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Droughts are one of the most spatially extensive disasters that are faced by societies. Despite the urgency to define mitigation strategies, little research has been done regarding droughts related to climate change. The challenges are due to the complexity of droughts and to future precipitation uncertainty from Global Climate Models (GCMs). It is well-known that climate change will have more impact on developing countries. This is the case for Ecuador, which also has the additional challenges of lacking meteorological drought studies covering its three main regions: Coast, Highlands, and Amazon, and of having an intricate orography. Thus, this study assesses the spatio-temporal characteristics of present and future droughts in Ecuador under Representative Concentrations Pathways (RCP) 4.5 and 8.5. The 10 km dynamically downscaled products (DGCMs) from Coupled Model Intercomparison Project 5 (CMIP5) was used. The Standardized Precipitation Index (SPI) for droughts was calculated pixel-wise for present time 1981–2005 and for future time 2041-2070. The results showed a slightly decreasing trend for future droughts for the whole country, with a larger reduction for moderate droughts, followed by severe and extreme drought events. In the Coast and Highland regions, the intra-annual analysis showed a reduction of moderate and severe future droughts for RCP 4.5 and for RCP 8.5 throughout the year. Extreme droughts showed small and statistically non-significant decreases. In the Amazon region, moderate droughts showed increases from May to October, and decreases for the rest of the year. Additionally, severe drought increases are expected from May to December, and decreases from January to April. Finally, extreme drought increases are expected from January to April, with larger increases in October and November. Thus, in the Amazon, the rainy period showed a decreasing trend of droughts, following the wetter in wet- and drier in dry paradigm. Climate change causes decision-making process and calls for adaptation strategies being more challenging. In this context, our study has contributed to better mapping the space-time evolution of future drought risk in Ecuador, thus providing valuable information for water management and decision making as Ecuador faces climate change.
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INTRODUCTION

Droughts are a transitory climatic anomaly, where the water availability is below average during a prolonged period of time limiting its supply for human needs and ecosystems. Among the most significant impacts of droughts to the environment are the acceleration of desertification processes, the increase in the risk of forest fires, the reduction of the availability of water resources for domestic and industrial use and the damage done to animals and vegetation (Mishra and Singh, 2010). In addition, droughts in sensitive climate regions have world-wide effects, as it was the case for the 2005 and 2010 Amazon droughts (Espinoza et al., 2011), where the changes in net biomass and mortality of old rainforest affected the CO2 balance in the most important CO2 sink of the planet (Phillips et al., 2009). These facts made the complexity of this phenomenon explicit. For instance, droughts are initiated by a meteorological drought, then they generate a hydrological drought, which may produce an agricultural drought and, in cases of prolonged occurrence, may cause a socio-economic drought (Podestá et al., 2015). The final stage of a socio-economic drought may cause negative impacts, such as the loss of crops and livestock, a decrease in hydroelectric generation, migration, landscape degradation or social conflicts, among others (Wilhite et al., 2007).

The last century increase of the global mean temperature is unprecedented in scales from decades to centuries (Mora et al., 2014). Such a temperature increase has produced generalized changes in spatio-temporal precipitation patterns, sea salinity (Heuzé et al., 2015), wind patterns, heat waves, and more intensity in tropical cyclones and droughts (Dai, 2013); all these phenomena are attributed to climate change (CC) (Allen and Ingram, 2002; Mach et al., 2016). Despite that several studies link CC with the increase of droughts' severity and occurrence, it is acknowledged that the impacts of CC are diverse and even contrasting depending on the specific region of study. For instance, some studies (Dai, 2011; Sillmann et al., 2013; Wang and Chen, 2014; Huang et al., 2016) suggest that droughts will be more extreme and frequent, producing an increase of dryland by the end of the century. In addition, Dai (2011) and Sillmann et al. (2013) showed that extreme precipitation will become more frequent, with the Representative Concentrations Pathway (RCP) 8.5 presenting the most extreme changes in Central America, Australia, South Africa and in the Mediterranean region. In east China, Chen and Sun (2017) suggested that droughts could increase by the end of the century by ca. 31% for RCP 4.5 and almost double for RCP 8.5. Burke et al. (2006) reported that projections with the Palmer Drought Severity Index (PDSI) suggest that, compared to the current coverage, droughts may affect ca. 30% of the world land area by the year 2100, which is ~1% using the A2 scenario. In southern South America, Penalba and Rivera (2013) showed that the occurrence of droughts will be more frequent in the twenty-first century. Also, precipitation is expected to increase in high latitude regions of the northern hemisphere (Feng et al., 2014) under CC conditions.

