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1. Introduction 

The monsoon (hereafter, South American Monsoon System, SAMS) is the most important climatic 
feature in South America (Zhou and Lau 1998; Vera et al. 2006; Marengo et al. 2010). The main feature of 
the SAMS is the enhanced convective activity and heavy precipitation in tropical South America, which 
typically starts in October-November, is fully developed during December-February and retreats in late April 
or early May (Kousky 1988; Horel et al. 1989; Marengo et al. 2001; Grimm et al. 2005; Gan et al. 2006; 
Liebmann et al. 2007). 

Although the variability of precipitation in the SAMS has been extensively investigated over the years, 
one of the main challenges has been the availability of data sets with suitable spatial and temporal resolutions 
able to resolve the large range of meteorological systems observed during the monsoon. While some stations 
in South America have precipitation records going back several decades, the sparseness of stations is not 
adequate to characterize mesoscale precipitation systems. To overcome this difficulty, some studies have 
developed considerable efforts to collect precipitation records from stations and develop quality-controlled 
gridded precipitation data sets (Legates and Willmott 1990; Liebmann and Allured 2005; Silva et al. 2007). 

Recently, new generation of reanalysis products have been completed (Saha et al. 2010; Dee et al. 2011; 
Rienecker et al. 2011). The new reanalyses, which are derived from state-of-the-art data assimilation systems 
and high resolution climate models, provide substantial improvements in the spatiotemporal variability of 
precipitation relative to the first generation of reanalyses (Higgins et al. 2010; Saha et al. 2010; Rienecker et 
al. 2011; Silva et al. 2011). 

This paper evaluates and compares statistical properties of daily precipitation in three types of data sets: 
gridded station data, satellite-derived precipitation and reanalyses. This study employs several analyses to 
determine consistencies and disagreements in the representation of precipitation over SAMS. The period 
1998-2008 is selected in order to minimize missing data and develop a consistent comparison among the data 
sets. In addition, since the data sets are available with different horizontal resolutions, the comparison is 
performed in two ways: 1) all data sets regridded to a common resolution and 2) data sets with their original 
resolutions. 

2. Data 

The statistical properties of precipitation in the SAMS region are investigated with daily gridded data 
from multiple sources during 1 Jan-31 Dec 1998-2008. The following data sets are used: 

i) Physical Sciences Division, Earth System Research Laboratory (PSD):  This data set is formed from 
observed precipitation collected at stations distributed over South America (Liebmann and Allured 
2005, 2006). The daily gridded precipitation is constructed by averaging all observations available 
within a specified radius of each grid point. Two grid resolutions (1° and 2.5° lat/lon) are used in this 
study. 
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ii) Global Precipitation Climatology Project (GPCP): The daily GPCP combines Special 
Sensor/Microwave Imager (SSM/I), GPCP Version 2.1 Satellite-Gauge, geosynchronous-orbit Infrared 
(IR), (geo-IR) Tb histograms (1°x1° grid in the band 40°N-40°S, 3-hourly), low-orbit IR GOES 
Precipitation Index (GPI), TIROS Operational Vertical Sounder (TOVS) and Atmospheric Infrared 
Sounder (AIRS) data (Huffman et al. 2001). The GPCP data used in this study have 1o lat/lon grid 
spacing. 

iii) Climate Prediction Center unified gauge (CPC-uni):  The NOAA Climate Prediction Center (CPC) 
unified gauge uses an optimal interpolation technique to re-project precipitation reports to a grid 
(Higgins et al. 2000; Silva et al. 2007; Chen et al. 2008; Silva et al. 2011). This study uses data with 
0.5o lat/lon grid spacing. Although the PSD and CPC-uni data sets share some of the same station 
observations, it is worth noting that the quality control and gridding methods are distinct. In addition, it 
is likely that the number and origin of station data in both data sets are different. 

iv) Climate Forecast System Reanalysis (CFSR):  Daily precipitation from the NCEP CFSR (Saha et al. 
2010) is used at 0.5o lat/lon grid spacing. It is also important to note that precipitation is not assimilated 
in the CFSR production and is a forecast (first-guess) product. 

v) Modern-Era Retrospective Analysis for Research and Applications (MERRA):  Daily precipitation from 
MERRA at 0.5o latitude/0.3o longitude is used (Rienecker et al. 2011). As in the CFSR, precipitation is 
a forecast product. 

vi) Tropical Rainfall Measurement Mission (TRMM 3B42 V6):  Daily precipitation from TRMM is used 
with 0.25o lat/lon (Bookhagen and Strecker 2008; Bookhagen and Strecker 2010; Bookhagen and 
Burbank 2011). 

3. Results 

Several statistical analysis have been applied to the daily precipitation and the reader is referred to 
Carvalho et al. (2011) for additional details. The annual evolution of SAMS is examined to determine 
consistencies and disagreements among the data sets. The large-scale features of interest are: the dominant 
spatial precipitation pattern, dates of onset and demise, duration and amplitude of the monsoon. These 
characteristics are determined with empirical orthogonal functional (EOF) analysis applied to the daily 
precipitation (only land grid points) from each data set separately. Before computation of EOF analysis, the 
time series of precipitation in each grid point are scaled by the square-root of the cosine of the latitude and the 
long-term mean removed (1 Jan-31 Dec, 1998-2008). The first mode (EOF1) and associated temporal 
coefficient (PC1) explain the largest fraction of the total variance of precipitation over land and are used to 
describe the annual evolution of SAMS.  

