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Abstract

:

The Mantaro River Basin is one of the most important regions in the central Peruvian Andes in terms of hydropower generation and agricultural production. Contributions to better understanding of the climate and hydrological dynamics are vital for this region and constitute key information to support regional water security and socioeconomic resilience. This study presents eight years of monthly isotopic precipitation information (δ18O, Dxs) collected in the Mantaro River Basin. The isotopic signals were evaluated in terms of moisture sources, including local and regional climatic parameters, to interpret their variability at monthly and interannual timescales. It is proposed that the degree of rainout upstream and the transport history of air masses, also related to regional atmospheric features, are the main factors influencing the δ18O variability. Moreover, significant correlations with precipitation amount and relative humidity imply that local processes in this region of the Andes also exert important control over isotopic variability. Two extreme regional climate events (the 2010 drought and the 2017 coastal El Niño) were evaluated to determine how regional atmospheric circulation affects the rainfall isotope variability. Based on these results, recommendations for hydroclimate studies and paleoclimate reconstructions are proposed in the context of the Mantaro River Basin. This study intends to encourage new applications considering geochemical evidence for hydrological studies over the central Andean region.
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1. Introduction


The central Andean region of Peru has been the focus of several studies documenting important changes in climate variability that have occurred in recent decades. In this context, the Mantaro River Basin (MRB) has received special attention since it is an important region of Peru in terms of energy and agricultural production. Hydroelectric plants in the MRB produce nearly 35% of the electrical energy of the country and the region’s agricultural production also sustains the large consumption of the capital, Lima, which houses around 10 million people [1], or more than a third of the country’s population [2].



With that assessment, rainfall plays a decisive role in many economic activities over the MRB, but special attention must be paid to agriculture, in which 71% of the arable land (339.065 hectares) depends on the rainfall regime [3]. Therefore, the greatest climatic hazards to agriculture in this region stem from extreme climate events, such as droughts and floods, which in turn have motivated several studies to document these events, including frosts and landslides and their impacts [4,5,6,7,8].



In fact, the entire region has experienced a reduction in precipitation (−5.6 mm/decade) over the past decade. This reduction has also been accompanied by changes in the rainy season’s duration. Over the past four decades, a reduction of 3 days/decade in the duration of the wet season over the MRB has been observed, resulting from a delay in the onset days [9]. Furthermore, internal modes of variability, such as El Niño/Southern Oscillation (ENSO), influence its onset and duration. It has been argued that El Niño favors a late onset and an early end of the rainy season, while La Niña favors an early onset and late end of the rainy season in the MRB [9]. The relationship between the MRB and ENSO at interannual timescales has also been explored [10,11,12], showing below-normal rainfall episodes during the warm phase (El Niño) and above-normal precipitation during the cold phase (La Niña). In fact, the impact of ENSO on precipitation is highly significant in the MRB during the austral spring and early summer, and to a lesser extent also during winter [13]. At decadal timescales, a recent study evidenced the existence of a decadal signal of 10–13 years in the central Andes (above 1500 m a.s.l.) associated with decadal SST variability in the central and eastern Pacific [14]. At longer timescales, there are pieces of evidence from the surrounding regions that indicate significant multidecadal variability related to the Atlantic Multidecadal Oscillation [15]. In addition, warm SST anomalies in the western Pacific inhibit rainfall in the Central Peruvian Andes on interdecadal timescales above 20 years (e.g., [16,17]). There is a strong consensus that any contributions to understanding the dynamics of precipitation in the valley will constitute key information to support regional water security and socioeconomic resilience [1].



Given the importance of rainfall variability over the MRB, it is necessary to understand the physical mechanisms associated with the prevailing climatic conditions. There are many studies related to extreme events in the region based on in situ station data and regional numerical models [3,8,18,19]. However, additional evidence can be gleaned from studying the stable oxygen isotopic composition of rainfall, such as oxygen (δ18O), in meteoric waters. This geochemical tracer is a useful instrument with which to determine moisture sources (e.g., [20,21]) and paleoclimate conditions (e.g., [22,23]) as demonstrated in previous investigations conducted in the Andean region (e.g., [24]).