The few studies conducted in north-western South America present contrasting projections in CC conditions, primarily due to the complex orography of the Andes and several climatic influences such as El Niño Southern Oscillation (ENSO), its tropical location, the Amazon rainforest producing high evapotranspiration rates, and the influence of the easterlies. For instance, for the eastern Amazon, Duffy et al. (2015) show an increase of meteorological droughts under RCP 8.5, while for the western Amazon the opposite was found. Steinhoff et al. (2015) show drier projections for Colombia and Central America and wetter conditions for southwestern Colombia, Ecuador and northern Peru in future CC conditions. Despite these results, no temporal trends are found for the last 50 to 100 years in droughts in the Amazon river. Contrarily, there is evidence that flooding events are becoming more frequent and severe (Barichivich et al., 2018).

More specifically in Ecuador, drought studies are scarce despite the potential impacts that CC and droughts may have on agriculture, energy, biodiversity, forest, marine and hydrologic resources (Fontaine et al., 2008). Identifying the potential spatio-temporal patterns of droughts in Ecuador has major relevance due to its high volume of crops production (Peralta et al., 2018) and due to the country's economy dependence on hydroelectricity. By the year 2000, the water deficit already affected several Ecuadorian river basins like Esmeraldas, Portoviejo, Chone, Jama, Briceño, Pastaza, Paute, Mira, Carchi, and Napo during the dry season. Such events produced losses of ca. 45% of transitory crops and of 11% of perennial crop (Ministerio del Ambiente, 2009). The complexity of drought events added to the conspicuous patterns of precipitation in the three natural regions in Ecuador, i.e., the Coast, the Highlands and the Amazon, makes the study of droughts necessary for an adequate water management in the country.

Studies about drought forecasting in the highlands of Ecuador were conducted by Avilés et al. (2015). They developed a drought index using first and second order Markov chains in the Chulco river sub-basin in the Andes. Additionally, Avilés et al. (2016) compared Markov chains and Bayesian network models for drought predictions. Domínguez-Castro et al. (2018) conducted an interesting study in the highlands in Quito, the capital of Ecuador, using 125 years (period 1891–2015) of precipitation observations from one ground station, and the registry of the rogation ceremonies in the Chapel Acts of Quito, from 1600 to 1822. They inferred that the most important drought periods were 1692–1701, 1718–1723, 1976–1980, 1990–1993, and 2001–2006, nevertheless no climatic evidence was linked to such events. In relation to the influence of ENSO on drought patterns, Vicente-Serrano et al. (2017) showed that drought influence has two patterns: (i) in the Andean mountains where there are no changes in trends of drought severity, linked to teleconnections with Sea Surface Temperature (SST) in El Niño 3.4 region, and (ii) in the coastal region showing trends to less severe and frequent droughts, linked to the local SST in the El Niño 1+2 region. In the same line of research, Zambrano Mera et al. (2018) used ENSO as a predictor of droughts for the coast of Ecuador. Nonetheless, important drought events need further study. For instance, the drought that occurred in 2005 showed anomalously negative precipitation in the coast and in the Amazon, and an above normal precipitation in the highlands, which was related to the anomalously warmed North Tropical Atlantic (Marengo et al., 2008) producing a northward displacement of the ITCZ and a strong drought in the Amazon. This event showed drought spatial patterns different to those caused by ENSO. Therefore, there is a clear gap of knowledge related to the climatologic characteristics of droughts in Ecuador, and furthermore, a country-wide evaluation of present and future drought projections in Ecuador by GCMs.

