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Introduction

Hydrological models are frequently used as practical tools to assess and to predict the impacts of anthropogenic activities on water resources and also assist in their management or create a basis for decision-making on sustainable development alternatives and conservation practices (Abbaspour et al., 2015, Loucks and[START_REF] Loucks | An Introduction to Probability, Statistics, and Uncertainty[END_REF]. However, these models require distributed meteorological information (precipitation, temperature, wind speed, etc.), which is a great challenge in large and poorly gauged areas such as tropical regions.

Precipitation is one of the main parameters for hydrological models, but its estimation is still very difficult, because of its strong spatio-temporal heterogeneity [START_REF] Beck | Global-scale regionalization of hydrologic model parameters[END_REF]. There are three ways of measuring precipitation over a basin: (i) conventional instrumentation, using networks of rain (or snow) meters; (ii) ground based weather radar; and (iii) satellite measurement. Nevertheless, despite the accuracy of estimates from conventional instrumentation and weather radar, the distribution and density of these methods are highly variable. Another issue with these methods is the completeness and consistency of the historical data series as well as the availability for near real-time analysis (Kidd andLevizzani, 2011, Sun et al., 2018). The precipitation data obtained by satellite is an alternative in regions where data is scarce, with a large number of free products available with high spatial and temporal resolution that can fill historical gaps and complement or replace in situ stations [START_REF] Kidd | So, How Much of the Earth's Surface Is Covered by Rain Gauges?[END_REF]. With the advent of the satellite Tropical Rainfall Measuring Mission (TRMM, [START_REF] Huffman | The TRMM multisatellite precipitation analysis (TMPA):quasi-global, multiyear, combined-sensor precipitation estimates atfine scales[END_REF], from later 1997 to 2014, transitioning with the launch of the Global PrecipitationMeasurement (GPM, [START_REF] Hou | The Global Precipitation Measurement Mission[END_REF][START_REF] Skofronick-Jackson | The Global Precipitation Measurement (GPM) mission for science and society[END_REF] Mission that is actually operating in conjunction with other passive microwave platforms, the performance of satellite precipitation estimates has significantly evolved along the years and numerous satellite-based precipitation products, with different characteristics (i.e., spatial, temporal, among others), have been developed and improved for distinct application purposes, such as for climatological, hydrological, agricultural and monitoring studies. Numerous observational daily precipitation products, including satellite estimates, are now available in a common 1•x1• grid format through the Frequent Rainfall Observations on GridS (FROGS) database [START_REF] Roca | FROGS: a daily 1° × 1° gridded precipitation database of rain gauge, satellite and reanalysis products[END_REF]. FROGS database enables easier intercomparisons and applications, based on the selection of a single to multiple products considering their category (i.e., satellite-only, gauge-adjusted satellite estimates, among others). Nonetheless, the estimation of satellite precipitation data is not wholly reliable due to the uncertainties arising from measurement errors associated with observations, sampling, recovery algorithms and bias correction processes that leads to systematic and random errors [START_REF] Roca | Comparing Satellite and Surface Rainfall Products over West Africa at Meteorologically Relevant Scales during the AMMA Campaign Using Error Estimates[END_REF][START_REF] Oliveira | Characteristics and Diurnal Cycle of GPM Rainfall Estimates over the Central Amazon Region[END_REF][START_REF] Beck | Global-scale regionalization of hydrologic model parameters[END_REF][START_REF] Beck | MSWEP: 3-hourly 0.25 global gridded precipitation (1979-2015) by merging gauge, satellite, and reanalysis data[END_REF][START_REF] Xie | Reprocessed, biascorrected CMORPH global high-resolution precipitation estimates from 1998[END_REF].

Tropical forests, including the Congo River Basin (CRB), strongly influence both the regional and global climate, storing large carbon stocks and regulating energy and water cycles. In this sense, any changes in the structure of these ecosystems, such as those caused by deforestation, can create positive feedbacks and increase climate change trends (Kruijt et al. 2016). The CRB in central Africa is the second-largest river basin in the world and supports one of Earth's three major humid tropical forest regions [START_REF] Alsdorf | Opportunities for hydrologic research in the Congo Basin[END_REF]; it contains about 70 percent of Africa's forest cover: Of the Congo Basin's 530 million hectares of land, 300 million are covered by forest. Almost 99 % of the forested area is primary or naturally regenerated forest as opposed to plantations, and 46 % is lowland dense forest. The average annual precipitation is around 1500 -2000 mm of precipitation per year and is the most convectively active region of the world (Dezfuli, 2017). Almost 60% of precipitation occurs during the wet seasons and the basin-wide average seasonal cycle has two precipitation peaks, one in March and the other in November [START_REF] Hua | Assessing reanalysis data for understanding rainfall climatology and variability over Central Equatorial Africa[END_REF], Crowhurst et al., 2020). This basin is currently an object of concern because of evidence of a significant multidecadal drying trend, one of the most significant worldwide [START_REF] Zhou | Widespread decline of Congo rainforest greenness in the past decade[END_REF][START_REF] Harris | Using spatial statistics to identify emerging hot spots of forest loss[END_REF]. Despite the important role in the tropical climate system, the CRB is plagued by a scarcity of precipitation ground-data especially after the early 1990s. Since the meteorological services of both Angola and the Democratic Republic of the Congo; countries that include most of the Congo rain forest, essentially ceased to function for decades and have been slow to rebuild their services [START_REF] Alsdorf | Opportunities for hydrologic research in the Congo Basin[END_REF]. The lack of in situ data leads most hydrological studies in the Congo basin to depend on satellite precipitation estimates.