Recent studies that have revisited the stable isotopic composition of precipitation (δ18O and δD) along the central Andes have considered that the atmospheric monsoon convection controls the isotopic composition of water vapor in austral summer (e.g., [25]), while large-scale advective mixing provides an additional control, especially in austral winter [26,27]. Furthermore, some studies have considered elevation to be a relevant control of δ18O since it determines the degree of orographic lifting, condensation, and rainout across the Andean region (e.g., [21,27,28,29]. However, it is also important to mention the role of local-scale effects on δ18O variability on short timescales in many regions of the Andes (e.g., [29]). In general, multiple pieces of evidence suggest that δ18O and δ2H reflect a combination of local precipitation microphysics (e.g., [30]), moisture source (e.g., [31]), upstream water vapor isotopic composition [26,32], and cloud type (e.g., [33]). Studies focusing on the isotopic signals in meteoric waters will be helpful for understanding current atmospheric and hydrological dynamics and will constitute a benchmark for isotope-enabled modeling studies. Indeed, the creation of a baseline for interpreting isotopes in precipitation is essential for calibrating geochemical signals in paleoclimatic records (biological or geological). Such information is required for better understanding of past climate variability and to document the magnitude and recurrence of extreme climate events in the central Andes.



The present study was based on an eight-year-long period of monitoring stable isotopes (δ18O and δD) in rainfall at two locations within the MRB. The data were used to analyze the influences of local- to regional-scale environmental factors, with the goal of contributing new information required for paleohydrological reconstructions, water balance analyses, and the management of future environmental hazards over the MRB.




2. Materials and Methods


2.1. Study Area and Climate Features


The MRB is located in the central Peruvian Andes (10°34′–13°35′ S, 73°55′–76°40′ W), covering a drainage area of 34,550 km2 at a mean altitude of approximately 3870 m a.s.l. The annual mean precipitation over the basin during the 2006–2019 period showed values of approximately 1100 mm (Figure 1B). The seasonal precipitation cycle shows a marked response to the South American Summer Monsoon (SASM), where 83% of the annual rainfall takes place between October and April and precipitation is almost absent during austral winter (Figure 1C). The spatial variability of mean temperature throughout the year varies between 2 and 20 °C, following the insolation forcing over the southern hemisphere. Minimum temperatures show a larger seasonality, varying from 0.5 °C in the winter season to 7 °C during the summer season. Mean maximum temperatures, on the other hand, show a less pronounced seasonality, ranging from 20.8 °C in November to 18.4 °C in the winter season [34].



From a regional atmospheric circulation perspective, intense rainfall events during the summer season, called wet spells, are associated with a strengthened Bolivian High (BH)–Nordeste Low (NL) system and upper-level easterly anomalies [35], while intense rainfall events in other seasons (mainly in spring) are associated with the intrusion of high-level westerly flow when the BH is absent or displaced to the east [36]. These results suggest that the combination of large-scale geopotential/flow anomalies and moist air masses over and upstream of the central Andes of Peru is linked to an increase in precipitation in the MRB [3]. Furthermore, the authors of [37] have documented reduced atmospheric stability with intensification in convection and upward motion over the western Amazon in the past two decades, which has contributed to and enhanced meridional moisture transport toward the Peruvian Altiplano region.




2.2. Isotope Data Collection


Stable oxygen and hydrogen isotopes were obtained from precipitation collected at the Marcapomacocha (11°24′15.8″ S, 76°19′30.2″ W, 4477 m a.s.l.) and Huayao stations (12°02′18″ S, 75°19′22″ W, 3313 m a.s.l.). The isotopic information from the Marcapomacocha station was obtained from the Global Network of Isotopes in Precipitation (GNIP) database), generated by the International Atomic Energy Agency (IAEA), in collaboration with the Servicio Nacional de Meteorología e Hidrología del Perú (SENAMHI). The rainfall isotope sampling was performed at monthly intervals from January 2006–March 2012, resulting in a dataset of 61 pairs of δ18O and δD values. For more specific details, readers are referred to the IAEA/WMO Global Network of Isotopes in Precipitation database, accessible at https://nucleus.iaea.org/wiser, accessed on 17 November 2021.