Therefore, the aim of this study is 2-fold: (i) assess the representation of droughts from dynamically downscaled GCMs in the present; and (ii) evaluate the spatio-temporal structure and variability of future meteorological droughts in Ecuador under RCP 4.5 and RCP 8.5 scenarios. This is done by using three products (GISS, CSIRO, and IPSL) from the Coupled Model Intercomparison Project 5 (CMIP5) of the Third National Communication on Climate Change. The Standardized Precipitation Index (SPI) was used to characterize extreme, severe and moderate droughts in the present (period 1981–2005) and the future (period 2041–2070). This study contributes to the spatial and temporal characterization of present and future droughts, and offers a contrasting analysis between them.



STUDY AREA

The study area is the continental region of Ecuador (ca. 256.370 km2), located over the equatorial line in South America (Figure 1A). Continental Ecuador presents three natural regions (Figure 1B), i.e., the Coastal region which is ca. 100 km wide, located on the western side of the Andes and next to the Pacific Ocean; the inter-Andean region (up to 6,300 m a.s.l.) which acts as a weather divide between the coast and the Amazon; and on the eastern plains of the Andes, the Amazon region, with heights below 300 m a.s.l. (Naranjo, 1981). Around 60% of Ecuador's population (ca. 16.5 million people in total) is dedicated to agriculture, mainly cultivating bananas, flowers, cacao and fruits. Ecuador is one of the 10 biggest producers of bananas in the world, representing ca. 30% of the world's total production (Orozco, 2017). Thus, an increment in the inter-annual variability of precipitation can produce losses in agrobusiness, making it necessary to implement mitigation strategies.
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FIGURE 1. Study area. (A) Ecuador is located in South America (left). (B) The Highlands are a weather divide between the coast and the Amazon (center). (C) Ground rainfall stations (black points) used for this study (right). Due to logistical limitation very few stations are located in the Amazon.


Ecuador's hydroelectric potential is high. Especially in the last two decades, several hydroelectric projects were constructed, such as Coca Codo Sinclair, Sopladora, Manduriaco, Toachi Pilatón among others, producing ca. 90% of the total demand for electricity (Ministerio de Electricidad y Energía Renovable, 2018).

The three main climatic regions of Ecuador (Coast, Highlands and Amazon) have their own climatic characteristics. The large-scale signal of precipitation is regulated by the Inter-Tropical Convergence Zone (ITCZ) producing two rainy seasons, March-April and October-November (Bendix and Lauer, 1992; Campozano et al., 2016b). During these seasons, the influence of the ITCZ enhances convection, producing strong precipitation, especially during afternoons. This regime of precipitation is characteristic for the inter-Andean valleys in the highlands. However, in the coast of Ecuador, the south Pacific anticyclone (Bendix and Lauer, 1992) produces an important modification to the bi-modal influence of the ITCZ, creating a unimodal regime. The inhibition of precipitation during October-November is due to the seasonality of the south Pacific Anticyclone, bringing dry air and stability from the coasts of Chile to the coasts of Ecuador. With respect to the Amazon, in addition to the bi-modal regime of precipitation related to the ITCZ, precipitation is enhanced from June to August due to the increment of the easterlies (Campozano et al., 2016b).



MATERIALS


Precipitation in-situ Observations

Monthly observations of precipitation belonging to 172 ground stations were obtained from the Instituto Nacional de Meteorología e Hidrología de Ecuador (INAMHI). Quality control was done in four steps. Firstly, missing data was quantified, selecting stations with <10% of gaps. Despite a recommended bound of 5% (WMO—World Meteorological Organization, 2009), a 10% threshold was applied to keep a useful amount of stations for analysis. Secondly, outliers were identified using interquartile criteria (Campozano et al., 2015). Then, data homogeneity was checked to identify variability due to external factors, such as equipment or location changes for the ground stations. In this case, the analysis developed by Xiaolan et al. (2013) and by Wang and Feng (2013) was applied. Finally, the infilling of missing data was done following Ureña Mora et al. (2016). After a quality control, the observational data was reduced to 60 stations across the whole country, with a temporal period of 25 years from January 1981 to December 2005. Figure 1C shows the location of the stations.



