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Seasonal and Inter-annual Variation of Evapotranspiration in Amazonia Based on Precipitation, River Discharge and Gravity Anomaly Data
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We analyzed seasonal and spatial variations of evapotranspiration (ET) for five Amazon sub-basins and their response to the 2015/16 El Niño episode using a recently developed water-budget approach. ET varied typically between ~7 and 10 cm/month with exception of the Xingu basin for which it varied between 10 and 15 cm/month. Outstanding features of ET seasonality are (i) generally weak seasonality, (ii) two ET peaks for the two very wet catchments Solimões and Negro, with one occurring during the wet season and one during the drier season, and (iii) a steady increase of ET during the second half of the dry season for the three drier catchments (Madeira, Tapajos, Xingu). Peak ET occurs during the first half of the wet season consistent with leaf flush occurring before the onset of the wet season. With regards to inter-annual variation, we found firstly that for the Solimões and Madeira catchments the period with large positive wet season anomalies (2012–2015) is associated with negative ET anomalies, and negative SIF (solar induced fluorescence) anomalies. Furthermore, we found negative ET of several cm/months and SIF (up to 50%) anomalies for most of the Amazon basin during the 2015/16 El Niño event suggesting down-regulation of productivity as a main factor of positive carbon flux anomalies during anomalously hot and dry conditions. These results are of interest in view of predicted warmer and more erratic future climate conditions.
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INTRODUCTION

The Amazon is one of the most significant watersheds on the Earth (Foley et al., 2002). With a vast network of freshwater systems containing watercourses, and extended seasonal floodplains, Amazonia plays a vital role in the global hydrological cycle. It discharges approximately 20% of the Earth's freshwater to the sea (Foley et al., 2002). Moreover, the Amazon basin contains the largest area of tropical rainforest (e.g., Hansen et al., 2013). These forests contribute nearly 10% of the Earth's terrestrial productivity and vegetation biomass (Brienen et al., 2015), and provide habitats to numerous animal and plant species (Foley et al., 2002). The forests exchange large quantities of energy and water with the atmosphere (Choudhury et al., 1998; Hasler and Avissar, 2007). These fluxes contribute to tropical convection, and possibly help trigger the onset of the wet season (Hasler and Avissar, 2007; Wright et al., 2017). The forests thus influence local, regional and, to some extent, global climate (Meir and Grace, 2005).

The Amazon humid forests experience pressures from human development of the region as well as a changing climate. Development inside the region includes the growth of cities like Manaus, and construction of roads and dams (Barber et al., 2014; Fearnside, 2014), which increasingly lead to pressure on the status of protected areas. Concentrated primarily along the fringes of the remaining Amazon forest, large-scale deforestation for the purpose of agriculture has led to the conversion of approximately 20% of the original forested area (Davidson et al., 2012). Furthermore, a rise in small-scale deforestation across the Amazon has recently been reported (Aragão et al., 2018; Kalamandeen et al., 2018). Deforestation has been shown to lead to decreases in evapotranspiration (ET) during the dry season (Hodnett et al., 1995; Zhang et al., 2001; Spracklen et al., 2012).

The main features of observed recent climate change are rapid warming and an increase in the frequency of droughts and severe floods (Figure 1; Barichivich et al., 2018; Gloor et al., 2018). These trends are modulated by regularly recurring El Niño events as well as tropical Atlantic sea surface temperature anomalies not related to El Niño (Ronchail et al., 2002; Zeng et al., 2008), which cause strong additional positive temperature anomalies and drought conditions for substantial parts of the Amazon. These ongoing climate shifts are expected to affect humid forest functioning and performance. Indeed tree mortality has been observed to increase in the regions which experienced drier than usual conditions in 2005 (Phillips et al., 2009) and alterations of carbon and water cycling dynamics cause lagged effects for years after drought episodes (Saleska et al., 2003; Meir and Grace, 2005; Qian et al., 2008; Phillips et al., 2010). One measure of plant functioning is ET (evapotranspiration). Water is released to the atmosphere when stomata are open thereby cooling leaves. Stomata need to be open for carbon uptake, thus water loss is linked to plant productivity. Changes in ET can therefore be an indicator of changes in tropical forest productivity.
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FIGURE 1. Amazon watershed with sub catchments. Black dots refer to location of gauge stations from where we used river discharge records in this study.



Given the increasing variability of Amazon climate and the rapid warming, here we investigate inter-annual variability of ET and possible indications of large-scale shifts over time as an indicator of changes in humid forest functioning. Events which are of particular interest include episodes with drier than usual conditions in parts of Amazonia, such as the droughts of 2005 and 2010 (Phillips et al., 2009; Feldpausch et al., 2016) and the recent 2015/16 El Niño event.