Stable isotopes in precipitation at the Huayao station were obtained using a tube-dip-in-rainwater collector with pressure equilibration located at the Huayao Observatory of the Instituto Geofísico del Peru (IGP), following the technical specifications of the International Atomic Energy Agency [38]. The monitoring took place from December 2016 to April 2018 with a sampling interval of 15 days. Water samples were collected using 10 mL HDPE bottles. The isotopic analyses (δ18O, δD) were performed at the Centro de Pesquisas de Águas Subterrâneas at the University of São Paulo (IGc-USP) using an isotopic water analyzer (Picarro L2130i). Data were processed using LIMS for Lasers software [39,40]. Values are reported with an analytical precision of 0.09‰ for δ18O and 0.9‰ for δD relative to Vienna Standard Mean Ocean Water (VSMOW). The Huayao dataset, sampled at a frequency of 15 days, was composed of 28 pairs of δ18O and δD values. Moreover, to compare the isotopic values from the Huayao station with climate data and samples from the Marcapomacocha monitoring station, isotope values were weighted by the local precipitation amount at a monthly time step.




2.3. Climate Data


Local climate parameters at the Huayao station (daily precipitation, air temperature, and relative humidity) were obtained from an in situ station at the Laboratory of Physics, Microphysics and Radiation (LAMAR) of the Instituto Geofísico del Perú for the period of December 2016–June 2018. Daily precipitation data for the Marcapomacocha station were obtained from the meteorological observation network of SENAMHI. For both stations, daily precipitation data were then accumulated into monthly totals.



For the Marcapomacocha station, air temperature and relative humidity were extracted from the single grid cell that encompasses its location in the products ERA5–Land monthly averaged (2 m temperature) and ERA5–hourly data on pressure level, respectively. Comparisons between reanalysis and in situ information of both variables are shown in Figure S1 to represent the reliability of the information chosen for the present study. Both datasets were produced by the ECMWF (European Center for Medium-Range Weather Forecasts) with a spatial resolution of 0.1° and 0.25°, respectively. Specifically for the case of relative humidity, data were averaged to daily timescales and then to a monthly resolution.



The product IMERG Late Run (Integrated Multi-SatellitE Retrievals) for Global Precipitation Mission (GPM) was used to represent regional precipitation. This dataset covers the period from June 2000 to the present, with a spatial resolution of 0.1°. For the calculation of the vertically integrated moisture convergence (VIMC), three variables at an hourly resolution from the 1000 hPa to 300 hPa pressure levels were obtained from ERA5 reanalysis: zonal wind (u), meridional wind (v), and specific humidity (q). For this study, climatology and anomalies were calculated considering the 2001–2019 period.




2.4. Back-Trajectory Modeling


To determine the potential moisture sources of the water vapor that reaches the Huayao and Marcapomacocha stations, we used the HYSPLIT 5.2.1 model (Hybrid Single-Particle Lagrangian Integrated Trajectory Model) developed by the National Oceanic and Atmospheric Administration (NOAA) at the Air Resources Laboratory (ARL) (https://www.ready.noaa.gov/HYSPLIT.php, accessed on 27 November 2021). One of the main characteristics of this model is the calculation of back-trajectories using a Lagrangian approach that assumes a particle to be passively following the wind, so each trajectory represents the integration of the particle’s position in space and time [41,42,43,44].



For this study, we used a dataset generated by the Weather Research and Forecasting (WRF) model as the input to the HYSPLIT model. To run the WRF model, boundary and initial conditions were derived from the Final Operational Global Analysis data (FNL) provided by the National Centers for Environmental Prediction (NCEP), which has a 1° × 1° spatial resolution and 33 vertical levels at a six-hour resolution.



Since the residence time of water in the atmosphere ranges from approximately 4 to 10 days [45], 7-day back-trajectories that reached the Huayao station on precipitation days between December 2016 and June 2018 were tracked every six hours. The same procedure was applied to calculate back-trajectories that reached the Marcapomacocha station between January 2006 and March 2012.



