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Abstract

:

Gridded precipitation (PRP) data have been largely used in diagnostic studies on the climate variability in several time scales, as well as to validate model results. The three most used gauge-based PRP datasets are from the Global Precipitation Climatology Centre (GPCC), University of Delaware (UDEL), and Climate Research Unit (CRU). This paper evaluates the performance of these datasets in reproducing spatiotemporal PRP climatological features over the entire South America (SA) for the 1901–2015 period, aiming to identify the differences and similarities among the datasets as well as time intervals and areas with potential uncertainties involved with these datasets. Comparisons of the PRP annual means and variances between the 1901–2015 period and the non-overlapping 30-year subperiods of 1901–1930, 1931–1960, 1961–1990, and the 25-year subperiod of 1991–2015 for each dataset show varying means of the annual PRP over SA depending on the subperiod and dataset. Consistent patterns among datasets are found in most of southeastern SA and southeastern Brazil, where they evolved gradually from less to more rainy conditions from 1901–1930 to the 1991–2015 subperiod. All three datasets present limitations and uncertainties in regions with poor coverage of gauge stations, where the differences among datasets are more pronounced. In particular, the GPCC presents reduced PRP variability in an extensive area west of 50° W and north of 20° S during the 1901–1930 subperiod. In monthly time scale, PRP time series in two areas show differences among the datasets for periods before 1941, which are likely due to spurious or missing data: central Bolivia (CBO), and central Brazil (CBR). The GPCC has less monthly variability before 1940 than the other two datasets in these two areas, and UDEL presents reduced monthly variability before 1940 and spurious monthly values from May to September of the years from 1929 to 1941 in CBO. Thus, studies with these three datasets might lead to different results depending on the study domain and period of analysis, in particular for those including years before 1941. The results here might be relevant for future diagnostic and modelling studies on climate variability from interannual to multidecadal time scales.
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1. Introduction


Several sectors of human activities, as well as the terrestrial ecosystems, depend strongly on the climate system, in which the precipitation (PRP) plays a crucial role as one of the most relevant active components of the hydrological cycle and related atmospheric dynamics and thermodynamics [1,2,3]. In a warming climate, PRP is also anticipated to increase in wet regions and decrease in dry areas [4]. This change is expected to increase the frequency and intensity of some weather and climate extremes [5]. PRP is also an important parameter for validating models, as input for land surface models and estimating extreme events. Therefore, reliable and accurate PRP data are crucial in various applications. Motivated by this need, several institutions and research groups devoted substantial effort to developing large-scale PRP datasets based on observational gauge data, satellite estimates, and reanalyses. The currently available PRP datasets have different spatiotemporal resolutions and coverages, such that depending on the application, some datasets might be more appropriate than others. A comprehensive review of the 30 available datasets, including gauge-based, satellite-estimated, and reanalysis datasets, can be found in [6].



Carvalho [7], reviewing the studies on PRP trends based on historical records over the Americas, called the reader’s attention to the limitations and potential uncertainties in these records in extensive continental areas with sparse distribution of the meteorological stations; due to that, the interpolation procedure between rain-gauge locations to get gridded data might introduce errors [8]. Comparisons among PRP datasets over South America (SA) have been made for limited areas and/or for more recent periods [9,10,11,12]. Costa and Foley [9] found consistent long-term average annual patterns over the Amazon Basin but regional discrepancies in the interannual variability among six datasets with varying lengths of records from 61 years (1920–1980) to eight years (1988–1995 and 1985–1992). Negrón-Juarez et al. [10] found, over the Amazon Basin and northeast Brazil (NEB), coherent seasonal cycles for the 1986–2005 period and annual pattern for the 1998–2005 period, and large discrepancies in the interannual and decadal variations during the 1986–2005 period using six PRP datasets. In agreement, among five PRP datasets, Shimizu et al. [12] obtained coherent annual cycles over northern and northeastern Brazil during the 1981–2010 period. The analyses of Negrón-Juarez et al. [10] and Shimizu et al. [12] were based on gauge-only and merged gauge and satellite data PRP datasets, and Costa and Foley (1998) considered, in addition, PRP from the National Centers for Environmental Prediction (NCEP) reanalysis. Gulizia and Camilloni [11] compared the PRP climatological characteristics over SA obtained from the Global Precipitation Climatology Centre (GPCC) [13], the Climate Research Unit (CRU) of the University of East Anglia [14], and the University of Delaware (UDEL) [15] during 1971–2010, with emphasis on central SA, southeastern Brazil and the southern sector of southeastern SA (SESA includes southern Brazil, Uruguay, and eastern Argentina to the north of 40° S). They found similar spatial climatological characteristics over SA among the datasets but that the annual values in central SA from CRU differ considerably from the other datasets (GPCC and UDEL).



The GPCC, UDEL, and CRU PRP datasets have been largely used in diagnostic studies on low-frequency climate variability and trend analysis, mainly because they have long-term coverages, and the gaps in the gauge coverages are filled with interpolation techniques employed to get gridded values. Concerning the South American domain, several studies focused on the Pacific Decadal Oscillation (PDO) and/or Atlantic Multidecadal Oscillation (AMO) modulation of the PRP [16,17,18,19,20,21,22,23,24,25], and long-term PRP trends [26]. Some of these studies are based mainly on a single PRP dataset, such as the CRU by Marengo [16] and Kayano and Andreoli [18], the UDEL by Garreaud et al. [27], and the GPCC by Jury [19], Kayano and Capistrano [20], Dong and Dai [21], and Kayano et al. [22,23]. Concerning the PDO effect on PRP in central Brazil, Prado et al. [25] found similar results with the CRU, GPCC, and UDEL datasets for the 1937–2017 period of analyses. Differently, He et al. [24] used the average of these three datasets to study the PDO and AMO effects on the PRP over SA for the 1920–2015 period.