It is essential to verify the quality and the applicability of precipitation data derived from multisatellites through statistical evaluation strategies. The variability of precipitation plays a key role in determining the hydrological response of river basins. We assume that the river streamflow follows the variability of rainfall and we propose to use a hydrological model to evaluate the performance of multiple and distinct precipitation products. This study aims to contribute to the debate on the performance of satellite precipitation estimates that are based on different techniques. To achieve that, specifically this study aims to (i) analyze and intercompare the precipitation distribution characteristics from 23 satellite-based precipitation products over the CRB during the period from 2001 to 2012 from FROGS database; (ii) evaluate the selected satellite precipitation products' skills in simulating the streamflow and water balance components through a hydrological model, SWAT (Soil & Water Assessment Tool, Arnold et al. 1998) at monthly time scale. Thus, this article is organized as follows. In Section 2 we describe the study area, the precipitation database and the methodology. Section 3 provides an assessment and discussion of the selected precipitation products, which are subsequently applied through the SWAT model, and which are exploited in the same section.

Finally, the conclusions are presented in Section 4.

Materials and Methods

Study Area and data

The intracratonic depression in Central Africa called the CRB (Figure 1) is situated between latitudes 9°N and 14°S and longitudes 11°E and 34°E. It covers an area of approximately 3.7 million km 2 including most of the Democratic Republic of Congo, (DRC, formerly Zaire), the People's Republic of Congo (ROC) and the Central African Republic (CAR). Elevations within the basin are above 3000 meters above sea level (m asl) in the Eastern highlands and less than 300 m asl in the center of the basin [START_REF] Runge | The Congo River, Central Africa, in Large Rivers: Geomorphology and Management[END_REF]. The physiography of the CRB varies and consists of the northern peneplains of bushy/wooded savanna with tropical humid climate [START_REF] Bultot | Assessment of ecological function indicators related to nitrate under multiple human stressors in a large watershed[END_REF]. The middle basin includes the dense and heavily forested swamp forest of the Cuvette Centrale, and the sandy sandstone formations of the Batékés Plateaux of between 350 -930 meters altitude covered by bushy savanna [START_REF] Laraque | Spatiotemporal variations in hydrological regimes within Central Africa during the XXth century[END_REF].

Figure 1.

Mean annual rainfall is 2000 mm/y -1 in the central basin decreasing northward to southward to 1100 mm/y -1 [START_REF] Alsdorf | Opportunities for hydrologic research in the Congo Basin[END_REF]. The basic rainfall pattern across the basin is thought to be due to the bi-annual passage of the inter-tropical convergence zone (ITCZ) across the basin.

The ITCZ over Africa is acknowledged as the location where the dry northeasterly harmattan meets the moist southerly flow of the monsoon and a major control on tropical rainfall. Recent evidence concerning the latitudinal progression of the equatorial rainy season however suggests that this view of the ITCZ may be challenged [START_REF] Jackson | Mesoscale convective systems over western equatorial Africa and their relationship to large-scale circulation[END_REF][START_REF] Nicholson | Validation of Satellite Precipitation Estimates over the Congo Basin[END_REF].

Rainfall across the basin occurs with a seasonal peak in Precipitation from December to March in areas of the southern hemisphere with northern hemisphere basins having theirs within July to October [START_REF] Moukandi N'kaya | A new look at hydrology in the Congo Basin, based on the study of multi-decadal chronicles[END_REF]. Annual extremes of precipitation in the equatorial regions are in April and October while sharp precipitation gradients, which may result in spurious trends, are noticed in the south-Eastern parts of the basin (Yin and G, 2010;[START_REF] Tshimanga | Climate change and impacts on the hydrology of the Congo Basin: The case of the northern sub-basins of the Oubangui and Sangha Rivers[END_REF].

Satellite-Based Precipitation Datasets

Twenty-three precipitation products, with a common period from 2001 to 2012 (except 3B42 v7.0, period from 1998 to 2012), were selected for this study (Table 1). These datasets were acquired from The Frequent Rainfall Observations on GridS (FROGS) database [START_REF] Roca | FROGS: a daily 1° × 1° gridded precipitation database of rain gauge, satellite and reanalysis products[END_REF]. FROGS is composed of several quasi-global and regional daily precipitation products with a common spatial resolution of 1° × 1°. Although FROGS database includes satellites, ground-based and reanalysis products, only the satellite-based category was considered for this study. The satellite-based precipitation products, which differ from each other in multiple aspects (e.g., satellite source, with or without gauge adjustments, among others), are here subdivided into two main groups: i) the satellite-only and ii) the gauge-calibrated satellite. These products are retrieved utilizing infrared (IR) observations from geostationary satellites and/or passive microwave observations from multiple or single low elevation orbiting (LEO) satellites. The gauge-based calibration step is distinctly applied to those satellite precipitation products. These adjustments are climatological on a monthly or daily time step and take into consideration in-situ observations from the Global Telecommunication System (GTS) or other gauged-based precipitation products (e.g., GPCC). Table 1 shows the satellite-based precipitation products selected for this study and their main characteristics. FROGS database is freely available from ftp://ftp.climserv.ipsl.polytechnique.fr/FROGs/. See [START_REF] Roca | FROGS: a daily 1° × 1° gridded precipitation database of rain gauge, satellite and reanalysis products[END_REF] for a detailed description of each product.

Table 1.