Cluster analysis offered by HYSPLIT was used to select the trajectories that were near each other and group them by their mean trajectory. Details about the number of clusters chosen are described in Supplementary Material. Considering that precipitation occurs most frequently in the afternoon and at night over the MRB [18], we present only the clusters of back-trajectories that integrated vertical motion arriving at 500 h Pa at 00 UTC, as this level was important for moisture transport at our study stations.




2.5. Moisture Flux and Moisture Flux Convergence


The zonal moisture flux (MF) along cross-sections at the latitudes at which the stations are located was calculated using the product of the specific humidity (q) and the zonal winds (u) at different pressure levels (1000 hPa–200 hPa). Meanwhile, the moisture flux convergence (MFC) was obtained using the following equation:


  M F C = − q ∇ ·    V h   →   



(1)




where      V h   →  =   U , V     and ∇.      V h   →    is the gradient of the wind vector.



On the other hand, the vertically integrated moisture convergence (VIMC) over South America was calculated using the following equation:


  V I M C = − ∇ ·  1 g    ∫   1000   200   q   V →  h  d p  



(2)




where  g  = gravitational acceleration and  p  = pressure.



This calculation was based on ERA5 variables at an hourly timescale.



It is worth noting that MF, MFC and VIMC anomalies were calculated using rainy days only and were then averaged for the rainy season (JFM).





3. Results and Discussion


The entire dataset (75 pairs of δ18O and δD values obtained from the Marcapomacocha and Huayao stations) shows that average precipitation δ18O values were of the order of −13.6‰, ranging from −3.2‰ to −24.5‰. δD values ranged from −12.01‰ to −160.71‰, with an average value of −95.2‰. Since the dataset included information from both highlands (Marcapomacocha) and valleys (Huayao), it was representative of the mean isotopic signature of the MRB.



Single analysis at the Marcapomacocha station showed variations between −3.21‰ and −21.76‰, with an average value of −13.6‰ for δ18O. For δD, it varied from −12.01‰ to −160.71‰, with a mean value of −93.63‰. The δ18O values at the Huayao station ranged from −3.2 to −24.5‰, with mean values of the order of −13.87‰; the δD values varied from −12.9 to −183.7‰, with an average of −101.77‰ (Figure 2 and Figure S3). Statistical tests performed between both datasets revealed that the mean differences between two samples were negligible (independent T-tests were performed) and variances were homogeneous (F-tests were performed).



A Local Meteoric Water Line (LMWL) for the MRB was derived using the entire isotopic dataset (75 pairs of δ18O and δD). Figure 2B shows the comparison between the LMWL and the Global Meteoric Water Line (GMWL; δD = 8 δ18O + 10), which is used here as a reference since it is useful to describe the coevolution of water isotopologues as rainout from an air parcel [46]. It was noticeable that the LMWL (δD = (8.14 ± 0.1) δ18O + (15.74 ± 1.47)) differed from the GMWL, indicating a slightly different slope and intercept of the regression line.



Comparison between the LMWLs for each station showed that the LMWL constructed for the Marcapomacocha station (δD = (8.2 ± 0.11) δ18O + (17.7 ± 1.53) differed from the Huayao LMWL (δD = (7.9 ± 0.09) δ18O + (7.6 ± 1.44)). The large positive intercept of the LMWL at the Marcapomacocha station (>10‰) can be interpreted as moisture recycling having affected the air parcel [47], which is not surprising considering that the monitoring station is located next to a closed lake that likely favors moisture recycling. However, the range of values observed is typical for this region and consistent with data from other stations located over the western Amazon (e.g., [20,48]). The LMWL for the Huayao station, on the other hand, showed a reduced intercept (<10‰), which in turn may reflect some evaporative processes, especially during the winter season.