Comparisons among the CRU, GPCC, and UDEL datasets for their common period with open data may indeed be useful for climate studies since the results might guide users in choosing the appropriate dataset. From above, the PRP climatological aspects for specific regions in SA have already been evaluated with several datasets, including the CRU, GPCC, and UDEL, but for varying periods of the records or more recent years. Thus, the present paper evaluates the performance of these three datasets in reproducing spatiotemporal PRP climatological features over the entire SA for the 1901–2015 period, aiming to identify the differences and similarities among the datasets as well as time intervals and areas with potential uncertainties involved with these datasets.




2. Materials and Methods


2.1. Study Area


The study area extends over most of continental SA (Figure 1) and is limited at 15.25° N, 55.25° S, 84.75° W, and 29.75° W. SA locates mostly in the Southern Hemisphere and is geographical boundaries: the Pacific Ocean to the west, North America and the Atlantic Ocean to the north and east, and the Caribbean Sea to the northwest (Figure 1). SA presents a geographical complexity, with the Andes Mountains along the Pacific coast being its main topographic relief (Figure 1). SA presents diverse ecosystems and climates that are influenced by geographical factors and teleconnections modulated by sea surface temperature variations occurring in the oceans at time scales varying from interannual to multidecadal [28]. The main geographical factors influencing the South American climate include the Andes Mountains, Amazon forest, Amazon and La Plata Basins, and Pantanal wetlands [28]. Flantua et al. [29] classified the continental SA into three major climate zones: tropical, subtropical and extratropical. The tropical zone is modulated by the seasonal migration of the intertropical convergence zone in the Pacific and Atlantic oceans, and the associated South American monsoon system; in the region to the east of the Andes, moisture is transported from the tropics to the subtropics by the Andean low-level jet and incursions of extratropical systems east of Andes affect the subtropical climate; the extratropical SA is modulated by a quasi-permanent westerly associated with the subtropical anticyclones in the Pacific and Atlantic oceans [29]. Under these influencing factors, SA comprises diverse climates across its vast landmass, with the Amazon rainforest transitioning into savannas in central Brazil, semi-arid regions such as in northeast Brazil, and temperate climate in southern regions.




2.2. Data Description


One hundred fifteen years (1901–2015) of monthly gridded PRP data from the GPCC, UDEL, and CRU were obtained for the study area, and in the same horizontal grid with a resolution of 0.5 degrees in latitude and longitude. The monthly CRU PRP data were based on PRP data from several agencies, including, among others, the National Meteorological Agencies (NMAs), the World Meteorological Organization (WMO), the CRU, the Centro Internacional de Agricultura Tropical, and the Food and Agriculture Organization (FAO). The CRU PRP data used here is version 4.0 obtained from the University of East Anglia Climatic Research Unity, available at: http://badc.nerc.ac.uk/ (accessed on 5 January 2023).



Several sources of PRP data integrate the GPCC collecting and processing system, among others: the NMAs (primary data source), the daily surface synoptic observations and monthly climate messages from the WMO Global Telecommunication System, the global PRP data from the CRU, FAO, and Global Historical Climatology Network (GHCN) at the National Centers for Environmental Information, such that the GPCC includes information from more than 85,000 stations worldwide. The GPCC, using a high-quality control system, produces four global gridded monthly PRP products; we use the GPCC Full Data Reanalysis V.8 version available at http://www.dwd.de (accessed on 27 May 2022) [13].



The UDEL dataset was constructed using data from several sources, including the GHCN (version GHCN2 and GHCN-daily), the Atmospheric Environment Service/Environment Canada archive, the Hydro-meteorological Institute in St. Petersburg, Russia, the Greenland Climate Network data, and daily records from the Global Surface Summary of the Day, Webber, and Willmott’s South American monthly precipitation station records, among others. The UDEL PRP data used in the present analysis refer to the version 5.01 dataset [15], provided by the University of Delaware from their website at http://climate.geog.udel.edu/~climate/html_pages/ (accessed on 21 September 2020).



These gridded datasets were constructed with different methods of spatial interpolation from the gauge-station data. The CRU data are obtained from the angular-distance weighted (ADW) interpolation scheme proposed by Shepard [30]. In this method, the data of eight gauge stations within a correlation-decay distance to the grid point are used; for grid points with no station within a correlation-decay distance, the climatological mean value is imposed. Consequently, in some areas with sparse distribution of the meteorological stations, the interpolated value can be invariant over a number of years. The GPCC data were interpolated with a spherical adaptation of the ADW method, which was developed by Willmott et al. [31]. The UDEL data were also obtained with the spherical ADW scheme in combination with the Climatologically Aided Interpolation (CAI) method [32], in which a spatially high-resolution climatology is used to calculate the monthly PRP difference at each station. Using the spherical ADW method, these differences are interpolated to the grid points. Then, in each grid point, the corresponding climatological value and monthly difference are added.



Figure 2 illustrates the flowchart followed in the data collection presented above, including the calculations and methods carried out in the research, which are explained in the following section.




2.3. Methods


2.3.1. Analyses for Individual Dataset


For each dataset, the annual PRP time series is obtained in each grid point by accumulating the monthly PRP data annually. For each grid point, the means of annual PRP are calculated considering the 1901–2015 period (T-period) and the 1901–1930, 1931–1960, 1961–1990, and 1991–2015 subperiods. The patterns of the differences between the means of annual PRP over the T-period and subperiods are examined. Since these differences are between the T-period and subperiods, the significant positive (negative) differences indicate that the PRP values during the subperiod are lower (greater) than those during the T-period, such that the subperiod contributes to reducing (increasing) the means of the T-period.