SWAT Model

The soil & Water Assessment Tool is a continuous-time, spatially distributed hydrological basin scale model that simulates water, sediment, nutrient, chemical, and bacterial transport in a basin resulting from the interactions among weather condition, soil properties, stream channel characteristics, vegetation and crop growth, as well as land-management practices. The model calculates pollutant loads from various non-point and point sources [START_REF] Arnold | Large area hydrologic modeling and assessment part I: Model development[END_REF].

Fundamentally, the model is hydrologically driven, based upon the water balance of an individual landscape unit:

𝑆𝑊 𝑡 = 𝑆𝑊 0 + ∑ (𝑅 𝑑𝑎𝑦𝑖 -𝑄 𝑠𝑢𝑟𝑓𝑖 -𝐸 𝑎𝑖 -𝑤 𝑠𝑒𝑒𝑝𝑖 -𝑄 𝑔𝑤𝑖 ) 𝑡 𝑖=1 (1)
where SWt is the final soil water content (mm H2O); SW0 is the initial soil water content (mm H2O); t is time (days); Rdayi is precipitation on day i (mm H2O); Qsurfi is surface runoff on day i (mm H2O); Eai is evapotranspiration on day i (mm H2O); wseepi is the amount of water from the soil profile inflowing to the vadose zone on day i (mm H2O); and Qgwi is the base flow on day i (mm H2O).

Model Setup

SWAT2012 version [START_REF] Winchell | Arcswat Interface for SWAT2012: User's Guide[END_REF] was set up for the CRB using the datasets listed in Table 2. The basin was delineated based on the dominant land use, soil and slope classes taking into cognizance the size and spatial heterogeneity of the basin allocating one Hydrologic Response Unit (HRU) per subbasin resulting in 272 subbasins and HRUs. The period of simulation was from 1998 to 2012, comprising calibration (2000-2006), validation (2006-2012), and a two-year warm-up period (1998)(1999)(2000).

In the SWAT model, the evapotranspiration is calculated using the Penman-Monteith method.

The Penman-Monteith method also gave better estimates of evapotranspiration when used with the plant growth modification of [START_REF] Strauch | SWAT plant growth modification for improved modeling of perennial vegetation in the tropics[END_REF]. The plant growth module was used since the SWAT model simulates plant growth based on dormancy during the winter season for the reinitiation of the growing season for perennial plants and this process is not a valid growing pattern in the tropics. The surface runoff was calculated using the Soil Conservation Service's Curve Number method (USDA Soil Conservation Service, 1972) and the variable storage method [START_REF] Williams | Flood routing with variable travel time or variable storage coefficients[END_REF] was used for channel routing.

Table 2.

Model calibration

Model calibration was based on the optimization of the parameter values by adjusting the simulated streamflow (Qsim) at observed streamflow (Qobs). The monthly Qobs data from the five gauging stations (Figure 1) were available for the period 2000-2012 (Table 2). In the model set-up used in this study, the simulated streamflow was adjusted to the observed streamflow by manual calibration (trial and error). Further details of the calibration and validation procedures can be found in [START_REF] Datok | Investigating the role of the Cuvette Centrale in the hydrology of the Congo River Basin[END_REF].

For the evaluation of model performance, we used the [START_REF] Nash | River Flow Forecasting through Conceptual Model. Part 1-A Discussion of Principles[END_REF] efficiency (NSE) that measures the magnitude of residual variance, compared to observed variance [START_REF] Moriasi | Model evaluation guidelines for systematic quantification of accuracy in watershed simulations[END_REF]; the coefficient of determination (R 2 ) that describes the degree of linear relationship between observed and simulated streamflow and percent bias (PBIAS) which evaluates the average tendency of the magnitude of simulated values in relation to the observed ones. Kling-Gupta efficiency (KGE) by [START_REF] Gupta | Decomposition of the mean squared error and NSE performance criteria: Implications for improving hydrological modelling[END_REF], which provides decomposition of NSE and mean squared error; KGE facilitates the analysis of relative importance of correlation, bias, and variability in hydrologic modeling (KGE-hydroGOF, 2017). For streamflow, [START_REF] Moriasi | Hydrologic and water quality models: performance measures and evaluation criteria[END_REF] proposed NSE values > 0.50, R 2 > 0.60 and PBIAS < ±25 to be a satisfactory level for monthly scales. A KGE value > 0.50 is also considered satisfactory [START_REF] Gupta | Decomposition of the mean squared error and NSE performance criteria: Implications for improving hydrological modelling[END_REF].

Evaluation of the performance of precipitation datasets using SWAT model

The SWAT model was run for twenty-three scenarios based on the precipitation products described in Table 1. The base scenario is based on the 3B42_v7.0 product and it was calibrated with observed streamflow (see above). The others precipitation scenarios were run using identical datasets (see Table 1) so that variations in streamflow and other hydrological components were uniquely attributable to precipitation. For the evaluation of the performance of precipitation datasets, we used KGE and PBIAS objective functions calculated using the streamflow of base scenario (3B42_v7.0) as reference. Finally, we discuss the influence of the precipitation input on model performance when the model has been pre-calibrated with one of the products (here 3B42).