An additional isotopic parameter evaluated was the deuterium excess, defined as Dxs = δD – 8 × δ18O [49], which was also calculated for the entire dataset, showing values of the order of 13.86‰. However, differences arose when the mean Dxs was calculated individually at each station (Marcapomacocha Dxs = 14.9‰ and Huayao Dxs = 9.2‰, Figure 2). It has been proposed that the seasonal Dxs pattern records atmospheric relative humidity over the Atlantic moisture source regions, relative humidity in the atmosphere above the recording stations, and land–atmosphere moisture fluxes over the Amazon [50]. For the Marcapomacocha station, higher relative humidity and sub-cloud evaporation could play a role in Dxs values (e.g., [51]). Moreover, the presence of the lake next to the monitoring station would promote the influences of local processes such as condensation conditions and surface water recycling, also affecting the Dxs values at this station [52].



3.1. Local and Remote Controls of δ18O Variability


To assess the linear dependence between local environmental parameters and the isotopic composition of precipitation, Pearson’s correlations were calculated. A strong linear correlation existed between δ18O and δD (Pearson’s r > 0.99). Therefore, the evaluation of the relationships between local environmental parameters and moisture sources focused exclusively on δ18O data. The entire dataset showed good correlations between δ18O values and monthly mean precipitation (r = −0.59, p-value < 0.01) and relative humidity (r = −0.64, p-value < 0.01). The correlation was even higher between δ18O and the basin-averaged mean monthly precipitation (r = −0.63, p-value < 0.01), which confirmed that the isotopic signal integrated information at the basin scale (Figure S4). On the other hand, there was no correlation between δ18O and monthly mean temperature (r = −0.09, p-value = 0.5).



At the interannual timescale, basin rainfall calculated for the hydrological year (July to June) showed a significant negative correlation with amount-weighted annual isotopic composition (r = −0.79, p-value = 0.06, n = 6, Figure 3). On this same timescale, a negative correlation with the average annual relative humidity (r = −0.46, p-value = 0.36) was also observed, while there was no significant correlation with annual average temperature in the study region (r = 0.48, p-value = 0.34).



There were no significant differences when correlations were calculated for precipitation rates at a single station (r = −0.62 for the Huayao station and r = −0.59 for the Marcapomacocha station, p-value < 0.01, Figure S5). For relative humidity, correlations became more significant (r = −0.79 for the Huayao station and r = −0.65 for the Marcapomacocha station, p-value < 0.01). For temperature, there were no significant results for the Huayao station; however, at the Marcapomacocha station, the correlation with δ18O was slightly more significant (r = 0.32, p < 0.01).



Although this result reveals a good agreement between precipitation amount, relative humidity, and δ18O variability at monthly and annual timescales, it has been noted for many locations in the eastern Andean region that local precipitation rates are often poor predictors of precipitation isotope ratios (e.g., [20,21,30]). The results obtained from the linear approach developed in this study indicate that the isotopic composition of rainfall in the MRB might have a stronger sensitivity to local conditions than other Andean regions, given the significant correlations obtained with rainfall amount. However, our results indicate that other regional- and large-scale influences also matter, as local environmental parameters only explained a limited fraction of the total variance observed in the dataset. Indeed, several studies have documented that upstream monsoon convection provides the main control of the isotopic composition of water vapor in austral summer, while large-scale advective mixing is also relevant for the Andean water vapor in austral winter (e.g., [26,32]).



To explore a more comprehensive interpretation of δ18O, it was necessary to consider the influence of regional climate parameters such as moisture sources and rainfall upstream (e.g., [20,24,53,54]). Cluster analysis was applied to the back-trajectory data in order to obtain a more detailed picture of the potential moisture sources associated with rainfall at the Huayao and Marcapomacocha stations during both summer and winter seasons. A summary of the cluster analysis is shown in Figure 4 and Figure S6. The results are based on an analysis that only included rainy days at the Huayao and Marcapomacocha stations. The analysis for the winter season was based solely on the Marcapomacocha dataset, as no isotope data were available for the Huayao station.