Also, the variance ratios of the annual PRP of the T-period and of the subperiods are examined. In this case, for each grid point, the variance for each subperiod is regarding the corresponding mean of the annual PRP of the T-period. In each grid point, the ratio of the subperiod variance and the T-period variance multiplied by 100 is obtained. These ratios indicate the percentage of the PRP variance during the T-period explained by the subperiods, so that areas with ratios less (greater) than 100% indicate lower (higher) PRP variability in those areas during the subperiod than during the T-period. For each dataset, analyses of the differences between the means of annual PRP over T-period and subperiods and variance ratios allow the identification of subperiods and areas with possible spurious data, or replacement of missing data by climatological data.



It will be clear in the results that two areas with possible spurious data could be identified, one in central Brazil (CBR) with limits at 55.25° W, 49.25° W, 17.75° S, and 12.25° S, and the other in central Bolivia (CBO) with limits at 66.75° W, 62.75° W, 17.75° S, and 15.25° S. For comparisons, three additional areas without apparent spurious data are also selected. In these cases, the selection is based on distinct climate features of three areas: one in central eastern Amazon (CAM) bounded at 70.25° W, 50.25° W, 11.75° S, and 0.25° N, the second in NEB with limits at 45.25° W, 35.25° W, 10.25° S, and 5.25° S, and the last in SESA bounded at 60.25° W, 50.25° W, 35.25° S, and 22.25° S. The locations of these areas are illustrated in Figure 1. The monthly PRP time series averaged in each area was obtained separately for each dataset and plotted in a month-versus-year graphic.



The significance of the differences between the means of the annual PRP values over the T-period and subperiods is assessed using Student’s t test. Considering two variables     X   1     and     X   2     with     n   2     and     n   1     values,     S   1     and     S   2     standard deviations,       X   1    ¯    and       X   2    ¯    respectively, and that the difference       X   1    ¯  −     X   2    ¯    has a Student-t distribution, the absolute values of       X   1    ¯  −     X   2    ¯    exceeding


    t   α     n   1   +   n   2   − 2            n   1   − 1     S   1   2   + (   n   2   − 1 )   S   2   2           n   1   +   n   2       n   1     n   2   (   n   1   +   n   2   − 2 )     



(1)




where     t   α     n   1   +   n   2   − 2       is obtained in a Student’s t table for significance level   α   and       n   1   +   n   2   − 1      degrees of freedom are statistically significant [33]. The significance level of 0.05 is used in this test.




2.3.2. Intercomparisons among Datasets


Intercomparisons among the datasets are done with the annual PRP during the 1901–2015 period. Considering the three areas without apparent spurious data (CAM, NEB, and SESA), the differences of the annual cycles every two datasets (GPCC minus CRU, GPCC minus UDEL, and UDEL minus CRU) are obtained.



Comparisons among the datasets are also performed using the correlation maps. Using the Pearson correlation coefficient, the correlation maps every two datasets are constructed. The significance of the correlation is tested using the Student’s t test. Considering two variables     X   1     and     X   2     with   n   values and the correlation coefficient   r  , the absolute values of   r   excedding


          t   α , n − 2       2      n − 2 +       t   α , n − 2       2       








where     t   α , n − 2     is obtained in a Student’s t table for significance level   α   and     n − 2      degrees of freedom are statistically significant [33]. The significance level of 0.01 is used in this test.



Also, comparisons among the datasets are conducted by calculating the Nash–Sutcliffe efficiency coefficient of the annual PRP every two datasets. The Nash–Sutcliffe efficiency coefficient was first used to assess the predictive skill of hydrological models, and is defined as one minus the ratio of the error variance of the modeled time series to the variance of the observed time series. Here, we consider the NSE to evaluate the degree to which one gridded precipitation dataset reproduces another dataset. So, considering the annual PRP as   P   this coefficient is obtained after Nash and Sutcliffe [34] as:


  N S E = 1 −     ∑  t = 1   T          P   1   t   −   P   2   t       2         ∑  t = 1   T          P   1   t   −     P   1    ¯      2        



(2)




where       P   1    ¯    is the mean of annual PRP for precipitation dataset 1,     P   1   t     and     P   2   t     are, respectively, the annual PRP for datasets 1 and 2 at time   t  . NSE varies from   − ∝   to 1. Interpretation of NSE values are:   N S E = 0   means that the error variance of the dataset 2 time series is equal to the variance of the dataset 1 time series;   N S E < 0  ; indicates that the error variance of the dataset 2 time series exceeds the variance of the dataset 1 time series; and NSE close to 1 indicates better agreement between datasets.






3. Results


3.1. Comparisons between the T-Period (1901–2015) and the Subperiods of the Mean and Variance of the Annual PRP


3.1.1. GPCC


The GPCC differences between the means of the annual PRP of the T-period and the subperiods are illustrated in Figure 3a–d. For the T-[1901–1930] map, non-significant absolute values less than 50 mm are found in most of tropical SA, except for significant negative differences in small scattered areas in NEB, and in two small areas, one in central-eastern Brazil (centered around 10° S; 47° W) and another in central-western Chile (Figure 3a). Also, significant positive differences are found in an area extending from eastern Paraguay to eastern subtropical Argentina. Thus, except in areas with significant differences, the 1901–1930 subperiod, in general, has a small contribution to the mean of the annual PRP of the T-period (Figure 3a). The T-[1931–1960] map shows significant positive values in areas along a narrow zone from central western Colombia to NEB, and in subtropical SA (central northern Argentina and southern Brazil), and negative ones in small areas in the central-southwestern Amazon along approximately 20° S, and in extratropical southern Chile around 50° S. Therefore, in specific tropical areas, the 1931–1960 subperiod has a relatively larger contribution than the 1901–1930 subperiod to the means of the annual PRP over the T-period (Figure 3b). On the other hand, the T-[1961–1990] map presents considerably reduced absolute differences in most of the tropics and extratropics, except for significant negative values in small areas scattered in central equatorial SA and southwestern Amazon (Figure 3c). Contrasting with the other three subperiods, the 1991–2015 subperiod shows larger areas with significant positive differences in equatorial SA to the north of 20° S and significant negative differences over southeastern Brazil and SESA (which includes southern Brazil, Uruguay, and eastern Argentina to the north of 40° S) (Figure 3d).