A variety of remote sensing estimates for ET exist but a comparison study has revealed that these estimates differ strongly during climate extremes (Miralles et al., 2016). We therefore decided to use basin-scale balances of precipitation and runoff, taking into account terrestrial water storage, which cannot be neglected when estimating ET over seasonal timescales. This extends studies estimating long-term mean annual evaporation based solely on precipitation and basin-scale river discharge (summarized in Marengo, 2006). The method has become possible with the commencement of the Gravity Recovery and Climate Experiment (GRACE) satellite mission, which measures gravity anomalies and thus can be used to estimate terrestrial water storage anomalies (Rodell et al., 2011). The approach has been applied before to the Amazon basin (Maeda et al., 2017; Swann and Koven, 2017), with these studies focusing on understanding the seasonal cycle of Amazon ET and spatial patterns of seasonality, but not inter-annual variation and system responses to strong climate anomalies.

Our focus here is primarily on ET responses to anomalous climate conditions, particularly the 2015/16 El Niño event. We examine how ET relates to measures of forest functioning, quantified here using remote sensing of vegetation photosynthesis diagnosed by solar-induced fluorescence (SIF). To provide a background for the analysis of anomalies and put our study in perspective with other studies we first investigate mean seasonal patterns and their relation to climate and vegetation photosynthetic activity.

Important insights about the magnitude, seasonality and controls on ET at the local scale have been previously gained from eddy flux ET measurements at a few sites in the Amazon (Vourlitis et al., 2002, 2015; Da Rocha et al., 2009; Costa et al., 2010). Based on such records from three wet rainforest sites and two seasonally dry sites, Costa et al. (2010) concluded that (i) “…evapotranspiration in the dry season is higher than that in the wet season and that surface net radiation is the main controller of evapotranspiration in wet equatorial sites” (Manaus record: ET = 3.4 and 3.7 mm d−1 and net radiation Rn = 129.9 and 140.0 W m−2; and Santarem: ET = 3.4 and 3.6 mm d−1 and Rn = 117.9 and 139.6 W m−2 during wet and dry seasons, respectively) and (ii) that non-biotic factors control evapotranspiration in year-round wet parts of the Amazon while stomatal control is an important element of the seasonal cycle of evapotranspiration at sites with strong dry seasons (Jaru record: ET = 3.86 and 3.27 mm d−1 during wet and dry seasons, respectively). The methods of Rodell et al. (2011) complement these studies by allowing for a regional scale perspective.

This manuscript is structured as follows. We first briefly summarize the approach and data used. We then characterize the main large-scale spatio-temporal patterns of ET and its relationship with precipitation, SIF and solar radiation and put them in the context of previous estimates. Next, we discuss inter-annual variation in ET and its relation to controls like climate and what it suggests about responses of forest functioning in an increasingly warmer and erratic climate.

METHODS AND DATA

The total water mass balance of a river basin like the Amazon is given by
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where A is basin area (cm2), S is basin-mean water storage below and aboveground (cm), t is time (e.g., in months), P is basin-mean precipitation (cm month−1), ET is basin-mean evapotranspiration (cm month−1), Q is river discharge (cm3 month−1) at the location where the river leaves the basin, e.g., when entering the sea or when joining a river which drains another basin. This balance assumes that all water leaving the basin in liquid form is via river outflow.

Guided by availability of long-term river discharge records, we settled here on the same partitioning of the Amazon into sub-catchments as suggested by Becker et al. (2011) (their Figure 2): the Madeira Basin, the Negro Basin, the Solimões Basin, the Tapajós Basin and the Xingú Basin (Figure 1).
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FIGURE 2. Long-term records of precipitation, river discharge, time rate of change of terrestrial water storage anomalies and evapotranspiration estimated from these records.



For P, we used the estimates from the Tropical Rainfall Measuring Mission (TRMM) 3B43 version 7 and version 7A products, at a 0.25° spatial resolution. TRMM uses a combination of satellite radar and microwave observations, as well as data from gauge stations (Huffman et al., 2007). We computed monthly average rainfall for the period from 1998 to 2017 for each sub-basin by using the spatial masks shown in Figure 1. For comparison, we also used the Climatic Research Unit TS3.25 P dataset (Harris et al., 2014), which is a station-based product, to derive ET estimates. Magnitudes of ET estimates are similar and intra-annual variation is highly correlated (r = 0.76,…0.91) with exception of the estimates for the Tapajos basin.