Northeastern-/eastern-sourced air masses provided the dominant moisture contribution to the MRB. Clusters 1 and 2 accounted for 83% of the total precipitation amounts at the Huayao station (Figure 4A,C). Meanwhile, air masses sourced from a similar origin, collected into Clusters 2, 3, and 5, accounted for 82% of the total precipitation at the Marcapomacocha station (Figure 4B,D). Western-sourced air masses were represented in cluster C3 for the Huayao station and explained around 6% of total precipitation at the station (Figure 4A,C). For the Marcapomacocha station, western- and southwestern-sourced air masses were represented in clusters C4 and C1, which were related to 18% of the total precipitation (Figure 4B,D). Additionally, southeastern air masses, characterized as cluster C5 at the Huayao station, were related to 3% of the total precipitation at the station (Figure 4A,C).



From the cluster analysis, it was apparent that the Marcapomacocha station receives more western-sourced air masses than the Huayao station, which is expected given the geographical location of the station, at a higher altitude on the western side of the basin. Overall, the results suggest that the main moisture sources sustaining rainfall events in the Mantaro Basin originate to the east/northeast, outside the basin. These results are consistent with previous studies of the MRB showing that the moisture source regions are located to the east of the cordillera and associated with low-level moisture convergence over the western Amazon Basin during the austral summer [1,3,34]. During the winter season, on the other hand, occasional precipitation events seem to be more closely related to the occurrences of cold surges and cut-off lows [55,56,57,58].



It is important to emphasize that researchers making interpretations of wind back-trajectories as indicators of moisture sources must proceed with caution in tropical settings. Water vapor undergoes condensation, rainout, and evaporation along its transport history, which are processes that back-trajectories do not take into account. Therefore, simply assuming that trajectories provide a realistic portrayal of moisture transport is misleading. An example is the occurrence of extratropical cold surges, which are characterized by southerly flow east of the Andes. These air masses are cold and dry, triggering local moisture to lift and condense once the southerly cold front reaches the study area. Back-trajectories cannot realistically portray such a scenario and interpreting them would lead to the incorrect assumption of a southerly moisture source. Therefore, the prevailing atmospheric circulation features over the central Andes have to be considered in any interpretation of moisture trajectories, and our interpretation takes these aspects into consideration when interpreting trajectories arriving from southern and western air mass clusters.




3.2. Regional Climate Features Linked to Major Isotope Variation


To further investigate the associations between regional atmospheric circulation changes and the stable isotopic composition of rainfall over the MRB, two extreme events that led to major impacts on the South American climate during the monitoring period were further analyzed. The first event was the major Amazon drought recorded in 2010 [59,60], and the second event was the coastal El Niño in 2017 [61,62]. Both events were characterized by highly anomalous atmospheric circulation that is expected to have left a significant imprint in the stable isotopic composition of precipitation over the MRB. Such an analysis can provide important information on how geochemical signals associated with extreme events are embedded in natural archives in the Peruvian Andes.



During the summer of 2010 (January, February, and March; JFM) the sea surface temperature (SST) of the central equatorial Pacific region (Niño 3.4 region) increased by 1.2 °C, consistent with the manifestation of a canonical El Niño event (e.g., [63]). During the El Niño event, a severe reduction in rainfall over the Andean and Amazon regions was documented (e.g., [12,64,65]). At the same time, the SST over the tropical North Atlantic also featured persistent positive anomalies, which in turn diminished the moisture influx over the South American Monsoon region. These oceanic conditions (anomalously warm Pacific and tropical North Atlantic) mutually reinforced the drought conditions over the Amazon basin [60]. Figure 5A shows the daily precipitation anomalies averaged over the summer months (JFM) in 2010 and Figure 5B represents the vertically integrated moisture convergence (VIMC) observed during the same study period for tropical South America. Negative precipitation anomalies abounded over many regions of South America, which is consistent with the negative moisture convergence (~−1× 10−4 kg m−2s−1) observed at the regional scale.



For the same period, the back-trajectories confirmed the influence of northeastern air masses over the MRB, which is evident in Figure 5C. In addition, Figure 5D represents the moisture flux convergence (MFC) along the latitude of the Marcapomacocha station. The negative MFC (~−5 × 10−3 g kg−1 s−1) indicates enhanced moisture divergence over the study region for this specific event (Figure 5E).