The GPCC variance ratios between the subperiods and the T-period are shown in Figure 3e–h. For the 1901–1930 subperiod, variance ratios less than 20% are found in extensive areas of tropical SA to the north of 20° S and west of approximately 50° W, in an area extending from central-western Brazil to Uruguay and in part of southeastern Brazil (Figure 3e). The small percentages reflect reduced PRP variability in these areas during the 1901–1930 period, which might be due to the sparse distribution of the meteorological stations in tropical SA [13] and the consequent errors or approximations introduced in the interpolation procedure to produce the gridded data [8]. For the 1931–1960 subperiod, except for ratios less than 20% in southeastern Amazon and central Brazil, the ratios, in general, vary from 60% to 200%, with percentages between 60% and 100% from northern Brazil close to the mouth of the Amazon River to NEB, and in an extensive area from Ecuador across the southwestern Amazon to subtropical Argentina, and values above 100% in northwestern, northern, and extreme southern SA and some areas of eastern, central-western, and southern Brazil (Figure 3f). The percentage of less than 20% in southeastern Amazon and central Brazil might reflect the absence of data (see [35]). For the 1961–1990 subperiod, percentages exceeding 100% occur in most of tropical SA and extreme southern SA, and percentages less than 100% extend over central and western SA approximately between 20° S and 40° S (Figure 3g). For the 1991–2015 subperiod, ratios exceed 100% in most of SA, except for small areas in northwestern, northeastern, and southern SA and extreme western SA around 20° S (Figure 3h). The variance ratio maps indicate a gradual change in most of the tropical SA from reduced variability during the 1901–1930 subperiod to increased variability during the last two subperiods.




3.1.2. UDEL


The UDEL differences between the means of the annual PRP of the T-period and the subperiods are illustrated in Figure 4a–d. The T-[1901–1930] map shows significant negative values in western Colombia, central western Brazil, and central western Chile around 40° S, and significant positive values in a large area including southern Peru, northern Bolivia, and western Brazilian Amazon, and in small areas of southern Bolivia and northeastern and central eastern Argentina (Figure 4a). The T-[1931–1960] map depicts areas with significant negative values along a meridional zone from Guiana/Suriname/French Guiana to southwestern Bolivia, and significant positive values in small areas scattered over NEB, eastern Amazon, southeastern and southern Brazil, extreme western Brazilian Amazon, and central northern Argentina (Figure 4b). Comparing with the two previous described maps, the T-[1961–1990] map shows reduced magnitude differences, except for significant values in small areas scattered in southwestern and central northern Amazon with negative values, and in northwestern SA, in central western Brazil, and along western SA from 20° S to the south with positive values (Figure 4c). The 1991–2015 subperiod presents significant positive differences in a narrow band in northwestern SA, eastern Suriname, and French Guiana, in small areas in southeastern Amazon, southern Bolivia, northern Chile, and central Chile (around 40° S), and significant negative differences in southeastern Brazil, SESA, and western Brazilian Amazon (Figure 4d). Similar to those of the GPCC, the UDEL means of the annual PRP over SA vary depending on the subperiod, with the annual PRP in most of SESA evolving from drier conditions during the 1901–1930 subperiod to wetter conditions during the 1991–2015 subperiod. Nevertheless, the UDEL annual PRP in extensive areas of a meridional zone from Guiana/Suriname/French Guiana to southwestern Bolivia shows a reduction of the annual PRP from the 1931–1990 to 1991–2015 subperiod.



The UDEL variance ratios between the subperiods and the T-period are shown in Figure 4e–h. For the 1901–1930 subperiod, percentages less than 40% occur along areas over northern and western SA from central Venezuela to northern Chile and central Bolivia, and those between 60% and 80% along eastern Brazil, in central western Argentina around 30° S, and in southwestern SA around 45° S (Figure 4e). In the other areas, in general, percentages vary from 100% to 200%, except in two areas in western SA around 5° S and 25° S with percentages between 200% and 300% (Figure 4e). For 1931–1960 subperiod, percentages varying, in general, from 60% to 100% are noted in a near zonal band from Ecuador to NEB, along a narrow band from southwestern Amazon to southeastern Brazil around 22° S, in northern Chile, and in part of SESA (Figure 4f). These areas are permeated by areas with percentages varying from 100% to 200%, for an extensive area in northern SA; and most of Bolivia, with a variance ratio exceeding 200% (Figure 4f). For the 1961–1990 subperiod, small scattered areas with ratios of 60–100% permeate values exceeding 100% over SA north of 20° S; with values above 200% along west coast of SA from Ecuador to northern Chile; and with values less than 100% in the remaining areas of SA, with values less than 60% in western SA around 22° S (Figure 4g). For the 1991–2015 subperiod, values less than 100% occur in central northern Amazon, an area extending along the northern coast of SA from Suriname to NEB, and in central eastern Brazil, where the values vary from 20% to 60%, and percentages less than 60% are noted along the west coast of SA from Ecuador to northern Chile, where they extend over Bolivia and into the extreme southern SA (Figure 4h). In the complementary areas, the percentages vary mostly from 100% to 200%, except in the neighboring of southern Colombia and northern Peru with percentages above 200% (Figure 4h). The most outstanding feature in the variance ratio maps is the contrasting PRP variability over central Bolivia, which is reduced during the 1901–1931, 1961–1990, and 1991–2015 subperiods, and increased during the 1931–1960 subperiod (Figure 4e–h).




