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RESUMO


Variações espaciais e temporais do balance hidrológico na Amazonia são investigados usando uma combinação de observações hidrometeorologicas e as reanalise do NCEP/NCAR para o período 1970-99.  O estudo identifica grandes diferenças nas características e variabilidade dos componentes do balanço hidrológico nas seções norte e sul da bacia.  Os resultados mostram que existe uma variabilidade sazonal e interanual do balanço hidrológico em toda a bacia.  Precipitação é maior que evaporação sugerindo que a bacia age como um sumidouro de umidade (P>E).  Porém, em condições extremas de seca, a bacia age como um sumidouro de umidade (P<E), como, por exemplo, no caso da seca associada ao El Nino de 1983. Os resultados mostram que o balance hidrológico da bacia não fecha, e o erro pode chegar ate 50% sugerindo que parte da umidade que converge na Amazonia não parece ser considerada nos cálculos do balanço de umidade.
ABSTRACT


The spatio-temporal variations of the water budget components in the Amazon Region are investigated by using a combination of hydrometeorological observations and moisture fluxes derived from the NCEP/NCAR reanalyses, for the period 1970-99.  The key new finding of this study identifies the major differences in the water balance characteristics and variability between the northern and southern parts of the basin.  Our results show that there is a seasonality and interannual variability of the water balance that varies across the basin. Over the entire region , precipitation exceeds evaporation and the basin acts as a sink of moisture (P>E). However, on some occasions the basin can act as a source for moisture (P<E) under extreme conditions, such as those related to deficient rainfall in northern Amazonia during the strong El Niño of 1983. Our estimates of the Amazon region’s water balance do not show a closure of the budget, with an average imbalance of almost 50%, suggesting that some of the moisture that converges in the Amazon region is not accounted for. 

INTRODUCTION


The hydrological cycle of the Amazon region is of great importance since the region plays an important role in the functioning of regional and global climate. Variations in its regional water and energy balances at year-to-year and longer time scales are of special interest, since alterations in circulation and precipitation can translate ultimately to changes in the streamflow of the Amazon River.  In addition, these changes can also affect the atmospheric moisture transport from the Amazon region to adjacent regions. Since the late 1970’s, large scale water budget studies have been conducted for this region using a variety of observational data sets varying from radiosondes to the global reanalyses (See reviews in Costa and Foley 1999; Zeng 1999; Roads et al. 2002, Marengo 2004a, b), and most of them discuss the impacts of remote forcing in the variability of the components of the water balance, as well as the role of evapotranspiration in the water balance. 


The surface and upper-air observational network in the Amazon region is scarce, and by itself cannot provide the comprehensive and complete information needed to initialize numerical models to develop adequate energy and water balance estimates.  In most of the cases, we have to rely on imperfect models or products from data assimilation or gridded reanalyses and rainfall data sets to augment the scarce observations.  Major numerical simulation centers including the National Center for Environmental Prediction (NCEP), European Centre for Medium Range Weather Forecasts (ECMWF), National Aeronautics and Space Administration/Data Assimilation Office (NASA/DAO) have carried out retrospective analysis (re-analyses) projects over the last decade each using a single model and data assimilation to represent climate evolution since as early as World War II.  These reanalyses can highlight characteristic features of the circulation and water balance.  However, while data assimilation should in principle provide a description of the water flux field, there are no guarantees that this description will be superior to that obtained from objective analysis and radiosonde observations alone, especially over continental regions, and there is a need for the level of uncertainty to be identified in the measurement or estimation of the components of the water budget (Kalnay et al. 1996).


The availability of these global reanalyses, together with the currently available gridded climatology precipitation data sets: Climate Prediction Center Merged Analysis Precipitation (CMAP), Global Precipitation Climatology Project (GPCP), Climate Research Unit (CRU), Global Historical Climatology Network (GHCN), and the rainfall field from the NCEP reanalyses offer the prospect of comprehensive near-global climatology needed to estimate the components of the water balance, with horizontal resolutions varying from 0.50 by 0.50 to 2.50 by 2.50 latitude-longitude. However, these data sets cover only the recent decades, and, for most of their coverage periods, they rely on interpolation techniques or satellite-base estimates in regions with poor data coverage, as in central and northwestern Amazonia.  By using observations, reanalyses, or a combination of both, the atmospheric and surface hydrologic budgets are difficult to balance, since sometimes errors in measurements of precipitation and runoff may be of the same order of magnitude as the difference of precipitation minus runoff.  Although it is a difficult standard to establish, river runoff appears to be a valuable independent variable for testing closure (Marengo et al. 1994). 