The mean isotopic composition during the summer of 2010 at the Marcapomacocha station was −15.05‰, which is approximately 2.7‰ less negative than average summer values (−17.7‰). However, the local rainfall amount did not show a significant decrease related to the isotopic anomaly seen during this specific event (Figure 2). Hence, the isotopic signal of the rainfall in the MRB is likely a result of large-scale changes in convection and atmospheric circulation along the moisture pathway upstream.



The reduced moisture convergence along the pathway over northern tropical South America during the 2010 event reflects the diminished South American Monsoon intensity that resulted in a decrease in the Rayleigh distillation and ultimately in less negative isotopic values over the MRB during this drought period.



During the coastal El Niño event in 2017, a local increase in SST (~1.4 °C) was observed along the coastal region of northern Peru [61]. It is argued that these warm SST anomalies led to an anomalous southern displacement of the eastern Pacific Intertropical Convergence Zone [62], favoring evaporation, deep convection, and moisture convergence across northern Peru, including over the central Peruvian Andes. In fact, a highly anomalous rainfall pattern over Peru was documented during this event [66,67].



The recorded summer precipitation at the Huayao station showed slightly above average values (Figure 2), but the mean isotopic composition of precipitation was −21.06‰, which is around 1.7‰ more negative than the mean summer values (−19.34‰). Figure 5F represents the daily precipitation anomalies averaged during the summer 2017 event, indicating highly heterogeneous behavior of precipitation in South America. In fact, the eastern Andes–western Amazon region experienced the most positive precipitation anomalies over the domain analyzed. Figure 5G supports this representation as it shows positive vertically integrated moisture convergence over the same region. The back-trajectories shown in Figure 5H indicate that moisture arrived preferentially from the east/northeast, consistent with previous reports. For this latitude, the zonal cross-section of moisture flux and moisture flux convergence represented in Figure 5I,J reveals heterogeneous patterns of MFC over the eastern part of the Andes, which in turn represents complex interactions between low- and high-level circulation.



Following these results, it is possible to infer that more depleted values in rainfall isotopes over the MRB are associated with the regional histories of the air masses that encompass precipitation. It has been demonstrated that centers of deep convection in the western Amazon enhance the meridional humidity transport that strengthens upward motion over the central Peruvian Andes [37]. In this sense, it is plausible to argue that increased rainout over the eastern Andes led to intensified Rayleigh distillation processes and ultimately to more depleted isotopic values over the MRB during this specific event.




3.3. Implications for Hydroclimate Reconstructions


The isotopic composition of precipitation over the different regions of the MRB can in large part be interpreted as reflecting the histories of the air masses along the flow path associated with the SASM. In addition, some of this variability can be explained by local moisture that is recycled and precipitates over the MRB. The significant correlation with local precipitation amounts at the interannual timescale confirms the potential of this proxy to serve as an indicator of hydroclimate variability in the MRB. As such, it could also provide a benchmark to better determine future water availability and the occurrence of hydroclimate extremes. Perhaps most importantly, oxygen and hydrogen isotopes could provide a long-term hydroclimatic perspective through analysis of the isotopic composition embedded in high-resolution proxy records from this region, such as calcite in lake records [22] and speleothems [68]. Therefore, the MRB is a key region that requires further development of these tools for managing future hazards due to climate change in a long-term context.



The MRB features several glaciated catchments that are relevant for maintaining key environmental services during the dry season, such as the meltwater contribution to human consumption and agriculture. A very limited number of studies have quantified the glacial contribution to the main river system and contributed to an improved understanding of the basin’s hydrology using stable isotopes in the Andean region (e.g., [69]). Additional efforts to characterize the isotopic signals of rivers and groundwater could be complemented by the results presented in this study. It is intended that the dataset presented here will also encourage new applications for hydrological studies that allow the development of a water balance by integrating new geochemical evidence. The presented data furthermore constitute an important benchmark for isotope-enabled climate models, which are increasingly being employed in paleoclimate research.





