleward margin of the 23 

SACZ following the pattern of increased upper level divergence (Fig 8d and 8e). These results, 24 

particularly the changes observed along the equatorward margin of the SACZ, are strong evidence that 25 

the weakening of the winds in the lower troposphere over CEBr and adjacent ocean has reduced the 26 

dynamic support for convection in this region, decreasing precipitation and shifting the convergence 27 

southward.  28 

The weakening in the meridional component of the wind along the equatorward margin of the 29 

SACZ yields a more zonal orientation of the winds (Fig 7a). In prior work, Lintner and Neelin (2010) 30 

constructed composites of rainfall along the equatorward margin of the SACZ indexed on variations in 31 

the component of the low-level horizontal wind in the direction of the mean moisture gradient.  Building 32 

on a simple 1D moisture budget prototype as described in Lintner and Neelin (2007), Lintner and Neelin 33 

(2010) argued that this margin is sensitive to variations in low-level inflow owing to the mean moisture 34 

gradient that exists between dry descent region over the Atlantic Basin and the moisture regions 35 

downstream over South America and the ITCZ.  In particular, in their framework, decreasing the strength 36 

of along-gradient winds was shown to increase precipitation, owing to decreased ventilation of the 37 

convecting region by horizontal advection of low moist static energy air masses originating over the 38 

Atlantic. By contrast, the results presented here show a weakening in the meridional component of the 39 
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winds in connection with decreased rainfall along the equatorward margin of the SACZ (Fig 7a). Of 1 

course, we should point out that the composite analysis of Lintner and Neelin (2010) did not account for 2 

changes in low-level convergence of the flow, which we have shown to be occurring for the decadal scale 3 

changes discussed here. It is also clear from Fig 7a that while the meridional component of the flow 4 

weakens, the zonal component strengthens. 5 

For further insight, we examined changes in the mean specific humidity between 1979-91 and 6 

2005-14 periods for an atmospheric column along the convective margin (Fig 9). As noted earlier, the 7 

profile of changes in specific humidity in the lower troposphere is not uniform (compare Q850, Fig 4a, 8 

and Q700, Fig 4b). Considering the cross-section along the equatorward margin of the SACZ (“A” in Fig 9 

4a), precipitation has decreased during the last period (2005-14) compared to the first period (1979-91) 10 

along the entire margin (Fig 9, bottom), despite the increase in moisture at 850hPa (Fig 9, top). In 11 

contrast, specific humidity at 700hPa has decreased along the same cross-section, especially between 12 

43°W and 35°W (Fig 9, top), or coincident with the region of largest precipitation decrease (Fig 9, 13 

bottom, and Fig 2). Changes in specific humidity from ERAI are similar, with the largest drying occurring 14 

between 700hPa and 500hPa along the convective margin of the SACZ (Fig S9).  15 

To better characterize the relationships between ventilation at 700hPa and the observed 16 

precipitation changes, we estimated changes in the average saturation deficit (𝑄700𝑑 = 𝑄700𝑠𝑎𝑡 −17 

𝑄700) from the first (1979-91) to the last period (2005-14; Fig 10). Large (small) values of Q700d are 18 

related to a relatively dry (humid) atmosphere. Therefore, positive (negative) differences between the two 19 

periods indicate that the atmosphere is moving away from (closer to) saturation.  20 

Between 1979-91 and 2005-14, DJF average Q700d decreased over western and southern 21 

Amazon and along the poleward margin of the continental SACZ, and increased over the equatorward 22 

margin of the SACZ and over the tropical South Atlantic (Fig 10a). Drying at this level is stronger over 23 

the ocean, with larger Q700d during the last period (2005-14) along the entire cross-section at the 24 

poleward margin of the SACZ (Fig 10c). The reduction in precipitation during the last period (2005-14) 25 

follows the increase in Q700d, with larger changes between 39°W and 34°W (Fig 10c). Similar behavior 26 

is observed on the equatorward side of the cross-section across the SACZ, where larger values of Q700d 27 

are collocated with more pronounced reduction in precipitation (north of 22°S, Fig 10e). The Hovmöller 28 

diagrams along both cross-sections (Fig 10b and 10d) indicate that the drying along the equatorward 29 

margin of the SACZ is stronger after 2005 (Fig 10b), and it has been occurring since the beginning of the 30 