For the present study, we use precipitation from different data sources (observed and grid-point data), streamflow of the Amazon River, and estimates of integrated moisture convergence and evaporation derived from the NCEP reanalyses during 1970-99, in order to investigate the geographical variations in the seasonal and annual means of the water cycle components. The focus is on extremes of the interannual variability, specifically in relation to extreme El Niño and La Niña events, during the last 30 years for the Amazon region and its southern and northern divisions.  We also explore uncertainties in atmospheric water balance estimates, the closure of the water balance in the region, investigate possible reasons for these imbalances, and test the dependence of this closure on different rainfall data sets available for the basin.

DATA AND METHODOLOGY
The components of the atmospheric water balance in the Amazon River Basin are studied using a combination of observations (station and gridded data) and the global reanalyses.  Observed rainfall was averaged from station data across the entire region, as well as over the northern and southern sections of the basin. Marengo (2004) analyzed these stations and his Fig. 1 displays the domain of the two sub-basins, which can then be combined to produce an index for the entire Amazon. Rainfall was seasonalized using the hydrological year (September-August), with rainfall peaking in December-January in the southern Amazon region, and March-April in the northern Amazon region. The rainfall averages were constructed using monthly data from all stations and from all grid boxes fitting within the entire basin as within its northern and southern sections. Main basin rainfall is calculated for the entire basin and sub basins with a weighted average applied to the gauged data, and same procedure was applied to the gridded data. 

Precipitation (P) is computed from rainfall observations in the Amazon region and is derived for the entire basin, as well as for the northern and southern sections of the basin, using the records of 164 stations across the basin derived from (Marengo 2004a, b). For comparison purposes, we also used gridded rainfall data sets: CMAP (Xie and Arkin 1997), CRU (New et al. 2000), GPCP (Huffman et al. 1997), GHCN (Chen et al. 2001), and the NCEP reanalyses (Kalnay et al. 1996). Some of the gridded products (CMAP, CRU) used interpolation techniques to fill gaps in the gauge coverage.  For instance, in the CRU data set, the rainfall station data were interpolated as a function of latitude, longitude and elevation using thin-plate splines. 

Streamflow of the Amazon River is measured at the gauging site of Obidos, peaking in May-July.  The discharge measured at Obidos does not represent the real conditions of water that reaches the mouth of the Amazon, since it does not include the waters of the Xingú and Tocantins Rivers (Marengo et al. 1994). Therefore, these values were corrected by the Brazilian National Water Authority ANA, (E. de Oliveira, personal communication) and Zeng (1999) in order to consider these two rivers and their sub basin areas. The mean discharge at the Obidos gauging station (010 55’S, 550 28’W) is 175,000 m3/sec (or 2.5 mm/day), while the corrected values at the mouth of the Amazon reach 210,000 m3/sec (or 2.9 mm/day).  Zeng (1999) and Roads et al. (2002) have used 2.9 and 3.1 mm/day, respectively for R for the Amazon basin, which are closer to the corrected value of 2.9 mm/day.  
The NCEP/NCAR reanalyses (Kalnay et al. 1996) are used to estimate precipitable water (W), vertically integrated moisture convergence (C), and evaporation (E).  The period used in this study for the water budget assessment is 1970-99, mostly because the Amazon River streamflow data is available since the 1970’s. 
METHODOLOGY


For the terrestrial branch of the climate system, the water balance equation can be written as:






DS/Dt  = P  -  E  - R





(1) 

Where S is the soil water storage, R is the observed runoff, P is precipitation and E is evaporation.  Measurements of R and P are made routinely in the Amazon, whereas estimation of S and E has a much weaker observational basis.  