4. Conclusions


Local and regional climatic conditions were analyzed to characterize the stable isotopic composition of rainfall (δ18O, δ2H) in the MRB. Interannual to seasonal variability was considered and it was demonstrated that while local factors such as in situ precipitation and relative humidity exert some control over δ18O in precipitation, there is also an important contribution from large-scale upstream conditions that affect the local δ18O variability. This result is in agreement with previous observational and modeling studies that equally considered the degree of rainfall upstream and the transport history of air masses as the main factor influencing the δ18O variability in the Peruvian Andes.



This study presents the longest time series of recorded stable isotope variability in precipitation over the Peruvian region. This evaluation was aimed at better determining the isotopic signature over the basin to allow for improved future hydrological studies and paleoclimate reconstructions over the MRB, one of the most important regions in the country in terms of agricultural and hydroelectricity production.



Our results suggest that the isotopic composition of rainfall over the MRB is influenced by different factors such as precipitation amount, moisture sources, moisture transport history, and the degree of rainout upstream which operate across a range of spatial scales. Two case studies related to extreme events that led to major atmospheric circulation changes over tropical South America were analyzed in order to better define the isotopic signal. The first case study focused on the major drought over the Amazon basin recorded in 2010, while the second one was related to the occurrence of a coastal El Niño event in 2017. Significant differences occurred between the two events in terms of circulation anomalies and rainfall amounts, which were analyzed to document how the joint interactions between large-scale and local factors combine to affect the isotopic composition of precipitation in the MRB.



In light of these results, it would seem advantageous to develop more studies in which such isotopic analyses form part of investigations of the hydrological cycle. Isotope-enabled climate models and isotope-based multiproxy reconstructions are especially relevant in this regard to increase the availability of datasets and improve the interpretation of long-term records of isotopes in precipitation.
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Figure 1. (A) Location of the Mantaro River Basin within South America. D01: Domain with a spatial resolution of 27 km used for the calculation of wind back-trajectories. (B) The Marcapomacocha station (white square) and the Huayao station (white circle) located in the Mantaro River Basin (red line). The topography was derived from SRTM (Shuttle Radar Topography Mission) data with a resolution of 90 m. (C) Monthly mean precipitation in the Mantaro River Basin. Spatial distribution of (D) average annual precipitation (mm) and (E) average annual temperature over the MRB based on the long-term means from 2006 to 2019 with data from IMERG and ERA5, respectively. 
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Figure 2. (A): Temporal variation in precipitation amount, Dxs, and δ18O from January 2006 to March 2018. Light blue bars and purple circles indicate monthly precipitation, Dxs (top panel) and δ18O (bottom panel) at the Huayao station, respectively. Grey bars and light blue circles indicate monthly precipitation, Dxs (top panel) and δ18O (bottom panel) at the Marcapomacocha station, respectively. The red dashed line represents the global average Dxs (10‰). Note that scale for δ18O is reversed. (B): Global (GMWL) and Local (LMWL) water lines, purple and light blue circles indicate δ18O and δ2H at the Huayao and Marcapomacocha Stations respectively. 
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Figure 3. Top panel: Time series of monthly δ18O anomalies (blue dots and line) and standardized annual rainfall calculated for the hydrological year in the Mantaro Basin (gray bars). Bottom panel: Scatter plots between amount-weighted annual isotopic composition against annual local environmental parameters: precipitation (left panel), relative humidity (middle panel), and temperature (right panel). Black line represents the linear regression. 
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Figure 4. Clusters of 7-day wind back–trajectories calculated using the HYSPLIT model for the Huayao station (A) and the Marcapomacocha station (B) at 500 hPa from December 2016–June 2018 and January 2006–March 2012, respectively. (C,D) Percentages of total precipitation (per month) for each cluster. 
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Figure 5. Regional atmospheric circulation during the extreme events in the summers (January, February, and March) of 2010 (top panels) and 2017 (bottom panels). (A,F) Daily mean precipitation anomalies, (B,G) vertically integrated moisture flux and wind vectors, (C,H) frequency of back-trajectories in percent, (D,E,I,J) zonal cross-sections of moisture flux and moisture flux convergence along latitude of the Huayao and Marcapomacocha stations, respectively. 
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