1990s over tropical South Atlantic (north of 18°S, Fig 10d). However, on the poleward margin of the 31 

SACZ, represented as the poleward side of the cross-section across the oceanic SACZ (south of 28°S), 32 

precipitation has increased since 1992 but Q700d has remained unchanged (Fig 10d and 10e). Similar 33 

analysis at 850hPa indicates moistening at this level, as represented by reduced Q850d along the oceanic 34 

portion of the convective margin (east of ~38°W; Fig 11a) and across the oceanic SACZ (Fig 11b), with 35 

both been stronger after 2005.  36 

Hence, the reduction in precipitation over CEBr and adjacent Atlantic Ocean has been occurring 37 

since 2005 and is associated with weaker northerly winds, which reduce convergence and ascent over the 38 

region. The drying observed at 700hPa further contributes to reduce precipitation through the advection of 39 
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relatively drier air toward the convective margin, which weakens or even inhibits convective activity due 1 

to increased stability. These changes are also observed when using ERAI reanalysis and thus are not an 2 

artifact of the reanalysis algorithm. 3 

5. Conclusions  4 

During austral summer (DJF), intense precipitation in CEBr is modulated by the SAMS and by 5 

the SACZ. In prior work, Zilli et al. (2016) identified a trend toward increased average precipitation and 6 

intensity of extreme events over the southern portion of SE Brazil, while further north extreme events 7 

have intensified over time but the number of rainy days has decreased. This spatial variability in the low-8 

frequency precipitation behavior suggests changes in the SACZ’s position and intensity. To interpret 9 

these changes and identify underlying dynamic and thermodynamic mechanisms, we have examined here 10 

decadal changes in the mean state of the atmosphere and ocean in recent years, along with changes in 11 

precipitation at the margins of the SACZ.  12 

By comparing GPCP average daily precipitation during DJF for the periods of 1979-1991 and 13 

2005-2014 (excluding strong ENSO years) we identified a reduction in average daily precipitation along 14 

the equatorward margin of the SACZ, especially after 2005. Along the poleward margin, we observe an 15 

increase in average daily precipitation since ~1992. Both results are more noticeable over the coastal and 16 

oceanic portions of the SACZ and provide evidence of a poleward shift in the SACZ in recent years. This 17 

shift partially explains the increase in average precipitation observed over the southern part of SE Brazil 18 

(Zilli et al. 2016). The reduction in average precipitation identified here over CEBr reflects the decreased 19 

number of rainy days described in Zilli et al (2016).  20 

Comparison of DJF averages of circulation and thermodynamic variables for the periods of 21 

1979-1991 and 2005-2014 reveals regional changes occurring over SA and adjacent South Atlantic Ocean 22 

that have influenced the position and strength of the SACZ. The average circulation features associated 23 

with the SACZ, as well as the changes observed in this study, are schematically represented in Fig 12 (top 24 

and bottom, respectively). The spatial pattern of warming over the tropics in recent years has modified 25 

land-ocean temperature contrasts and sea level pressure gradient, the main drivers of the monsoonal 26 

circulation (Zhou and Lau 1998; Rodwell and Hoskins, 2001). The deceleration of the low level winds 27 

over tropical South Atlantic suggests an intensification of the SASH (represented in yellow in Fig 12). 28 

Changes in various atmospheric fields corroborate with an expansion of the SASH, including the 29 

warming of southwestern South Atlantic and the increase in subsidence and in saturation deficit over 30 

tropical South Atlantic. As a consequence, cyclonic wind anomalies occur over tropical South Atlantic, 31 

weakening of the northerly winds over CEBr and adjacent ocean (represented in magenta in Fig 12). 32 