3.1.3. CRU


The CRU differences between the means of the annual PRP of the T-period and the subperiods are illustrated in Figure 5a–d. The T-[1901–1930] map shows significant positive values in large areas; one includes southern Peru and northern Bolivia, the second in central Amazon, and another one extends over southeastern Brazil, from SESA to most of the Argentinean territory. Meanwhile, negative differences, mainly varying from 0 to −100 mm, are noted in tropical SA in its central eastern side and along the western coast (Figure 5a). The T-[1931–1960] map for the CRU and the corresponding one for GPCC show similar patterns, except that the CRU’s pattern is smoother than the GPCC’s pattern (Figure 3b and Figure 5b). Also, the T-[1961–1990] map for the CRU and the corresponding one for the GPCC shows similarities, except for smoother patterns and an area in central-western Brazil with significant differences for CRU’s map (Figure 3c and Figure 5c). On the other hand, the T-[1991–2015] map for CRU presents significant negative differences of less than −100 mm in well-defined areas in equatorial Amazon, northern Bolivia, part of central-western Brazil, southeastern Brazil, SESA, and most of Argentina to the north of 45° S, and areas with significant positive differences along 15° S and over French Guiana (Figure 5d).



The CRU variance ratios between the subperiods and the T-period are shown in Figure 5e–h. For the 1901–1930 subperiod, percentages less than 20% are noticeable in central northern Amazon, northern Peru, and southwestern Amazon, and less than 100% along the eastern coast of Brazil to the north of 20° S, in tropical Chile, and in adjacent areas of western Argentina (Figure 5e). These areas with reduced percentages are permeated by ratios varying from 100% to 150% in most regions, with percentages reaching around 200% in southern Amazon and southern Peru (Figure 5e). The variance ratios for the 1931–1960 subperiod for the CRU and UDEL show similar patterns, except for the absence of values greater than 200% over Bolivia and reduced percentages over southern Ecuador and adjacent Peruvian areas replaced by percentages greater than 200% for the CRU (Figure 4f and Figure 5f). The percentages for the 1961–1990 subperiod are dominated by values less than 100% in northern SA, in central and southwestern Amazon, along the western coast of Peru, and in a narrow meridional band extending from central-western Brazil into part of SESA, which is permeated by percentages mostly between 100% and 200% (Figure 5g). For the 1991–2015 subperiod, percentages lower than 100% occur in a large area including Suriname, French Guiana, eastern Amazon, northern Brazil, NEB, southern Peru, northern Chile, part of Bolivia, and extreme southern SA, and percentages greater than 100% extend over SA north of 20° S and west of 60° W, part of central-western Brazil, and in most areas in SA to the south of 22° S. In all subperiods, there is an indication of absence of data in southeastern Amazon. Harris et al. [35] previously highlighted this aspect for the CRU dataset.




3.1.4. Analyses of Specific Areas


Analyses of the variance ratio maps indicate areas with possible spurious or missing data, for the GPCC an area in southeast Amazon and central Brazil, for the CRU in part of southeast Amazon, and for the UDEL a region in central Bolivia. The CBR and CBO areas whose geographical limits are defined in Section 2.3.1 and illustrated in Figure 1 overlap, respectively, the area identified in the GPCC and CRU and that in the UDEL. So, these two areas and the additional ones defined in Section 2.3.1 as CAM, NEB, and SESA are examined here.



The three timeseries for CBO show quite distinct temporal behaviors before approximately 1941 (Figure 6). The GPCC shows very reduced variability, with almost the same value for each month over the years from 1901 to 1932; then there is a gradual variability increase of the monthly values from 1932 to 1992 (Figure 6a). The UDEL depicts reduced variability of the monthly PRP over the years during the 1901–1928 period, and artificially increased monthly values from May to September of the years from 1929 to 1941, then the monthly PRP values from 1942 onwards show similar behavior as those corresponding to the GPCC (Figure 6a,b). The CRU shows greater variability of the monthly PRP values over the period of analysis than the other two datasets, with relatively larger variability before 1941 (Figure 6c). These results indicate that PRP analysis over central Bolivia for the periods approximately before 1941 should be undertaken with caution, particularly using the GPCC and UDEL datasets.



Another area with possible missing data, CBR, seems less problematic (Figure 7). Indeed, the UDEL and CRU datasets show consistent variability of the monthly PRP values over the period of analysis (Figure 7b,c). Nevertheless, the GPCC shows quite reduced variability of the monthly values over the years from 1901–1970 approximately and then a similar behavior as the other datasets (Figure 7). Thus, analysis of CBR for periods before 1970 with the GPCC should be undertaken with caution.



The CAM encompasses a large portion of the Amazon and is an area without apparent spurious data, but it is located in a region with sparce in situ observations (Figure 8). The UDEL and CRU time series present, in general, consistent monthly PRP variability, which is slightly smaller for the CRU during the austral months over all years and during all months for years before 1921. The GPCC discloses considerable reduced variability for all years, which is more pronounced before 1925.



For the time series in NEB and SESA (Figure 9 and Figure 10), consistent variability of the monthly PRP values is evident between UDEL and CRU during the period of analysis. Meanwhile, the GPCC presents less variability before 1940 in SESA, and before 1910 in NEB, than the corresponding time series for the UDEL and CRU.