Results and Discussion

Precipitation

Comparison of the different precipitation datasets

Satellite precipitation estimates, through different gridded products, has been constantly evaluated and assessed across West Africa, considering gauged-precipitation observations as a reference (e.g., [START_REF] Gosset | Evaluation of TAPEER daily estimates and other GPM era products against dense gauge networks in West Africa, analyzing ground reference uncertainty Q[END_REF], Nicholson et al., 2019[START_REF] Satgé | Evaluation of 23 gridded precipitation datasets across West Africa[END_REF]. The reliability of satellite precipitation estimates depends on several factors (e.g., seasonality, the gauge network densities) and can vary in space and time. The precipitation regime (i.e., seasonality) over the CRB varies regionally (e.g., [START_REF] Munzimi | Characterizing Congo basin rainfall and climate using Tropical Rainfall Measuring Mission (TRMM) satellite data and limited rain gauge ground observations[END_REF]. Spatially, there are remarkable characteristics on the precipitation distribution over CRB, which are demonstrated through the unconditional annual mean and the 99th percentile (Figure 2). The central region of the CRB and the northern portion of the Luabala sub-basin experience the largest amounts of precipitation with about 7 and 10 mm day-1, respectively. Nevertheless, the Luabala also showed the largest regional contrast of precipitation amounts, with most of the watershed area presenting precipitation mean lower than 3 mm day -1 . These spatial characteristics were directly linked to the extreme precipitation occurrences, represented by the 99th percentile, strongly influenced by the surface type (i.e., orographic) conditions, where the highest values (>50 mm day -1 ) were found mainly across the wetland zones and over the northwest part of Luabala. Figure 3 depicts the annual cycle of precipitation, through the monthly accumulated mean distributions, from all the selected satellite-based precipitation products over the five CRB sub-basins, during the period from 2001 to 2012. The contrasts between the satellite-only and satellite gauged-adjusted precipitation are assessed considering the 3B42_v7.0 product as baseline. Overall, three different precipitation regimes, which were associated with the geographic characteristics, were observed across the five Congo's sub-basins, which is in agreement with previous findings based on both the satellite and rain gauge data (e.g., [START_REF] Munzimi | Characterizing Congo basin rainfall and climate using Tropical Rainfall Measuring Mission (TRMM) satellite data and limited rain gauge ground observations[END_REF]: i) Kasai and Luabala, located in the southernmost portion, presenting a welldefined dry/wet period, with the maximum (minimum) from November to March (between June and August); ii) Sangha and Ubangi, in the northern portions, present a prolonged rainy period (peak of maximums around August/September) and a short-term dry season (December and January); and iii) the central part, which is characterized by a less well-defined monsoonal regime, with a dry period less pronounced and two rainy peaks (the first around March and the second during October/November).

Although all the satellite precipitation products were able to successfully represent the annual cycle of rainfall over each watershed under study, notable differences along the year on the magnitudes of the precipitation amounts were observed. Overall, two remarkable performance characteristics were noted. The group of satellite-only products mostly overestimates the rainy seasons' peaks compared to the rest of the products. In particular, the CMORPH_v1.0_RAW, 3B42RT_UNCAL_v7.0, followed by IMERG_V06_EU and IMERG_V06_LU products stand out for presenting the highest peaks, especially during the rainy seasons, systematically for all the five sub-basins. For instance, CMORPH_v1.0_RAW overestimates about 100 mm/month, in comparison to the rest of the products, at most of the sub-basins. On the other hand, the group of gauge-adjusted satellite products presented better agreements between each other and compared to 3B42_v7.0, except for GSMAP-gauges-RNLv6.0 and CMORPH_v1.0_CRT, which exhibited opposite performances to its satellite-only versions, underestimating the monthly totals during a greater part of the year for all the five sub-basins. In addition, TAMSAT_v2 stands out due to its difficulties in following the annual cycle properly (e.g., Central), underestimating the rainiest months at all sub-basins and also overestimating drier periods, especially over the northern portions (i.e., at Sangha and Ubangi). Other particular basin characteristics and the performance diversities of both the satellite-only and gauge-adjusted products are clear considering the relative differences (%) of each product compared to 3B42_v7.0 as reference (in Supplementary Material, Figure S1). The overestimations found by satellite-only products were relatively larger during the dry and dryto-wet periods over Kasai and Luabala sub-basins. In this case, during these periods at Luabala, the 3B42_IR_v7.0, 3B42RT_UNCAL_v7.0 and CMORPH_v1.0_RAW products stand out for presenting the largest relative differences among all the sub-basins, with more than 300 %, 200 % and about 290 %, respectively. An opposite behavior, with negative relative differences (in about -100%) during the dry period at Kasai and Luabala sub-basins, was observed for the gauge-adjusted satellite group, with slight exception 3B42RT_v7.0 and CMORPH_v1.0_CRT (at Luabala). The regional TAMSAT_v2.0, TAMSAT_v3.0 and ARC2 products, in comparison to 3B42_v7.0 product, tend to overestimate January's amounts of precipitation (the dry period) at Sangha and Ubangi, which are consistent with the findings of [START_REF] Ayehu | Validation of new satellite rainfall products over the Upper Blue Nile Basin, Ethiopia[END_REF] for another African region.

It is worth mentioning that the performance and/or agreement of certain satellite precipitation products, in particular the native versions (satellite-only) and those ones adjusted/calibrated by rain gauges, in representing the local and/or regional precipitation regimes, are extremely linked to the region of interest. This is because the precipitation regimes are driven by multiple factors, including the frequency and intensity of rainy/non-rainy days to its monthly totals, as well as the contribution of a certain class of precipitation occurrences and the corroboration of moderate-extreme and extreme events over tropical land regions [START_REF] Roca | Estimation of extreme daily precipitation thermodynamic scaling using gridded satellite precipitation products over tropical land[END_REF]. These factors can be represented differently by satellite estimates and the differences are related to distinct aspects (e.g., the product technique itself, platform sources, gauge-adjustments, systematic uncertainties, among others).