According to Kodama (1992, 1993), the presence of poleward flows on the west flank of a subtropical 33 

high is one of the necessary conditions for the establishment of convergence zones in the subtropics. This 34 

flow is responsible for advecting moisture and heat from lower latitudes into the convergence zone, 35 

increasing instability and convection. The observed weakening of the poleward flow over CEBr and 36 

adjacent Atlantic Ocean identified in this study is associated with reduced low level convergence and 37 
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ascending motion, consequently decreasing upper level divergence along the SACZ convective margin. 1 

These changes reduce the dynamic support necessary for convection and precipitation along the 2 

equatorward margin of the SACZ, mostly over its oceanic portion. 3 

Conversely, the strengthening of the poleward flow along the eastern flank of tropical Andes 4 

favors moisture advection from the Amazon toward SESA. Together with an anomalous cyclonic 5 

circulation over SESA, this enhanced flow creates favorable conditions for the increase in precipitation 6 

along the poleward margin of the SACZ. Hence, the reduction (enhancement) of dynamic component of 7 

the circulation along the equatorward (poleward) margin of the SACZ results in favorable conditions for 8 

the poleward shift of the convective zone. 9 

Changes in specific humidity over CEBr and adjacent ocean are further consistent with a 10 

reduction in the average precipitation there. Even though the atmosphere has become more humid at 11 

850hPa, it has dried at 700ha and 500hPa (brown area in Fig 12). The reduction in specific humidity at 12 

700hPa and the increase in the saturation deficit could be indicative of increase in subsidence along the 13 

northern flank of the SASH. As shown by Lintner and Neelin (2010), the flow into the equatorward 14 

margin of the SACZ originates mainly from the tropical South Atlantic, a region of relatively high 15 

stability. We speculate that drying of the 700hPa layer, which is more pronounced over the source region 16 

of flow toward the SACZ, reduces moisture transport into the convective margin, increasing the local 17 

saturation deficit and contributing to the reduction in precipitation and in the number of rainy days 18 

identified in Zilli et al. (2016). The drier environment at 700hPa may act to inhibit the growth of deep 19 

convection via entrainment. Nevertheless, the presence of a drier layer atop of a moist layer may increase 20 

convective instability; therefore, when conditions favor convective development, these conditions may 21 

lead to more intense deep convection and extreme precipitation. Indeed, this may account for the 22 

increasing intensity of extreme events observed in Zilli et al. (2016). A more detailed investigation of the 23 

air parcels trajectory toward the SACZ and changes in local thermodynamics is necessary to assess the 24 

role of drying at 700hPa. 25 

Overall, the results presented here provide evidence that precipitation changes along the 26 

equatorward margin of the SACZ, especially its oceanic portion, are likely related to a poleward shift of 27 

the convergence zone, caused primarily by the weakening of the northerly winds along the western flank 28 

of the SASH and drying of low-to-mid troposphere (700hPa) along the equatorward margin of the SACZ 29 

(Fig 12, bottom). Similar results were identified using ERAI, suggesting that changes are not an artifact of 30 

the data assimilation or reforecasting process (Supplementary Online material). Based on these results, we 31 

suggest that changes in the SACZ could be related to changes in the positioning and intensity of the 32 

SASH. Moreover, the warming of the southwestern South Atlantic further corroborates with a 33 

southwestward shift of the SASH and consequent changes in the Hadley circulation.  34 

Despite the robustness of these results in two different reanalyses, the time series considered are 35 

not long enough to define the causes of the described changes or if these changes will persist in the future. 36 

A more detailed analysis of heating sources and their impacts on the regional circulation are necessary to 37 

determine whether these changes are part of natural variability or forced by anthropogenic-related climate 38 

change (or a combination of both). Previous studies suggest that changes in SST over southwestern South 39 



 

14 

 

Atlantic is part of a multidecadal variability mode with period of 25-30 years (Wainer and Venegas 1 

2002), with positive anomalies related to drying over the SACZ, mostly on its oceanic portion (Barreiro et 2 

al. 2002; Talento and Barreiro 2012). Furthermore, variations in the dipolar structure of the SACZ can be 3 

modulated by coupled climatic modes on decadal to multidecadal time-scales (e.g., Grimm and Saboia, 4 