3.2. Comparisons among the Datasets


3.2.1. Annual Cycle


Comparisons among the datasets are done considering the annual cycles for the CAM, NEB, and SESA timeseries (Figure 11). The annual cycle differences every two datasets show the largest magnitudes in the CAM, notably between GPCC and UDEL and between UDEL and CRU during the months from May to September (Figure 11a). The smallest magnitudes of the annual cycle differences occur in NEB (Figure 11b). The magnitudes of these differences are also small in SESA, except in some isolated months, such as in November for the difference GPCC and CRU, and in October for the difference UDEL and CRU (Figure 11c).




3.2.2. Statistical Indicators


Maps of the correlations and Nash–Sutcliffe efficiency coefficient (NSE) exhibit consistent patterns (Figure 12). The correlation map between GPCC and UDEL shows values less than 0.65 in small areas in northwest SA, an area extending from southeastern Amazon to central Brazil, southwestern Amazon, central Bolivia, and along the coast of Peru (Figure 12a). It is worth mentioning that the areas in southeast Amazon and central Bolivia encompass non-significant correlations smaller than 0.25. Areas with correlations less than o.65 are permeated by larger correlations with values exceeding 0.85 in areas along eastern SA, which extends from the north coast of Brazil east of 50° W to central Argentina (Figure 12a). Areas with correlations less than 0.65 coincide with those with negative NSE and those with correlations exceeding 0.85 with those with NSE greater than 0.8 (Figure 12a,d).



For the GPCC and UDEL, correlations less than 0.65 or NSE negative occur in a large area including the entire Amazon Basin, which extends northwest and northward into eastern Colombia, southern Venezuela, Guiana, Suriname and French Guiana and southeastward into part of southeast Brazil (Figure 12b,e). Also, non-significant correlations are noted in extensive areas of the Amazon region. Correlations exceeding 0.85 or NSE values greater than 0.8 are found over northeast and southeast SA Figure 12b,e).



The correlation map between the UDEL and CRU features correlations less than 0.65 in an extensive area encompassing the southern and northern sector of the Amazon, eastern Colombia, eastern Peru, central Bolivia, and central eastern Brazil (Figure 12c). In this case, non-significant correlations are noted in two well-defined areas, one in southeastern Amazon and central Brazil and another in central Bolivia. Correlations greater than 0.85 occur in areas of northeast SA, southern Brazil, Uruguay, and eastern Argentina (Figure 12c). The consistencies between correlation and NSE patterns are conspicuous (Figure 12c,f)






4. Discussion


Intercomparisons of the PRP data from the GPCC, UDEL, and CRU datasets over SA for the 1901–2015 period are conducted concerning the annual means and variances, monthly values in selected areas, annual cycles, and statistical indicators. The means of the annual PRP in some regions in SA depend strongly on the subperiod (Figure 4a–d, Figure 5a–d and Figure 6a–d). Some regions show long-term evolving PRP patterns that reflect the PRP trends. In this regard, Zhou et al. [36] previously reported, in the global context, positive trends in rainy areas and negative trends in dry areas for the 1979–2007 period. This relationship of the trend signs and the regional PRP climate conditions is evident in SESA, southeastern Brazil, and NEB (Figure 4a–d, Figure 5a–d and Figure 6a–d). In the case of SESA and southeastern Brazil, all three datasets show gradual evolving features from less to more rainy conditions from 1901–1930 to the 1991–2015 subperiod. Thus, the positive PRP trend in SESA and southeastern Brazil documented earlier for shorter periods such as 1960–2000 [37], 1955–2004 [28], 1981–2021 [38], and 1950–2020 [39] is part of a secular positive PRP trend. For the NEB, all three datasets show negative PRP trends during two distinct periods: 1901–1960 and 1961–2015. In such a case, the PRP evolving feature might reflect the joint action of the Pacific Decadal Oscillation and Atlantic Multidecadal Oscillation in modulating the PRP in a multidecadal time scale [24]. However, the negative PRP trend in NEB during the 1961–2015 period is consistent with previous finding by Shimizu et al. [12], who used the PRP data from the Climate Prediction Center (CPC) Merged Analysis of Precipitation (CMAP) during the 1981–2019 period. They found an increased PRP trend along the river basins located in eastern NEB.



The Amazon region is another interesting region to be considered in isolation here. It presents a wetting trend during the 1901–2015 period, which is noticeable in the central western sector for the UDEL and slightly to the east in the central Amazon for the CRU; and no apparent trend is noted for the GPCC. It is worth mentioning that the wetting trend for the CRU data extends over the eastern and western Amazon sectors during 1991–2015. The wetting pattern noted for the CRU dataset is supported by earlier analysis using in situ observations [40]. These authors, using time records spanning over almost 80 years starting in the 1920s, found positive PRP trends at Barcelos, Manaus, Belém, and Soure, which are surface stations located in the central and eastern Amazon. However, the non-significant trends in most analyzed stations lead them to an unconclusive statement regarding the PRP trends in the Amazon. In this same sense, Costa and Foley [9], using data of the 1976–1996 period, argued that the PRP in the Amazon does not present a significant trend. Their conclusion might be biased by using the averaged PRP over the entire Amazon region. Nonetheless, coherently with the more extensive wetting pattern noted in the Amazon for the CRU dataset during 1991–2015, several earlier studies documented PRP increase in parts of the Amazon basin starting in early 1990s during the wet season (December to May) [41,42,43]. In addition, Shimizu et al. [12] found an increased PRP trend along the river basins located in the north and west of the Brazilian Amazon region during 1981–2019. Therefore, the means of the PRP in the Amazon region show spatiotemporal differences depending on the period of analysis, dataset, and subregions.