To calculate Q/A, we used in situ river discharge measurements from eight sites provided by the Brazilian Hydrological Service (ANA) and available at http://www.snirh.gov.br/hidroweb/publico/apresentacao.jsf. The locations of these sites are shown in Figure 1, and further details of the gauge stations are given in Table S1. In basins with missing data at the outflow from the catchment, multiple gauge sites were used and gap-filling procedures employed. Thus, two gauge stations in the Negro basin were selected and an area-weighted mean was used to compute Q for the whole Negro basin. Moreover, three gauge stations were chosen in Solimões basin, since the mainstream station lacks data from July 2013 to January 2015. Further information is provided in the Supplementary Information.

dS/dt was calculated from terrestrial water storage anomalies (ΔS) estimated by the GRACE satellite mission. The GRACE satellites comprise a pair of identical spacecraft, which monitor changes in the Earth's gravitational field primarily caused by variations in surface and below-ground water mass (Tapley et al., 2004). Changes in water mass are measured relative to the long-term time average, and thus ΔS values are provided as anomalies that indicate whether water mass over a given region is increasing or decreasing. In this study, we used the Jet Propulsion Laboratory (JPL) ΔS estimates from 2002 to 2017 (Landerer and Swenson, 2012). Change in water storage per month (dS/dt) was computed by backwards differences. First, we determined basin-mean ΔS for each sub-basin and then calculated the difference between consecutive ΔS values, divided by the time-step:
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Given non-uniform sampling frequency and gaps in the GRACE data, an interpolation method was applied to compute monthly water storage changes.

ET was calculated after interpolating P, Q/A and dS/dt to the monthly scale in each sub-basin as outlined above. The time series considered are shown in Table S2. To approximate ET for the entire Amazon basin and investigate the impacts of the 2015/16 El Niño, we combined estimates from the Madeira, Negro and Solimões basins, as the Tapajós and Xingu records were not long enough to cover the 2015/16 El Niño episode.

To understand the impact of the 2015/16 El Niño on Amazon water fluxes, we compared our ET results with temperature (T) data. Global daily T data were obtained from Earth System Research Laboratory (ESRL) website (https://www.esrl.noaa.gov/psd/data/gridded/data.cpc.globaltemp.html) from 1987 to 2016 at a 0.5° spatial resolution.

ET results were also compared with SIF (Solar Induced Fluorescence) data. SIF has been shown to be related to photosynthetic activity (e.g., Frankenberg et al., 2011; van der Tol et al., 2014; Yang et al., 2015) and thus we use it here as a proxy for forest productivity. A small fraction of the solar radiation trapped by chlorophyll escapes instead of being used to fix CO2. This fraction is re-emitted into the atmosphere from the leaf at slightly longer wavelengths than the originally trapped radiation (in the range of 670–800 nm, e.g., Meroni et al., 2009). Monthly SIF data were retrieved from GOSAT (Greenhouse Gases Observation Satellite, Kuze et al., 2009) radiance measurements at 772 nm by the remote sensing group at the University of Leicester (Peter Somkuti and Hartmut Boesch pers. communication), using the physically-based retrieval technique described in Frankenberg et al. (2011). Time series from April 2009 to September 2016 were used. To explore seasonal variation in SIF, ET, and P, we calculated climatological seasonal cycles for each catchment using data from the full time period available for each dataset (namely 2009–2016 for SIF, 2002–2017 for ET, and 1998–2017 for P). Monthly anomalies of SIF, ET and P were computed by subtracting the corresponding climatological mean monthly value from the monthly value.

We estimated the relative uncertainty v in ET estimates for each basin by propagating errors in P (σP), R (σR) and dS/dt ([image: image]) as Rodell et al. (2011):
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Following the methods of Spracklen et al. (2012), we estimated σP as the systematic error in TRMM plus the random error, summed in quadrature. The systematic error was taken to be 20% of mean monthly P (Smith et al., 2006), while random error was estimated according to Huffman et al. (2007). We used 5% of monthly mean R to estimate σR. For [image: image] we used error grids provided with the GRACE data, and followed guidance to account for spatial autocorrelation in the errors (https://grace.jpl.nasa.gov/data/get-data/monthly-mass-grids-land/). Basin [image: image] values were multiplied by [image: image] to account for the fact that backward differencing to obtain dS/dt used S data from two consecutive months (Maeda et al., 2017). The uncertainty estimates are given in Table S3.