The atmospheric branch of the water balance can be expressed in the form of a simple equation of vertically integrated terms:






DW/Dt =  -P + E  + C




 (2) 

where C   is the vertically integrated moisture convergence, which can be expressed as






C = -(.Q






(3)

where Q is the water vapor flux estimated following Zeng (1999).   

DW/Dt in (2) represents the storage change term and is generally negligible for averages over a month or more (Eltahir and Bras 1994; Costa and Foley 1999; and Zeng 1999).  DW/Dt can be neglected because changes in atmospheric precipitable water are quite small in seasonal time scales (Zeng 1999).   Assuming that the storage rate (DS/Dt) is small  over long time-periods (e.g. 1 year).  Then, combining (1) and (2) we obtain equation (4): 






C  =  R 






(4)

The expression (4) indicates that for monthly or longer time scales the vertically integrated moisture convergence should be comparable with surface runoff if the water budget is closed. In a steady state,  P-E=R (Baumgardner and Reichel 1975).  Short term P-E may, however, differ from R because of changes in storage.  Furthermore, P-E different from R may also occur due to uncertainties in the atmospheric data assimilation systems for the reanalyses, observational errors in P and R, possible ground water loss and basin memory effects (Zeng 1999), or to poorly represented rainfall  for large parts of Amazonia since they may not be well covered by the rainfall network. 


Thus, an expression of the imbalance of the hydrological cycle is shown in equation (5):





Imbalance = (C/R)-1






(5)

P, E, R, E-P, and C are used to investigate seasonal and interannual variability of the water budget in the region, and are calculated for the northern and southern sections of the basin, and for the entire basin.  

RESULTS
-Mean distribution of precipitation and evaporation in the basin 


Fig.1 a-f display the DJF and MAM seasonal rainfall derived from the CMAP, CRU, and from the NCEP reanalyses.  These two seasons represent the peak of the rainy season in southern and northern Amazonia, respectively, and compare favorably with seasonal maps based on observations (Liebmann and Marengo 2001; Marengo 2004a, b).  The CMAP and CRU data sets show the observed rainfall features in the southern Amazon region, such as the center of 8-10 mm/day during DJF, as well as the abundant rainfall in the region extended between the central Amazon and the mouth of the Amazon River. 
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Figure 1.  Mean seasonal rainfall for tropical South America during December-February and March-May based on different gridded data sources: a) DJF-CMAP 1979-99, b) DJF-CRU 1970-99, c) DJF-NCEP reanalyses 1970-99, d) MAM-CMAP 1979-99, e) MAM-CRU 1970-99, f) MAM-NCEP reanalyses 1970-99. Units are mm/day.


Furthermore, a region with relatively lower rainfall amounts or a “dry corridor” detected in central Amazonia is an unrealistic feature generated by the NCEP reanalyses.  This underestimation has also been detected in the NASA DAO reanalyses (Zeng 1999), and in simulations of rainfall from various climate models: CPTEC/COLA AGCM, NASA-Goddard Institute for Space Studies GISS, Geophysics Fluid Dynamic Laboratory GFDL; European Centre for Medium Range Weather Forecasts ECMWF; National Center for Atmospheric Research NCAR CCM3, and the Hadley Centre HadCM3 (Marengo 2004b). These deficiencies are thought to be linked to the convection and planetary boundary layer schemes in various models and possibly to the physical schemes in the model used to generate the NCEP reanalyses.

Marengo (2004b) introduced E evaporation maps derived from the NCEP reanalyses latent heat. E estimates reache an annual mean of 4.3 mm/day, which is close to the 4.6 mm/day obtained by Zeng (1999) from the NASA/DAO reanalyses. Estimates based on the ECMWF reanalyses (Fu, personal communication) of  E are ~3.7 mm/day , whereas E is 4.0 mm/day (Rocha, 2001) if a different period of the ECMWF is used.  These estimates are larger than some estimates reported on the literature: 3.1 mm/day derived using the climatonomic method by Molion (1975), 3.2 mm/day using Penman method (Villa Nova et al. 1976), 3.5 mm/day using atmospheric water balance (Marques et al. 1980), 3.1 mm/day using ECMWF data (Matsuyama 1992; Eltahir and Bras 1994), 3.3 mm/day using Thronthwaithe method (Willmott et al. 1985; Vorosmarty et al. 1996), and 3.8 mm/day using the NCEP/NCAR reanalysis after correction by Costa and Foley (1999).  