Figure 4 shows the cumulative density functions (CDF) of occurrence and volume (amount) of daily precipitation during the period from 2001 to 2012 over the five Congo sub-basins computed for each satellite precipitation product (satellite-only and satellite gauge-adjusted) acquired from FROGs database. Through the overall CDF analyses, it becomes more evident, the differences between the two groups of satellite precipitation compared to the 3B42_v7.0 reference database. It is also possible to note that, even though the monthly totals are impacted differently, these two distinct CDF distributions are preserved for all the five watersheds. Better agreements between all the satellite-only products compared to the 3B42_v7.0, in both the occurrences and amounts of precipitation distributions, were observed. Slight overestimations (underestimations) on the amounts (occurrences) frequencies of rainfalls lower (greater) than ~5 mm day -1 were observed from most of the satellite-only products compared to 3B42_v7.0. However, the ARC2 and CHIRP_V2 products presented opposite features, especially at the Luabala and the Central basins respectively. In contrast, the group of gauge-adjusted satellite precipitation products showed larger differences (heterogeneities) across all precipitation distribution ranges, especially in the volume of precipitation frequencies (e.g., up to 45 % of frequency differences at precipitation intensities from 1 to 5 mm day -1 ). In parallel to the scattered frequency distributions on the rainfall occurrences, an overestimation, most prominent at rainfall intensities greater than 10 mm day -1, were observed from almost all the satellite+gauge products in comparison to 3B42_v7.0, except for CMORPH_v1.0_CRT (at Luabala) and TAMSAT_v2 (at Sangha and Ubangi). Such characteristics suggest that the gauge inclusion and/or adjustment techniques could directly impact quantitatively and qualitatively the daily precipitation distributions, from low to larger intensities, modifying its amount and occurrence frequencies. 

Model Calibration and Efficiency

The statistical results and graphical comparisons of the simulated SWAT calibration and validation aggregated monthly streamflow (Qsim) versus corresponding measured streamflow (Qobs) are listed in table 3 and shown in figure 5 for all gauge sites (Figure 1). The NSE, R 2 and KGE values for the calibration and validation periods for Ubangi/Bangui and Sangha/Ouesso gauges suggest good model performance. For Kasai/Kutu-Moke and Brazzaville/Kinshasa (outlet) gauges, these values suggest acceptable model performance, but for Lualaba/Kisangani the model, performance is less acceptable. The Ubangui and Sangha basins, mostly draining the northern hemisphere, present few hydrological and hydraulic singularities, thus it is not surprising that the conversion of rainfall into discharge is well performed by the model. The Lualaba sub-basin presents many lakes and swamps, including the Tanganyika lake which behavior was complicated to model due to the lack hydraulic / hydrological data (e.g. volume of water stored, surface area) for these lakes. PBIAS suggest good fit between simulated and observed streamflow for all gauge sites. However, the PBIAS indicated an underestimation for the calibration period, except for Kasai/Kutu-Moke gauge; and overestimation for the validation period, with the exception of the Brazzaville/Kinshasa (outlet) gauge. Table 3. 

Hydrological evaluation

Streamflow

The hydrographs (Figure 7) indicate that the SWAT model follows the key features of the satellite precipitation products as the dry and wet season at the five-gauge sites studied, and thus, it is possible to evaluate the performance of those products without recalibration. It is expected however that the twenty-two precipitation products inputs lead to different streamflow prediction than the 3B42_v7.0 (base scenario) at all five-gauges. In general, and as expected, the products without precipitation adjustments (satellite-only) predicts higher streamflow. However, according to the results some satellite products behave differently, for example CMORPH_v1.0_CRT predicts higher streamflow at the gauge Lualaba/Kisangani, but in other gauges, this product underestimated the streamflow.

Statistical analysis (Figure 8) and the Δ% (Supplementary Material-Table S2) demonstrated that the hydrological model driven by the precipitation products with precipitation adjustments (satellite+gauge) performed better than those without precipitation adjustments; as expected, but trends between the products and differences between the regions are evident. The KGE and PBIAS indexes indicates some products can provide satisfactory performance at Ubangi/Bangui, Lualaba/Kisangani and Brazzaville/Kinshasa (outlet) without model recalibration. Figure 8 also highlights that GPCP_CDR_v1.3_not_enforced, which it is a satellite only product, demonstrates a good performance (KGE 0.71) at Ubangi/Bangui gauge.

When looking at the entire CRB, the worst scores were obtained by 3B42RT_UNCAL_v7.0 and CMORPH_v1.0_RAW satellite-only products. It is evidenced by Figure 8 that while some satellite-only products tend to lead to higher streamflow predictions (such as CMORPH_v1.0_RAW and 3B42RT_UNCAL_v7.0), others as 3B42_IR_v7.0 and 3B42_MW_v7.0 tend to lead to lower streamflows in particularly at Sangha/Ouesso and Ubangi/Bangui dry regions of CRB. The regional products (TAMSAT v2.0, v3.0 and ARC2) did not perform well in estimating streamflow, when compared to quasi-global products such as the IMERG_v6.0_FC or land-only products like the CHIRPS_v2.0. Although ARC2 performed better than the other regional products, it still did consequently underestimate the streamflow at four-gauge stations.