RESULTS AND DISCUSSION

It is instructive to first consider the three contributions to ET: precipitation (P), the ratio of river discharge to catchment area (Q/A), and time rate of change of terrestrial water storage (dS/dt) (Figure 2). The two largest terms, with nearly equal magnitude, are P and dS/dt, while the amplitude of Q/A is approximately half as large and ET is a fairly small “residual.” dS/dt is in phase and positively correlated with P (r = 0.95, p < 0.001), while there is a time lag of varying length between P and Q/A. This lag corresponds with the process of runoff formation, as it takes time for water to filter through the catchment. The phase relationship of ET with precipitation varies across catchments.

Seasonal Cycle and Spatial Variation of ET

Overall the magnitudes and seasonality we have estimated are consistent with the results of Maeda et al. (2017) when taking into account that the results are not directly comparable because the partitioning into catchments is not identical (Table S4 and their Figure 1). The region most comparable is the Tapajos catchment covered in full by both studies. For this region estimated magnitudes and seasonality agree well. Two regions for which estimates are comparable to a limited extent is the Solimões region. Maeda et al. (2017) estimate ET only for the upper Solimões (Western Amazon)–approximately at third of the region used in this study. While magnitudes are similar peak ET is 2 months later according to our estimates compared to the Maeda et al. (2017) estimates. Agreement in seasonality is close for the Purus catchment which is included in our Solimões estimates. Finally for the Rio Negro seasonality is similar although of larger amplitude and magnitude of estimates is smaller by ~10–15% which may be because our region is approximately twice as large. Our intra-annual results for the entire Amazon are also consistent with the analysis of Swann and Koven (2017) although the period covered by the Swan and Koven study is shorter.

The picture of seasonal cycles across catchments resulting from our calculations is the following (Figure 3). Generally, seasonal variation in ET is relatively low compared to annual mean ET. Mean intra-annual standard deviation across catchments is 1.8 cm month−1, which equates to approximately 1.5 % of total mean annual ET of 115.1 cm year−1. This is lower than the intra-annual variability of P, which is approximately 5% of the annual total. Low intra-annual variability in ET relative to P is particularly evident for the three southern catchments (Madeira, Tapajos and Xingu). This result agrees well with those of Costa et al. (2010) based on four eddy flux sites.
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FIGURE 3. Seasonal variations of evapotranspiration, solar induced fluorescence (SIF) and precipitation for the catchments in Figure 1.



According to our results, the ET estimates for the five catchments fall into two groups: (i) the Solimões and Negro and (ii) the Madeira, Tapajos and Xingu catchments. Both the Solimões and Negro basins are very wet/wet throughout the year, i.e., not only during the wet but also the nominal dry season. Precipitation is never below 10 cm/month, roughly the value of potential evapotranspiration (thought to be the limit for the start of plant water stress). For these two basins we find two ET peaks per year, and SIF and precipitation are not synchronous (Figure 3). Instead the two ET peaks are roughly synchronous with two peaks in SIF, which is analogous to forest productivity. Comparing ET with the seasonal time series of solar radiation and precipitation reveals that the first joint ET SIF maximum is coincident with the precipitation maximum and the second with the solar radiation maximum (Figure S1). The finding of a second peak during the drier part of the year is in agreement with the results of Costa et al. (2010), although they find a lesser first peak during the wetter season.

Compared to the first group of catchments the precipitation seasonality of the second group, Madeira, Tapajos, Xingu, is much stronger with precipitation being much lower during the dry season and exhibiting a very clear and strong seasonal cycle with one minimum and one maximum. SIF and precipitation vary synchronously over these drier catchments, unlike for the former group. ET peaks during the transition from the dry to wet season. The minimum in ET precedes the minimum in precipitation and SIF by approximately 3 months from where it starts to rise steadily again when it is still dry. This latter behavior agrees with the timing of leaf flush toward the end of dry season estimated using remotely sensed NDVI (Normalized Difference Vegetation Index, e.g., Wagner et al., 2017). It is also in agreement with analyses of Saleska et al. (2003). The steady increase in ET starting mid-way through the dry season suggests that radiation overcomes the effect of VPD (vapor pressure deficit) on stomatal regulation, and thus that radiation plays a role in these catchments during the second part of the dry season. ET during this phase may be influenced by deep water reserves (Vourlitis et al., 2008), given precipitation during the dry season would otherwise be insufficient to sustain ET. This differs somewhat from the generalizations that Costa et al. (2010) made based on the eddy flux results discussed earlier on-that stomatal control via VPD governs the seasonal cycle of ET in seasonally dry sites, and that radiation is the main control in wetter sites.