The contributions of the subperiods to the PRP variance during the T-period show differences among datasets. The GPCC shows a gradual change of the variance ratio pattern, starting with dominantly small values in an extensive area of most of the tropical SA to the west of 50° W and north of 20° S, and sectors of southeast Brazil and central eastern SA, during the 1901–1930 subperiod, which are replaced by greater values during the last two subperiods (Figure 3e–h). This extensive area includes the CBR, CBO, CAM, and part of SESA, where the monthly PRP time series show reduced variability before 1940 (Figure 4a, Figure 7a, Figure 8a and Figure 10a). In addition, the abovementioned tropical SA area overlaps that with poor coverage of surface meteorological stations [13]; due to that, the interpolation procedure system between rain-gauge locations to get gridded data might introduce errors [8]. Therefore, the studies on the PRP variability using the GPCC data for long periods, including data of the 1901–1930 period, might be biased due to the reduced variability during this period over a large extension of SA.



For the UDEL and CRU datasets, the reduced contribution of the 1901–1930 to the PRP variance during the T-period is confined to relatively small areas of the tropical SA (Figure 4e and Figure 5e). For the CRU, they occur in areas in the Amazon and central eastern Brazil; for the UDEL, they extend over northern and western SA from central Venezuela to northern Chile and central Bolivia. Considering the UDEL, the PRP variability in the CBO is also reduced during the 1961–1990 and 1991–2015 subperiods and increased during the 1931–1960 subperiod (Figure 4e–h). This feature is not noted for the GPCC and CRU datasets (Figure 3e–h and Figure 5e–h). Examination of the CBO monthly PRP time series for the UDEL indicates reduced monthly PRP variability over the years from 1901 to 1928, and artificially increased monthly values from May to September of the years from 1929 to 1941. Careful manual inspections of the monthly PRP time series in the grid points within the CBO area reveal, in most grid points, that the UDEL presents an order of magnitude larger than the corresponding values of the other datasets. Since the PRP unit in the UDEL is cm [15] we believe that in some stations within the CBO area, the PRP was reported in mm. For variability analysis using the UDEL PRP dataset, if the period of interest would include the years from 1929 to 1941, among others, the monthly (from May to September), seasonal (those that include May to September months), and yearly anomalies would be overestimated for the years from 1929 to 1941 (positive values) and underestimated for the other years (negative values) over the CBO area. These contrasting positive/negative anomalies over the CBO area would not depend on the period taken as a reference for climatology. Therefore, using the UDEL PRP dataset, analysis over central Bolivia for periods before approximately 1940 should be undertaken with caution.



In addition, analyses of the variance ratio maps for the CRU indicate missing data in southeastern Amazon in all subperiods, as previously highlighted by Harris et al. [35]. The CBR time series includes this area and part of central Brazil. Analyses of the UDEL and CRU time series in CBR show consistent variability of the monthly PRP values over the period of analysis, but the corresponding GPCC time series shows quite reduced variability of the monthly values over the years from 1901 to 1970 approximately. Thus, analysis over CBR for periods before 1970 with the GPCC should be taken with caution.



Regarding the annual cycles in CAM, NEB, and SESA with the reference period of 1901–2015, the large differences among the datasets occur for the CAM (Figure 11). For this dataset, the large differences occur during the months from May to September, which overlaps with months of the dry-season in the Amazon (from June to September) when the PRP is less than 100 mm [9]. The magnitude of these differences varies from 10 to 15 mm, which is not negligible regarding the seasonal value. Negrón-Juarez et al. [10] found among six datasets, including the GPCC, coherent PRP seasonal cycles over the Amazon Basin for the 1986–2005 period. In addition, the CAM is in an area with sparse distribution of stations [13,15] and the use of a long reference period in our analysis is likely the source of not-negligible differences. The small differences in the annual cycle among the datasets for NEB and SESA are in agreement with previous studies [10,11].



Analyses every two dataset show coherent results for the two statistical indicators, such that correlations less than 0.65 and negative NSE occur in almost the same areas, as well as correlations exceeding 0.85 and NSE greater than 0.8 (Figure 12). Correlations less than 0.65 (or negative NSE) are found in tropical SA mostly to the west of 50° W and north of 20° S, which is an area with poor coverage of in situ surface observations [13,15]. In the complementary areas, correlations exceeding 0.85 (NSE greater than 0.8) are noted in northeast SA, southeast SA, and southern Brazil, which are areas with high coverage of surface stations [13,15]. Correlations (NSE) between the GPCC and CRU less that 0.65 (negative) occur in more extensive areas than between the GPCC and UDEL and between the UDEL and CRU. Therefore, studies using these datasets might present coherent results among them in areas along eastern SA, whereas in western SA, particularly north of 20° S, discrepancies might occur.




5. Conclusions


In the present analysis we provide intercomparisons of the PRP data from the GPCC, UDEL, and CRU datasets over SA for the 1901–2015 period. The means of the annual PRP in some regions of SA show long-term evolving patterns. For SESA and southeastern Brazil, all three datasets show gradual evolving features from less to more rainy conditions from 1901–1930 to the 1991–2015 subperiod. For the NEB, all three datasets show negative PRP trends during two periods: 1901–1960 and 1961–2015, which might reflect the joint action of the Pacific Decadal Oscillation and Atlantic Multidecadal Oscillation modulating the PRP in a multidecadal time scale. The Amazon region depicts a wetting trend during the 1901–2015 period in its central western sector for the UDEL and in the central Amazon for the CRU. Therefore, the means of the annual PRP in SESA and southeastern Brazil, NEB, and parts of the Amazon depend strongly on the subperiod. This result has implications for climate variability analyses, for which anomalies are calculated using a reference period of, in general, 30 years. The use of a reference period shorter than the study period should be avoided, due to the differences in the subperiod illustrated here.