2015). Also relevant, circulation and precipitation changes diagnosed here are consistent with coupled 5 

climate model projections under future scenarios of climate change (Seth et al. 2010; Talento and 6 

Barreiro 2012; Junquas et al. 2012; Carvalho and Jones 2013; Li et al 2013, Diaz and Vera 2017). Thus, 7 

the relatively short length of records (36 years) restricts the ability of this study to investigate the 8 

influence of low-frequency climatic modes such as the PDO and AMO, or attribute these observed 9 

changes to anthropogenic forcing. Whether resulting from anthropogenic forcing or modulated by 10 

coupled climate models (or from a combination of both), these changes need to be further investigated to 11 

increase resilience and assist with decision-making.  12 
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Tables 1 

Table 1 First year, last year, number of years (#Yr), and years excluded due to strong ENSO events (EN 2 

– El Niño; LN – La Niña) on each period considered for each dataset (GPCP, CFSR, and NOAA 3 

OI SST V2) 4 

Figures 5 

Fig 1 GPCP DJF precipitation rate (mm/day): (a) Climatology for 1979-2014 (contours each 2mm/day); 6 

(b) Difference between the first (1979-91) and last (2005-14) periods, with positive (negative) 7 

differences in green (brown) and significant difference (p<0.05) stippled. Contours at the 5mm/day 8 

isohyet for each period (1979-91, solid red; 1992-04, dot-dashed brown; and 2005-14, dashed black, 9 

excluding strong ENSO years). Bold gray line: location of the oceanic SACZ cross-section.  10 

Fig 2 GPCP DJF precipitation rate (mm/day) along the oceanic SACZ cross-section (bold gray line in Fig 11 

1b): (a) Hovmöller diagram, with averages for all grid points along the cross-section and white “x” 12 

symbols indicating the latitude of maximum precipitation per season; gray dashed lines separate 13 

each period considered. (b) Average for each of the three periods (1979-91, solid red; 1992-04, dot-14 

dashed brown; and 2005-14, dashed black). Gray shades show grid points with statistically 15 

significant (p<0.05) differences in precipitation average between first and last periods 16 

Fig 3 Difference in DJF average between first (1979-91) and last (2005-14) periods (shades), with 17 

positive (negative) differences in red (blue) and significant differences (p<0.05) stippled, and DJF 18 

average (contours) for each period (1979-91, solid red; 1992-04, dot-dashed brown; and 2005-14, 19 

dashed black): (a) T850 (in °C), contours at 18°C; and (b) SST (in °C), contour at 27°C 20 

Fig 4 Difference in DJF average between first (1979-91) and last (2005-14) periods (shades), with 21 

positive (negative) differences in green (brown) and significant differences (p<0.05) stippled, and 22 

climatology for 1979-2014 (contours each 1g/kg). Bold gray lines: location of the cross-sections 23 

along the equatorward margin of the SACZ (“A”) and across the oceanic SACZ (“B”). (a) Q850 (in 24 

g/kg); and (b) Q700 (in g/kg) 25 

Fig 5 Difference in DJF average between first (1979-91) and last (2005-14) periods (shades), with 26 

positive (negative) differences in red (blue) and significant differences (p<0.05) stippled. (a) Z200 27 

(in gpm), contours at 12400gpm representing the DJF average for each period (1979-91, solid red; 28 

1992-04, dot-dashed brown; and 2005-14, dashed black); (b) ZA_SLP (in hPa), with contours 29 

representing the DJF climatology (1979-2014; contours each 1hPa, with negative values dashed)  30 

Fig 6 Difference in DJF average between first (1979-91) and last (2005-14) periods (shades), with 31 

positive (negative) differences in red (blue): (a) Wind850 (in m/s): wind speed (shades) and vectors 32 

(arrows); only areas with significant differences (p<0.05) for at least one component plotted. (b) 33 

ω500 (in Pa/s), with ) and significant differences (p<0.05) stippled and contours representing the 34 

DJF climatology (1979-2014; contours each 0.02Pa/s, with negative values dashed) 35 

Fig 7 Wind at 850hPa (in m/s): (a) Arrows: DJF average during the first (red, 1979-91) and last (black; 36 