Direct measurements of E are not made continuously all around the basin, and the estimation of this quantity requires high frequency surface observations. Values of E derived from the reanalysis are products of the assimilation model, and they are highly sensitive to the model assumptions. Few E measurements derived from latent heat observations during the Anglo Brazilian Climate Observational Study (ABRACOS) field experiment during the 1990’s (Rocha et al. 1996) yield 3.9 mm/day in the eastern Amazon region and 3.7 mm/day at sites in central and southern regions, and few available observations at Manaus in the central Amazon section (Shuttleworth 1988) exhibit values of 3.6 mm/day.  The mean of these observations (~3.8 mm/day) is approximately 10 % lower than E derived from the NCEP/NCAR reanalysis.  

-Climatological water balance in Amazonia
Fig. 2a-c shows the annual cycle of the components of the climatological water balance in entire Amazonia, and for the northern and southern basins.  The annual cycle of the water budget terms show some differences between the northern and southern sections of the basin.  The largest error bars (determined as percentage of the standard deviation) are for rainfall over the entire Amazonia and for the northern basin, as compared to evapotranspiration and moisture convergence.  Fig. 2b and c show the differences in the annual cycle of P in both sections of the basin, and thus the differences in C, while P and E show a larger seasonal cycle in southern Amazonia as compared to northern Amazonia. In Fig. 3a, there is seasonality in the R and P, where the R peaks between 3-4 months after the peak of P.  The E/P ratio of the dry season is larger than that of the rainy season, indicating that the role of evaporation (and evapotranspiration) on the water cycle is relatively more important in the dry season than in the rainy season.  The largest E/P is found during the dry season in the southern region, reaching values larger than 1, which is larger than the respective values in northern region.
Table 1 shows the annual values of the water budget components in the entire Amazon region, and the northern and southern sections of the basin, for the mean and two extremes of the interannual variability: El Niño 1982/83, 1997/98 and La Niña 1988/89.  Reduced P, R, and C are found during these two strong El Niño while values larger than normal are found during La Niña 1988/89 and in all cases P>E, suggesting that the Amazon Basin is an atmospheric moisture sink. At the regional level, some differences occur over the northern and southern regions, either in the mean and the two extreme case studies (Table 1b).  In the northern region, during El Niño 1982/83, the Amazon Basin becomes a source of moisture (P<E), which is not the case for the similarly strong El Niño 1997/98. The difference between these two El Niño events in Amazonia is that during 1997/98 the large-scale circulation anomalies over the Atlantic sector did not allow for much convergence of moisture (C=-0.5 in Table 1b).  During the La Niña and on the mean for both sections of the Amazon region it is shown that P>E.  
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	Figure 2. Seasonal variability of the components of the water budget in the Amazon Basin for the period 1970/71-98/99. a) All-Amazonia, b) Northern Amazonia, c) Southern Amazonia. P=Precipitation (from observations), R= River runoff (corrected values at the Óbidos gauge site), E= Evaporation and C=Vertically integrated moisture convergence (both derived from the NCEP/NCAR reanalyses).  On this figure, +C represents convergence and –C represents divergence.  No R is available for northern and southern Amazonia. Units are in mm/day.  Each vertical bar represents the absolute error from the mean.  


All-Amazonia rainfall estimate based on rain gauge stations is 5.8 mm/day are close to the values obtained from several other studies based on rainfall stations or gridded data from CMAP, CRU, and GPCP, while are lower than the Chen et al. (2001) values derived from the GHCN and from the NCEP reanalyses derived rainfall (Table 2).  The value derived from GPCP by Roads et al. (2002) reaches 5.1 mm/day. The C values derived from the NCEP/NCAR are 1.4 mm/day (Table 2) and is closer to the 1.3 mm/day derived by Rao et al. (1996) using 5 years of the ECMWF reanalyses (1985-88). Zeng (1999) obtained 0.8 mm/day from NASA/DAO reanalyses for 1985-93.  Furthermore, this value is lower than that derived by Eltahir and Bras (1994) using 6 years of the ECMWF analyses (1985-90) of approximately 1.9 mm/day, and much smaller than the 2.5 mm/day obtained by Costa and Foley (1999).  Roads et al. (2002) derived 1.7 mm/day from the NCEP reanalyses during 1988-99.