To determine dates of onset, demise and duration of SAMS, the daily PC1 is smoothed with ten passes of 
a 15-day moving average. This smoothing procedure is obtained empirically and used to decrease the 
influence of high frequency variations during the transition phases of SAMS. The large-scale onset of SAMS 
is defined as the date when the smoothed PC1 changes from negative to positive values. This implies that 
positive precipitation anomalies during that time become dominant over the SAMS domain. Likewise, the 
demise of SAMS is defined as the date when the smoothed PC1 changes from positive to negative values. The 
duration of the monsoon is defined as the period between onset and demise dates. The seasonal amplitude of 
the monsoon is defined as the integral of positive unsmoothed PC1 values from onset to demise. Therefore, 
the seasonal amplitude index represents the sum of positive precipitation anomalies and minimizes the effect 
of “break” periods in the monsoon especially near the onset and demise. Active/break periods in SAMS are 
particularly frequent on intraseasonal time scales (Jones and Carvalho 2002). 

Figure 1 shows the spatial patterns of EOF1 derived from each data set with 2.5o lat/lon grid spacing and 
expressed as correlations between PC1 and precipitation anomalies. Positive correlations are interpreted as 
positive precipitation anomalies and indicative of active SAMS. In general, all data sets show similar features 
such as positive precipitation anomalies over central South America and negative anomalies over the northern 
parts of the continent. The region of negative anomalies over northern South America is substantially smaller 
in the PSD due to missing data (the “bull’s eye” at ~60oW, 10oS is a grid point with missing data). The 
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magnitude of positive correlations varies slightly and is highest for PSD. The largest positive correlation in 
MERRA is slightest to the west relative to the other data sets. 

The percentages of explained 
variance by EOF1 are: 20.5% 
(PSD), 11.6% (GPCP), 8.4% (CPC-
uni), 10% (CFSR), 17.9% (MERRA) 
and 6.9% (TRMM). EOF1 captures 
the largest fraction of the total 
variance, which includes 
subseasonal, seasonal and 
interannual variations, since the 
EOF analysis is performed 
removing only the long-term mean. 
Main differences in explained 
variance are associated with how 
much each PC1 represents the 
distribution of subseasonal, 
seasonal and interannual variations. 
These percentages are comparable 
to the percentages obtained with the 
data sets at their original resolutions, 
which suggests that spatial 
resolution of the data sets is not the 
main issue, but rather how each 
data set represents temporal 
variations. 

Dates of onset, demise and duration of SAMS derived from each data set with the original resolution are 
shown in Fig. 2. The mean onset date (Fig.2 top) is highly coherent among PSD, GPCP, CPC-uni and TRMM 
(~21 October) including the ranges of minimum and maximum onset dates. In contrast, the mean onset dates 
in CFSR and MERRA are off by several weeks. The variability in dates of mean demise (Fig. 2 middle) 
indicates agreements among PSD, GPCP, CPC-uni and TRMM and some differences in CFSR and large 
disagreement in MERRA. Consequently, the mean durations of SAMS (~180 days) agree reasonably well 
among PSD, GPCP, CPC-uni and TRMM data and is shorter and more variable in the CFSR and MERRA 
reanalyses (Fig. 2 bottom). These results indicate that differences in data resolution do not explain 
disagreements in the annual evolution of SAMS especially between CFSR and MERRA and the other data 
sets. 

5. Conclusions 

Carvalho et al. (2011) compares some statistical properties of daily gridded precipitation from different 
data (1998-2008): 1) Physical Sciences Division, Earth System Research Laboratory (PSD) (1.0o and 2.5o 
lat/lon), 2) Global Precipitation Climatology Project (GPCP at 1o lat/lon), 3) Climate Prediction Center 
unified gauge (CPC-uni) (0.5o lat/lon), 4) NCEP CFSR reanalysis (0.5o lat/lon), 5) NASA MERRA reanalysis 
(0.5o lat/0.3o lon) and 6) TRMM 3B42 V6 data (0.25o lat/lon).  The same statistical analyses are applied to 
data in: 1) a common 2.5 o lat/lon grid and 2) in the original resolutions of the data sets. 

All data sets consistently represent the large-scale patterns of the SAMS. The onset, demise and duration 
of SAMS are consistent among PSD, GPCP, CPC-uni and TRMM data sets, whereas CFSR and MERRA 
seem to have problems in capturing the correct timing of SAMS. Power spectrum analysis shows that 
intraseasonal variance is somewhat similar in the six data sets. Moreover, differences in spatial patterns of 
mean precipitation are small among PSD, GPCP, CPC-uni and TRMM data and some discrepancies are found 
CFSR and MERRA. Fitting of gamma frequency distributions to daily precipitation shows differences in the 
parameters that characterize the shape, scale and tails of the frequency distributions. This suggests that 

Fig. 1  First EOF patterns described as correlations between the first 
temporal coefficient (PC1) and precipitation anomalies.  Solid 
(dashed) contours indicate positive (negative) correlations at 0.1 
intervals (zero contours omitted).  Shadings indicate correlations ≥ 
0.2 (≤ -0.2) and are significant at 5%.  Data grid spacing: 2.5° lat/lon.
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significant uncertainties exist in the characterization 
of extreme precipitation, an issue that is highly 
important in the context of climate variability and 
change in South America. 
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