The near-real-time (NRT) precipitation products (important for now-casting and forecasting streamflow in applications such as early warning systems) such as IMERG_v6.0_EU and IMERG_v6.0_LU did not provide a good prediction of streamflow, showing a consequent overestimation at all gauges. Among the NRT products, only 3B42RT_v7.0 had a good performance at the Ubangi/Bangui stations, and Brazzaville/Kinshasa (outlet) and Kasai/Kutu-Moke. The PBIAS indicates a good performance when compared to the base scenario, maybe due to the similarities with the product used in our base scenario.

In general, the monthly streamflow simulation results and the statistical scores from IMERG_v6.0_FC and CHIRPS_v2.0 presented consistent streamflow simulations, except for Kasai/Kutu-Moke and Sangha/Ouesso gauges. Studies as [START_REF] Tan | Hydro-meteorological assessment of three GPM satellite precipitation products in the Kelantan River Basin, Malaysia[END_REF] and [START_REF] Amorim | Evaluation of satellite precipitation products for hydrological modeling in the Brazilian Cerrado biome[END_REF] have shown the better performance of IMERG products to estimate streamflow all around the world in comparison to TMPA products, due to its improvement in precipitation estimation. In our case, the recalibration of model parameters for IMERG products could improve streamflow simulations, specifically at the gauge stations where 3B42_v7.0 did not perform well. 

Water balance components

To better understand the influence of the different precipitation products in in predicting the water balance components (WBC) utilizing the SWAT model, we analyzed the monthly cycle of evapotranspiration (ET), surface runoff (SURQ), lateral flow (LATQ), percolation (PERC), soil water content (SW), groundwater contribution to streamflow (GWQ) and water yield (WYLD) simulated at the sub-basin scale. The results show that the satellite-only products tend to overestimate the WBC, especially in the rainy season. However, the level of overestimation and underestimation depends on the type of WBC and the region in the CRB.

For ET predictions (Figure 9), the precipitation products have the tendency to overestimate in both dry and wet seasons when compared to 3B42_v7.0, although some track ET much more closely than others. The CMORPH_v1.0_RAW and GSMAP_gauges_RNL_v6.0 have the tendency to underestimated this component. Peak basin-wide ET during March is overestimated for almost all products, while the basin's low at June, July and August is underestimated at Lualaba and overestimated at other regions. At Ubangi, most of the precipitation products capture the same tendency of 3B42_v7.0 between June to February.

Overall, the global ET prediction is overestimated at all sub-basins (in Supplementary Material, Table S3).

Figure 9.

The SURQ (Figure 10), LATQ and PERC (Supplementary Material -Figures S4 andS5) predictions, -which are intrinsically linked to the amount and dynamics of precipitation-are similar for the dry season at Kasai, Ubangi and Sangha sub-basins. However, none of the products capture the full amplitude of fluctuations across seasons at the Central and Lualaba sub-basins. The predictions are overestimated even in the dry season. For the wet season, the satellite precipitation products have the tendency to overestimate these components in regards to 3B42_v7.0 at five regions. Kasai and Lualaba sub-basins presenting one large peak of SURQ, LAT and PERC between November to March. Sangha and Ubangi have one peak around August/September while the Central region has two peaks, the first around March/April and the second during October/November. These peaks are overestimated and some products as TAMSAT_v3.0 and ARC2 do not follow the same seasonal shape of 3B42_v7.0. In general, the global SURQ, LATQ and PERC (in Supplementary Material, Table S3) are overestimated, although some track much more closely than others, especially in the dry season.

Figure 10.

The SW (Figure 11) and GWQ (Supplementary Material -Figure S6) predictions, -which refers to water stored in soil -demonstrate a wide range of simulated values, particularly for GWQ, hence overestimates of these components for both satellite-only and satellite+gauge with respect to 3B42_v7.0. SW the precipitation products generally follow the seasonal shape, except some products as CMORPH_v1.0_RAW and GSMAP_gauges_RNL_v6.0 although none of them capture the full amplitude of fluctuations across seasons. The tracks are closer than others for SW in the dry season at Lualaba and Ubangi, but for Central, Kasai and Sangha, the tracks are scattered.

Figure 11.

The seasonal cycle of GWQ does not present a large fluctuation across seasons, but the tracks are scattered at all regions studied. This behaviour could be linked to the SWAT model, because the model simulates groundwater using the two-way groundwater-surface water exchange which limits the ability to predict groundwater storage (Malaku and [START_REF] Melaku | A modified SWAT module for estimating groundwater table at Lethbridge and Barons, Alberta, Canada[END_REF], Shao et al., 2019). Also, the surface water-groundwater interaction mechanisms are less studied than other WBC in the Congo Basin [START_REF] Alsdorf | Opportunities for hydrologic research in the Congo Basin[END_REF].

The WYLD (Supplementary Material-Figures -S6) predictions (consisting of: surface runoff + groundwater flow + tile flow -transmission loss) are also overestimated compared to 3B42_v7.0. The peak flows have the same characteristic of SURQ at all regions, with two peaks at the Central, Kasai and Lualaba. However, peak shapes of some precipitation products are wider than the peak of 3B42_v7.0. Similar to the GWQ, the WYLD tracks are scattered at all sub-basins.