Analyses of the contribution of the subperiods to the annual PRP variance during the 1901–2015 period indicate, for the GPCC, dominantly small values in an extensive area of the tropical SA to the west of 50° W and north of 20° S and sectors of southeast Brazil and central eastern SA during 1901–1930. Also, this area overlaps that with poor coverage of surface meteorological stations. The results indicate that the interpolation procedure system between rain-gauge locations to obtain gridded data might have introduced errors. Therefore, the studies on the PRP variability using the GPCC data for long periods, including the data of the 1901–1930 period, might take into consideration the reduced variability, during this period, over a large extension of SA.



We found an area in central Bolivia with possible spurious data for the UDEL. The CBO monthly time series presents reduced monthly PRP variability over the years from 1901 to 1928, and artificially increased values in the months from May to September of the years from 1929 to 1941. We believe that, in some stations within the CBO area, the PRP was reported in mm. For variability analysis, if the period of interest includes the years from 1929 to 1941, among others, the monthly anomalies in the months from May to September would be overestimated for the years from 1929 to 1941 and underestimated for the other years over the CBO area. Since these biased anomalies might affect the results, analyses using the UDEL dataset including periods before 1941 should be considered with caution.



The two statistical indicators present coherent results. Correlations less than 0.65 (or negative NSE) are found in areas with poor coverage of in situ surface observations, and correlations exceeding 0.85 (NSE greater than 0.8), in areas with high coverage of surface stations. Therefore, the datasets might present coherent results among them in areas along eastern SA, whereas in western SA, particularly north of 20S, discrepancies might occur.



Due to some differences among the datasets reported in the present analysis, separated analyses with two datasets might be desired depending on the objective of the studies involving PRP in SA. We also believe that the analyses presented here for the GPCC, CRU, and UDEL PRP datasets might be useful for future climate variability studies.
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Figure 1. South America (SA) and its main features. Topography was obtained from the Shuttle Radar Topography Mission (SRTM), available at http://www2.jpl.nasa.gov/srtm/ accessed on 1 April 2024. Boundaries of the South American countries are indicated by black lines. Boxes limit the areas used in the analyses. 
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Figure 2. Methodological flowchart. The red box refers to computational languages used, the blue boxes give the followed steps, and the black box the final achievement. 
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Figure 3. Global Precipitation Climatology Centre (GPCC) differences between the means of the annual PRP of the T-period and the: (a) 1901–1930 subperiod; (b) 1931–1960 subperiod; (c) 1961–1990 subperiod; and (d) 1991–2015 subperiod. GPCC variance ratios between the subperiod and the T-period for: (e) 1901–1930; (f) 1931–1960; (g) 1961–1990; (h) 1991–2015. Units in (a–d) are in mm. The values in (e–h) are in percentages. 






Figure 3. Global Precipitation Climatology Centre (GPCC) differences between the means of the annual PRP of the T-period and the: (a) 1901–1930 subperiod; (b) 1931–1960 subperiod; (c) 1961–1990 subperiod; and (d) 1991–2015 subperiod. GPCC variance ratios between the subperiod and the T-period for: (e) 1901–1930; (f) 1931–1960; (g) 1961–1990; (h) 1991–2015. Units in (a–d) are in mm. The values in (e–h) are in percentages.



[image: Meteorology 03 00009 g003]







[image: Meteorology 03 00009 g004] 





Figure 4. University of Delaware (UDEL) differences between the means of the annual PRP of the T-period and the: (a) 1901–1930 subperiod; (b) 1931–1960 subperiod; (c) 1961–1990 subperiod; and (d) 1991–2015 subperiod. GPCC variance ratios between the subperiod and the T-period for: (e) 1901–1930; (f)1931–1960; (g) 1961–1990; (h) 1991–2015. Units in (a–d) are in mm. The values in (e–h) are in percentages. 
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Figure 5. Climate Research Unit (CRU) differences between the means of the annual PRP of the T-period and the: (a) 1901–1930 subperiod; (b) 1931–1960 subperiod; (c) 1961–1990 subperiod; and (d) 1991–2015 subperiod. GPCC variance ratios between the subperiod and the T-period for: (e) 1901–1930; (f) 1931–1960; (g) 1961–1990; (h) 1991–2015. Units in (a–d) are in mm. The values in (e–h) are in percentages. 
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Figure 6. Time series of the monthly PRP averaged in CBR (55.25° W, 49.25° W, 17.75° S, 12.25° S) obtained from the: (a) GPCC; (b) UDEL; and (c) CRU. Units are in mm. 
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Figure 7. Time series of the monthly PRP averaged in CBO (66.75° W, 62.75° W, 17.75° S, and 15.25° S) obtained from the: (a) GPCC; (b) UDEL; and (c) CRU. Units are in mm. 
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Figure 8. Time series of the monthly PRP averaged in CAM (70.25° W, 50.25° W, 11.75° S, and 0.25°N) obtained from the: (a) GPCC; (b) UDEL; and (c) CRU. Units are in mm. 
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Figure 9. Time series of the monthly PRP averaged in NEB (45.25° W, 35.25° W, 10.25° S, and 5.25° S) obtained from the: (a) GPCC; (b) UDEL; and (c) CRU. Units are in mm. 
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Figure 10. Time series of the monthly PRP averaged in SESA (60.25° W, 50.25° W, 35.25° S, and 22.25° S) obtained from the: (a) GPCC; (b) UDEL; and (c) CRU. Units are in mm. 
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Figure 11. Annual cycle differences between indicated datasets for: (a) CAM; (b) NEB and (c) SESA. Units are in mm. 
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Figure 12. Correlation between annual PRP between (a) GPCC and UDEL; (b) GPCC and CRU; and (c) UDEL and CRU. Nash–Sutcliffe efficiency coefficient of the annual PRP every two datasets for: (d) GPCC and UDEL; (e) GPCC and CRU; and (f) UDEL and CRU. Blank areas in (a–c) indicate absence of significant correlations. 
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