The observed R at the mouth of the Amazon River has been estimated as 2.9 mm/day (or 210,000 m3/sec for a basin area of 6.1l million square kilometers), and this represents the combination of the Amazon River discharges at Óbidos with the discharges of the Xingú and Tocantins Rivers.  This is similar to Zeng’s estimate of 3.00 mm/day at the mouth of the Amazon, mainly because he combined the measurements of the Amazon River at Óbidos and the Xingú River at Altamira.  In comparison, the discharge derived from the GRDC for Amazonia is 3.2 mm/day (Roads et al. 2002; Fekete et al. 1999). 

The water balance terms calculated here show that the ratio of observed runoff to precipitation (R/P) from Table 2 is 50%. This value is larger than the 42% derived from the ECMWF analyses by Eltahir and Bras (1994), and 44% derived by Oltman (1967) based on observations of R and P.  The P-E value reached +1.5 mm/day, comparable to the +1.4 mm/day obtained by Roads et al. (2002).  In comparison, the Mississippi River basin (R. Lawford, personal communication) exhibits an R/P rate of 14%, with this river exhibiting almost half of the rainfall present in Amazonia, and the observed runoff of 0.3 mm/day, which is 2.2 mm/day smaller than in Amazonia.  The observed evaporation in the Mississippi is 1.9 mm/day, which is 0.4 mm/day smaller than estimated from the NCEP/NCAR reanalyses at the same basin.  

Comparing the combined atmospheric-hydrologic balance, the long-term average convergence C=1.4 mm/day is not matched by R=2.9 mm/day, and there is a difference of 1.5 mm/day (548 mm/year) that is not accounted for.  Table 2 shows that depending on the rainfall observational data set; the P-E difference can reach as high as 4.3 mm/day (GHCN) and as low as 0.9 mm/day (GPCP).  This imbalance suggests a non-closure of the atmospheric-hydrological water cycle in the Amazon Basin, and this may be linked to several factors, including uncertainties in the measurement of rainfall or river observations, or due to the fact that the reanalyses may not realistically represent those fields in the Amazon region. Since few upper-air observations in the Amazon operate on routine basis, little observational data is available for assimilation into the NCEP reanalyses.   
Table 1.  Components of a climatological water budget for 1970-99 for: a) All-Amazon basin, b) Northern and Southern Amazonia. Comparisons are made for the 1982/83 El Niño and the 1988/89 La Niña. P is derived from observations (Marengo 2003), E and C are derived from the NCEP/NCAR reanalyses, R is runoff from historical discharge records of the Amazon River at Óbidos.  No R is available for Northern and Southern Amazonia. Units are in mm/day. +C denotes convergence.  