Overall, the trends between the precipitation products and differences between the regions affects the WBC. The Δ% (Supplementary Material-Table S3) showed that even a small increase or decrease of amounts of precipitation would cause increase or decrease in the WBC, especially the components that are dependent on the dynamics of precipitation as surface runoff and percolation. However, some precipitation products behave differently, for example, in most of the analyzed products, an increase in amount of precipitation leads to an increase in the values of the WBC, but CMORPH_v1.0_CRT shows a decrease of amount of precipitation then an increase in surface runoff values at the Central, Kasai and Sangha, that leads to a decrease of percolation. Several possible causes could lead to these results, the hydrological response of the WBC is linked to precipitation and design and assumptions of the model to type of vegetation, topography and soil. It is expected that in forest areas there will be less surface runoff than in pasture areas for example. Soil degradation will also lead to an increase of runoff.

Influence of the precipitation input on model performance

The SWAT model was originally based on the climate and environmental conditions in the United States, and it proved to be an effective tool to evaluate land management practices in floodplains and agricultural chemicals and water resources over other regions around the world (e.g.: [START_REF] Wei | A Modeling Approach to Diagnose the Impacts of Global Changes on Discharge and Suspended Sediment Concentration within the Red River Basin[END_REF], Cakir et al., 2020[START_REF] Sok | Assessment of Hydrology and Sediment Yield in the Mekong River Basin Using SWAT Model[END_REF]. However, SWAT requires certain improvements before it can be applied in tropical regions; such as improvements to crop and soil parameters. Nonetheless, several studies in tropical regions reported good performance of this model, especially at monthly time step (e.g.: Dos [START_REF] Santos | Hydrologic Response to Land Use Change in a Large Basin in Eastern Amazon[END_REF][START_REF] Galavi | Analyzing Uncertainty Drivers of Climate Change Impact Studies in Tropical and Arid Climates[END_REF][START_REF] Tan | Effect of rainfall station density, distribution and missing values on SWAT outputs in tropical region[END_REF][START_REF] Mandal | Assessment of climate change and its impact on hydrological regimes and biomass yield of a tropical river basin[END_REF].

To compare the hydrological performance of the satellite-based precipitation products using the SWAT model, we summarized some recent hydrological evaluation studies around the world in Table 4 [START_REF] Tuo | Evaluation of precipitation input for SWATmodeling in Alpine catchment: a case study in the Adige river basin (Italy)[END_REF][START_REF] Tan | Hydro-meteorological assessment of three GPM satellite precipitation products in the Kelantan River Basin, Malaysia[END_REF][START_REF] Amorim | Evaluation of satellite precipitation products for hydrological modeling in the Brazilian Cerrado biome[END_REF][START_REF] Sharannya | Evaluation of Satellite Precipitation Products in Simulating Streamflow in a Humid Tropical Catchment of India Using a Semi-Distributed Hydrological Model[END_REF], Peng et al., 2021[START_REF] Wang | Assessment of four latest long-term satellite-based precipitation products in capturing the extreme precipitation and streamflow across a humid region of southern China[END_REF]. Four main conclusions can be drawn from the comparisons: i) in many cases, the IMERG_v6.0_FC outperforms 3B42_v7.0 in hydrological simulations due to its improvement in precipitation estimation; ii) the performance of the satellite-based precipitation products depends on the basin localization and simulations scale (daily or monthly); iii) hydrological model choice will affect the accuracy assessment of precipitation products for detecting streamflow extremes; and iv) the recalibration of the model parameters for each satellite-based precipitation product effectively improved the precision of streamflow simulations.

Table 4

As shown in the hydrological evaluation section, the IMERG_v6.0_FC and CHIRPS v2.0 products demonstrates good performance without recalibration and could be used to study the hydrological cycle in the CRB, especially for streamflow and evapotranspiration. These results agree with the findings reported in Table 4, and a recalibration of the model parameters could effectively improve the precision of satellite-based precipitation product simulations, especially for WBC that are connected to the amount and dynamics of precipitation as SURQ, LATQ and PERC.

Nevertheless, the bias in satellite-based precipitation products was recognized as a major issue across several basins around the world [START_REF] Maggioni | On the performance of satellite precipitation products in riverine flood modeling: a review[END_REF], and the inaccuracy of satellite data may lead to unrealistic parameter values when recalibrating the model (Peng et al., 2021). [START_REF] Maggioni | On the performance of satellite precipitation products in riverine flood modeling: a review[END_REF] have shown that model recalibration was also raised as a viable option to improve streamflow simulations from satellite-based precipitation products, but caution is necessary when recalibrating models. Another option is the bias correction of the satellite products with ground-based measurements of precipitation to obtain more realistic flow simulations [START_REF] Wang | Assessment of four latest long-term satellite-based precipitation products in capturing the extreme precipitation and streamflow across a humid region of southern China[END_REF].

However, satellites estimate appear to not perform well over the CRB [START_REF] Mccollum | Discrepancy between gauges and satellite estimates of rainfall in equatorial Africa[END_REF][START_REF] Awange | Uncertainties in remotely sensed precipitation data over Africa[END_REF] and there are large discrepancies between gauge-based products from GPCC (Global Precipitation Climatology Centre), CMAP (CPC Merged Analysis of Precipitation), GPCP (Global Precipitation Climatology Project), and CPC (Climate Prediction Center) in the interannual and decadal variations in precipitation over the basin [START_REF] Juarez | Comparison of precipitation datasets over the tropical South American and African continents[END_REF]. The lack of a dense and reliable network of rain gauges makes it impossible to assess quantitatively the rainfall products against a proper ground validation reference. In addition, for the long-term mean, GPCP and CMAP display the major precipitation patterns, although substantial discrepancies occur in areas with low gauge densities, such as equatorial West Africa [START_REF] Yin | Comparison of the GPCP and CMAP merged gaugesatellite monthly precipitation products for the period 1979-2001[END_REF]. However, independent of these discrepancies, our findings show that the IMERG_v6.0_FC and CHIRPS v2.0 are potential alternative sources of data for hydrological modeling using SWAT in the CRB. Table 4.