Our finding of two groups of catchments with regards to ET intra-annual variation agrees with an analysis of photosynthesis and its controls based on SIF data by Guan et al. (2015). These authors found a similar regional partitioning and attributed it to the degree of water limitation as a result of the duration and strength of the dry season. Our analysis suggests a slightly more complicated picture, as we find for the catchments with strong wet-dry season seasonality that photosynthetic activity starts in the middle of the dry season, which is only possible if there is access to water.

Overall the three outstanding features of ET seasonality we find are (i) the generally weak seasonality, (ii) the two ET peaks for the two very wet catchments with one occurring during the wet and one during the drier season, and (iii) for the three drier catchments a steady increase of ET during the second half of the dry season with peak ET occurring during the first half of the wet season.

Inter-annual Variations and El Niño Impacts

As well as providing a measure of variation in the hydrological cycle, GRACE water storage anomalies (ΔS) may be interpreted as an indicator of plant water stress. As in many parts of the world, our analysis of NOAA ESRL (National Oceanic and Atmospheric Administration, USA) temperature data showed that there has been substantial warming in the Amazon over recent decades, with an increase of 0.7°C per decade during 2002–2016, the period for which GRACE data are available (Table S5). We examined the GRACE data from this period to see whether there was evidence for corresponding changes in water availability (Figure 4). The records for the Solimões catchment and, to some extent, also the Madeira catchment reveal an increase in the seasonal amplitude of ΔS over time. For the Solimões catchment, wet season precipitation was particularly large in 2009, 2012 and 2014, and 2015 causing severe flooding, and this is reflected in the ΔS record from this basin (Figure 4). In 2014, wet season precipitation was anomalously high throughout the Amazon basin. Particularly dry seasons occurred in 2010, to some extent in 2005, and for the Negro and Xingu basins also in 2015/16, visible as low excursions in these ΔS time series. During 2016 there were very strong negative wet season anomalies across most of the basin.
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FIGURE 4. Long-term records of terrestrial water storage anomalies for all catchments.



Considering finally inter-annual variation in ET anomalies, an inspection of these records reveals that they are very noisy (Figure 5). Nonetheless, there are interesting patterns. Firstly, for the Solimões and Madeira catchments the period with large positive wet season anomalies (2012–2015) is associated with negative ET anomalies, and negative SIF anomalies, which would be consistent with reduction in photosynthetically active radiation as a result of positive cloud cover anomalies.
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FIGURE 5. Evapotranspiration, precipitation and solar induced fluorescence anomalies for all catchments in Figure 1.



The second pattern of interest in Figure 5 is the signatures that occur during the El Niño years 2015 and 2016. These were characterized by strong negative P anomalies and strong positive T anomalies on top of a rapid warming trend (Gloor et al., 2018; Figure 1). All catchments show down-regulation of ET and SIF, although the signatures are less clear for the Solimões catchment compared to the other catchments. 2015 and 2016 carbon flux anomalies for the Amazon, estimated using atmospheric carbon concentration data and atmospheric transport inverse modeling, were positive (a larger than usual flux to the atmosphere), and primarily attributed to a reduction in gross primary productivity (Liu et al., 2017). Our results provide further support that down-regulation of productivity during the El Niño years 2015 and 2016 contributed substantially to the positive land to atmosphere CO2 flux anomaly from the Amazon.

SUMMARY AND CONCLUSIONS

We analyzed seasonal and spatial variations of ET in the Amazon and its response to the 2015/16 El Niño episode. ET was estimated directly using a water-budget approach, which encompasses river discharge, rainfall and water storage changes over time. The three outstanding features of ET seasonality are (i) the generally weak seasonality, (ii) two ET peaks for the two very wet catchments Solimões and Negro), with one occurring during the wet season and one during the drier season, suggesting a dual control of precipitation and radiation, and (iii) a steady increase of ET during the second half of the dry season for the three drier catchments (Madeira, Tapajos, Xingu), with peak ET occurring during the first half of the wet season consistent with leaf flush occurring before the onset of the wet season (Saleska et al., 2003).

With regards to inter-annual variation, we found firstly that for the Solimões and Madeira catchments the period with large positive wet season anomalies (2012–2015) is associated with negative ET anomalies, and negative SIF anomalies. Furthermore, we found negative ET and SIF anomalies for most of the Amazon basin during the 2015/16 El Niño event suggesting down-regulation of productivity as a main factor of positive carbon flux anomalies during anomalously hot and dry conditions. These results are of interest in view of predicted warmer and more erratic future climate conditions.
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