a) All Amazonia

	Component
	Mean
	El Niño 1982/83
	El Niño 1997/98
	La Niña 1988/89

	P
	5.8
	4.9
	5.2
	6.7

	E
	4.3
	4.5
	4.1
	4.4

	R
	2.9
	2.1
	2.5
	2.9

	C
	1.4
	1.3
	1.2
	3.1

	P-E
	+1.5
	+0.4
	+0.9
	+2.3

	P-E-C
	+0.1
	-0.9
	-0.1
	-0.8

	Imbalance=[((C/R)-1)]
	51%
	38%
	52%
	6%


b) Northern and southern Amazonia

	Component
	N. Amazon
	El Niño

1982/83
	El Niño

1997/98
	La Niña

1988/89
	S. Amazon
	El Niño

1982/83
	El Niño

1997/98
	La Niña

1988/89

	P
	6.1
	5.0
	6.0
	7.4
	4.7
	4.8
	4.6
	6.0

	E
	4.8
	5.1
	4.9
	4.9
	4.0
	4.3
	3.9
	4.2

	C
	0.4
	0.1
	-0.5
	2.3
	2.0
	2.2
	2.2
	3.1

	P-E
	+1.3
	-0.1
	+1.1
	+2.5
	+0.7
	+0.5
	+0.7
	+1.8

	P-E-C
	+1.0
	-0.2
	+1.6
	+0.2
	-1.3
	-1.7
	-1.5
	-1.3


In order to observe differences between composites of drier or wetter years in the water balance, Fig. 3 shows a stratification of C, P, and E for the 5 years with largest and lowest R for the entire region.   In both composites, P>E for the entire Amazon region suggest the net sink of moisture in the basin. As expected, E is larger during dry years, since the atmosphere is drier and warmer. Additionally,  the moisture convergence (C) is reduced during years with low P and R (shown as increased moisture divergence in Fig. 3), consistent with reduced latent heat and increased sensible heat.  Recent observations in the context of the Large Scale Atmosphere Biosphere Experiment in Amazonia (LBA) at Santarém (central east Amazonia) showed that E derived from eddy correlation method ranged from 1.5 to 6 mm day-1, with an annual average of 3.5 mm day-1, with 3.2 mm/day on the rainy season and 4.0 mm/day during the dry season (Rocha et al. 2003).  The E values derived by Rocha and collaborators in Santarém during the wet season are 12% lower than the NCEP derived E shown in Fig. 3 for the composites of high and low R values are between 4 and 5 mm/day.  The imbalance term (P-E-C) is larger in the low R composite as compared to the large R composite.  
-On the closure of the water balance
Table 2 shows that based on C (estimated from the NCEP reanalyses), and R (observed at the mouth of the Amazon River), the imbalance in the water budget in the region reaches an average of 51%. In comparison, the imbalance derived by Zeng (1999) is 73% and the imbalance derived by Roads et al (2002) is 46%.  These studies used different data sets to estimate C (NCEP or NASA/DAO reanalyses) and R (streamflow observed at Obidos or corrected at the mouth of the Amazon River).  These calculations suggest that the closure or balance of the water budget in the Amazon Basin is sensitive to both the type of reanalyses used to estimate C and to the runoff R value used (in situ “non-corrected” or corrected data). While the differences in C among various reanalyses can be of the order of 50%, the streamflow from several sources varies in the neighborhood of 10%.  
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Figure 3. .  Stratification of the water balance in the entire Amazon basin, for the 5 years with largest R and the 5 years with lowest R over the period 1970-99.  On this figure, +C represents convergence and –C represents divergence.  Units are mm/day. 

On a balanced system, P-E-C should be near zero since the three terms should be balanced by the DW/Dt (change in the atmospheric precipitable water) term in equation (2), and this term is nearly zero.  However, since the intrinsic and systematic errors generated during the collection of each individual data set add up in the balance calculations, and the possible errors in interpolation or corrections in the observed data, the resulting uncertainty may prevent the achievement of closure.  Models close the water budget automatically since they are based upon fundamental laws, such as the conservation of mass, but each of the model processes is likely to have some errors, especially if modeled climate is drastically different from observations.  
Table 2.  Components of a water budget climatology for 1970-99 for the entire Amazon basin. P is derived from several data sources: Global Historical Climatology Network (GHCN), Xie and Arkin (CMAP), NCEP, Legates-Wilmott (LW), Climate Research Unit (CRU) and from observations derived by Marengo (2003). E and C are derived from the NCEP/NCAR reanalyses, R is the corrected runoff from historical discharge records of the Amazon River at Óbidos. Units are in mm/day.  +C denotes convergence.  