Conclusions

The present work investigated the performances of 23 satellite-based precipitation products (Table 1) in simulating streamflow and water balance components at the Congo River Basin through the SWAT model. The key findings are as follows:

The precipitation products were able to represent with consistency the annual cycle of rainfall and the frequencies of rain intensities/occurrences over each sub-basin studied. However, the precipitation amount magnitudes along the year are different, especially due to high precipitation intensities. In the absence of a reliable dense ground validation network, the gauge adjusted version of 3B42_v7.0, which has been shown to provide good simulations of the discharge through the SWAT model, was taken as a benchmark to analyze the skills of other precipitation products. Overall, the group of satellite-only precipitation products mostly overestimates the rainy season peaks; and the gauge-adjusted satellite products presented better agreements between each other and compared to 3B42_v7.0, except for GSMAP-gauges-RNLv6.0 and CMORPH_v1.0_CRT.

Streamflow and water balance components simulation replicate precipitation products patterns, and gauge-adjusted satellite performed better than satellite-only for streamflow. In addition, during the rainy season, the precipitation products have the tendency to overestimate the SURQ, LATQ and PERC in regards to 3B42_v7.0 over the Congo Basin. For others components (ET, SW, GWQ and WYLD) and streamflow predictions, there is an overestimation at all sub-basins. However, IMERG_v6.0_FC and CHIRPS v2.0 products demonstrate good performance with our model, and could be used to predict the hydrological cycle.

In general, the selection of precipitation products has a crucial effect on model performance and has to be taken into consideration since it is one of the sources of uncertainties.

Unfortunately, the Congo River Basin is deprived of a quality and dense rain gauge network for assessing these uncertainties more quantitatively. Using the hydrological model with an ensemble of available products provides a good illustration of the impact of the uncertainties and can be used to filter out the products which behave like outliers and/or to indicate the confidence in the simulated hydrological variables. The combination of bias correction of the satellite products with ground-based measurements and recalibration of the model parameters could effectively improve prediction of the hydrological cycle. 
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  regimes over the CRB are firstly assessed through the 23 satellite-based precipitation products during the period from 2001 to 2012. Secondly, the model calibration and validation are performed for the period from 1998 to 2012 (two-years of warm-up for the model). Afterwards, hydrological evolution (streamflow and water balance components) through the 23 precipitation products during 2003 to 2012 (two-years of warn-up) are assessed.
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	Type of data	Satellite source	#	Product short name and version	Temporal coverage	Spatial coverage	Reference
		IR+MW* 1	IMERG v6.0 -Early	2000-2018	60° N-S	Huffman et al. (2019)
		IR+MW* 2	IMERG v6.0 -Late	2000-2018	60° N-S	Huffman et al. (2019)
		IR+MW* 3	IMERG V06 -Final Uncal	2000-2018	60° N-S	Huffman et al. (2019)
		IR+MW* 4	3B42 RT v7.0 uncalibrated	2000-2017	50° N-S	Huffman et al. (2007)
	Satellite-only (10)	IR+MW* 5 GSMaP-RNL -no gauge v6.0 2001-2013 IR+MW* 6 GSMaP-NRT -no gauge v6.0 2001-2017	50° N-S 50° N-S	Kubota et al. (2007) Kubota et al. (2007)
		IR+MW* 7	CMORPH v1.0 RAW	1998-2017	60° N-S	Xie et al. (2017)
		MW*	8	3B42 v7.0 MW	1998-2018	50° N-S	Huffman et al. (2007)
		IR	9	3B42 v7.0 IR	1998-2018	50° N-S	Huffman et al. (2007)
		IR	10	CHIRP v2.0	1981-2016	50° N-S	Funk et al. (2015)
		IR+MW* 11	IMERG v6.0 -Final Cal	2000-2018	60° N-S	Huffman et al. (2019)
		IR+MW* 12	3B42 v7.0	1998-2018	50° N-S	Huffman et al. (2007)
		IR+MW* 13	3B42 RT v7.0	2000-2017	50° N-S	Huffman et al. (2007)
		IR+MW* 14	GSMaP-RNL -gauge v6.0	2001 -2013	50° N-S	Kubota et al. (2007)
		IR+MW* 15	GSMaP-NRT -gauge v6.0	2001-2017	50° N-S	Kubota et al. (2007)
	Gauge-calibrated satellite (13)	IR+MW* 16 IR+MW# 17 IR+MW# 18	CMORPH V1.0 CRT GPCP 1DD CDR v1.3 (yes_enforced) GPCP 1DD CDR v1.3 (not_enforced)	1998-2017 1997-2017 1997-2017	60° N-S 90° N-S 90° N-S	Xie et al. (2017) Huffman et al. (2001) Huffman et al. (2001)
		IR	19	PERSIANN CDR v1 r1	1983-2017	50° N-S	Ashouri et al. (2015)
		IR	20	CHIRPS v2.0	1981-2016	50° N-S	Funk et al. (2015)
		IR	21	TAMSAT v2.0	1983-2017	Africa (Land only)	Maidment et al. (2017)
		IR	22	TAMSAT v3.0	1983-2017	Africa (Land only)	Maidment et al. (2017)
		IR	23	ARC v2	1983-2017	Africa (Land only)	Novella and Thiaw (2013)
							1055
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