2005-14) periods; shades: positive (red) and in negative (blue) significant (p<0.05) differences 37 

between DJF average wind speed for the first (1979-91) and last (2005-14) periods. Bold gray line: 38 

location of the cross-section along the equatorward margin of the SACZ. (b) Hovmöller diagram of 39 

the average meridional wind for all grid points along the cross-section in (a) with positive (negative) 40 

differences in red (blue); gray dashed lines dividing each of the periods considered. (c) Average 41 
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meridional wind (red, brown, and black lines) and precipitation (blue lines with circles marking the 1 

center of each grid point, right y-axis) for each period (1979-91, solid; 1992-04, dot-dashed; and 2 

2005-14, dashed) along the cross-section in (a). Shaded areas: grid points with significant (p<0.05) 3 

difference between average precipitation for the first (1979-91) and last periods (2005-14) 4 

Fig 8 (a) As in Fig 6b for Div200 (contours each 1x10
6
/s, negative values dashed). Bold gray lines: 5 

location of the cross-sections along the equatorward margin of the SACZ (“A”) and across the 6 

oceanic SACZ (“B”). (b-e) As in Fig 7b-c for Div200 along the cross-sections in (a): (b-c) averages 7 

for the cross-section along the equatorward margin of the SACZ (“A”); and (d-e) averages for the 8 

cross-section across the oceanic SACZ (“B”) 9 

Fig 9 Difference in DJF averages between first (1979-91) and last (2005-14) periods for all grid points 10 

along the equatorward margin of the SACZ (cross-section “A” in Fig 4). Top: vertical profile of 11 

specific humidity (in g/kg), with positive (negative) differences in green (brown). Bottom: 12 

Precipitation (in mm/day), with circles marking the center of each grid point and shaded areas 13 

where the difference is statistically significant (p<0.05) 14 

Fig 10 Q700d (in g/kg): (a) Difference in DJF average between first (1979-91) and last (2005-14) periods 15 

(shades), with positive (negative) differences brown (green), significant differences (p<0.05) 16 

stippled, and contours representing the DJF climatology (1979-2014; contours each 1g/kg). Bold 17 

gray lines: location of the cross-sections along the equatorward margin of the SACZ (“A”) and 18 

across the oceanic SACZ (“B”). (b-e) As in Fig 7b-c, along the cross-sections in (a), with positive 19 

(negative) differences in brown (green): (b-c) averages for the cross-section along the equatorward 20 

margin of the SACZ (“A”); and (d-e) averages for the cross-section across the oceanic SACZ (“B”) 21 

Fig 11 DJF average for Q850d (in g/kg), as in Fig 7c, along the cross-sections in Fig 4a: (a) averages for 22 

the cross-section along the equatorward margin of the SACZ (“A”); and (b) averages for the cross-23 

section across the oceanic SACZ (“B”) 24 

Fig 12 Schematic main features related to the SACZ (top) and changes observed during the last period 25 

(2005-14, bottom). Changes in the thickness of the arrows represent relative intensity. Top: 26 

climatological position of the SACZ (blue), SASH (yellow), and poleward flow at the western flank 27 

of the SASH (magenta). Other features related to the convergence and precipitation at the SACZ: 28 

subsidence over tropical South Atlantic (brown), the Chaco Low (purple), and the northerly winds 29 

east of the tropical Andes (green), advecting moisture from the Amazon. Bottom: changes in mean 30 

state of the atmosphere resulting in a southwestward shift of the SACZ; long-dashed line represents 31 

the climatological position of the SACZ (blue), SASH (yellow), and of the flow around the SASH 32 

(magenta). Intensification of the SASH (yellow), weakening of the circulation around it (magenta), 33 

and a reduction of the specific humidity of tropical South Atlantic (brown) contribute to the 34 

poleward shift in the SACZ (blue) and the reduction of precipitation along its equatorward margin 35 

(red). Changes in the SASH also affect the northerly winds east of the tropical Andes (green) and 36 

respective changes in precipitation in the poleward margin of the SACZ (blue) 37 