	Component
	GHCN
	CMAP
	GPCP
	NCEP
	LW
	CRU
	This work

	P
	8.6
	5.6
	5.2
	6.4
	5.9
	6.0
	5.8

	E
	4.3
	4.3
	4.3
	4.3
	4.3
	4.3
	4.3

	R
	2.9
	2.9
	2.9
	2.9
	2.9
	2.9
	2.9

	C
	1.4
	1.4
	1.4
	1.4
	1.4
	1.4
	1.4

	P-E
	4.3
	1.3
	0.9
	2.1
	1.6
	1.6
	1.5

	P-E-C
	+2.9
	-0.1
	-0.5
	+0.7
	+0.2
	+0.3
	+0.1


The constraint P>E is satisfied in the Amazon basin and over the long-term this region shows convergence prevailing and is considered moisture sink. This is more obvious during the rainy season with a high concentration of water vapor in the atmosphere.  The Amazon basin also becomes an open system, transporting moisture outside the basin via a moisture corridor located at the lower levels of the atmosphere east of the Andes.  This low-level jet east of the Andes (LLJ) is especially intense during the summertime rainy season and represents a mechanism for transporting moisture from the Amazon region into central and southeastern South America (Seluchi and Marengo 2000; Saulo et al. 2000; Marengo et al. 2002, 2004).  The importance of the LLJ circulation was also noted in the assessment of the atmospheric and surface water balance in Amazonia applying reanalyses and output from various GCMs for present climates (Marengo et al. 2004; Trenberth and Guillemot 1995; Mo and Higgins 1996; Trenberth and Guillemot 1998) and future climate change scenarios (Cox et al. 2000).  In fact, Cox and collaborators used the Hadley Centre GCM for simulating future climates and they found that due to the increase in the concentration of greenhouse gases, the Amazon forest would cease to exist and moisture from the tropical North Atlantic will be transported to southeastern South America, possible due to intense and more frequent LLJ, and thus the Amazon Basin would become a source of moisture.    

CONCLUSIONS AND DISCUSSIONS
This study focuses on the spatial and temporal variability of the water balance of the Amazon basin, and its closure. The components of the water balance were estimated by using a combination of river and rainfall observations in the region, as well as reanalyzed moisture fluxes and evaporation, for both the entire basin and its northern and southern sections. The scarce upper-air network in the basin and an incomplete network for evaporation observations motivated the use of the NCEP reanalyses to estimate C and E, which generates some uncertainty in those components of the water budget.  Overall, the Amazon Basin exhibits observed P reaching 5.8 mm/day and R of approximately 2.9 mm/day, while mean E and C are 4.3 and 1.4 mm/day respectively.  Some differences among rainfall data sets can reach up to 50% in rainfall and 10% in runoff.  Uncertainties of  P in Amazonia, especially in the southern section can reach up to +1.0 mm/day and may be related to the different interpolation techniques used in producing gridded data sets.  Our estimates show a basin-wide imbalance of 51%, based on NCEP reanalyses derived C and corrected R, and exhibit an interannual variability consistent with rainfall variability.  This imbalance is also sensitive to the choice of rainfall data seta, and to the use of corrected or uncorrected discharge, also adding some uncertainty in the closure of the water budget. It also can be stated that the estimation of water vapor fluxes, moisture convergence and evaporation in the Amazon Basin is another source of uncertainty due to lack of continuous upper air and evaporation observations across the entire basin.   

Perhaps a key contribution of this work has been the illustration of major differences in the behavior of the water balance between the northern and southern parts of the basin.  The components of the water budget exhibit seasonal to interannual variability that is different over the northern and southern sections of the basin. El Niño related circulation and rainfall anomalies influence variability in the hydrometeorology of the northern Amazon region, while the southern region seems to be less affected by the remote tropical Pacific SST forcing. In addition, in present climates the entire basin behaves as a sink of moisture, while apparently the northern region can act as a net source for moisture under extreme dry conditions (e.g. the strong 1983 El Niño event).  At interannual time scales rainfall in the northern section of the Amazon Basin modulates the water budget in the whole basin, since the northern section is wetter than the southern part.  This variability is also observed in the moisture convergence and on the river discharge at Óbidos. 
Obtaining a better quantitative measure of E and C is critical to eventually “closing” the water budget. There are still large unresolved differences between C and climatological R, particularly in C is derived from reanalyses and R is measured. The model used to generate the reanalyses does not account for changes in land-use patterns or greenhouse gases concentration, so it is not clear if what impacts those changes would have on the long-term temporal variability of the water budget components. 
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