Global Climate Models

The Third National Communication of Climate Change project of Ecuador (TCN), before the Intergovernmental Panel on Climate Change (IPCC), provided GCMs data from three selected models among all GCMs of CMIP5. These three GCMs were selected among the 42 available from CMIP5 in present and future periods, by using statistical metrics evaluated in 137 precipitation stations in the whole country. They were Pearson correlation, bias and RMSE. For details about the GCM selection, see Armenta et al. (2016). The selected GCMs were CSIRO-Mk36, GISS-E2, and IPSL-CM5A-MR. The present study considered the base period from 1981 to 2005 and the future period from 2041 to 2070, analyzing RCP 4.5 and 8.5.


CSIRO

The dynamic/thermodynamic CSIRO-MK3-6-0 (MK36) model was developed by the Commonwealth Scientific and Industrial Research Organization in collaboration with the Queensland Climate Change Centre of Excellence. It presents a horizontal resolution of 1.9° × 1.9°. The marine ice is added in the atmospheric model. MK36 has 31 vertical levels and each atmospheric grid is associated to two oceanic layers. MK36 has shown improvements compared to MK35, for example interactive aerosol, actualized radiation, and a layer with properties are included now (Collier et al., 2013).



GISS

The Goddard Institute for Space Studies model (GISS E2) has a horizontal resolution of 2.5° × 2°, nine atmosphere layers, and two ground hydrological layers. The radiation scheme includes cloud particles, aerosol, and trace gases. The convective cloud cover is predicted and the calculation of temperature includes both seasonal and diurnal solar cycles. The radiation scheme includes integrated cloud particles, aerosols and radioactive important trace gases. The precipitation occurs whenever supersaturated conditions appear. Surface fluxes change the ocean water and the sea ice temperature in proportion to the covered area for a grid cell (Schmidt et al., 2014).



IPSL

The IPSL-CM5A climate model was developed in the Institute Pierre Simon Laplace and presents a refined horizontal and vertical grid of the atmospheric component. This is the major difference related to the last version IPSL-CM4A. The grid resolution is 2.5° × 1.25°. These changes reduce the mean biases in the tropospheric structure. The extended stratosphere scheme, with new parametrization, was increased by adding layer numbers from 19 to 39. This version captures the stratospheric variability and shows stratospheric sudden warmings (Hourdin et al., 2013).



Downscaled Global Climate Models

The TCN published the 10 km dynamically downscaled products of CSIRO-Mk36, GISS-E2, IPSL-CM5A-MR for the base period (1981–2005) and for the future period (2041–2070), analyzing RCP 4.5 and RCP 8.5. For the downscaling, the Weather Research and Forecasting model (WRF) version 3.6.1 was used with the following parameterizations: Microphysics WSM 3-class simple ice; Short Wave Radiation, rrtm; Long Wave Radiation, Dudhia; Surface layer, Monin-Obukhov; Land Surface model, Unified Noah land-surface model; Boundary layer, YSU (Yonsei University) and Kain-Fritsch (new Eta) for cumulus parameterization (Armenta et al., 2016). The downscaled GCMs products will be called from now on: DGCMs. After dynamically downscaling, precipitation data was extracted from NetCDF files with a spatial resolution of 10 Km and with a 6 h temporal resolution. All these products were aggregated to the monthly temporal scale and stored as rasterbrick of the raster library in R (Hijmans, 2017).





METHODS

Four analyses were performed. First, the standardized precipitation index was computed for precipitation data; second, precipitation data and the standardized precipitation index were validated. Then the present and future drought intensities and their probability of occurrence were computed, and finally present and future probability of drought intensities were compared following spatial and temporal approaches. The validation of the precipitation data and of the standardized precipitation index were computed for the ground rain gauge locations. Meanwhile, the following analyses were performed for the whole study area.


The Standardized Precipitation Index

The Standardized Precipitation Index (SPI) is one the most widely used drought indices due to its robustness and versatility for drought monitoring (Morid et al., 2006). The SPI is globally accepted due to its standardized nature (WMO—World Meteorological Organization, 2012), which allows to compare places with different precipitation characteristics, and to make calculations across diverse time scales (Morid et al., 2006). It helps to identify for instance short-term droughts, affecting the agricultural sector through the reduction of soil moisture, as well as large-term droughts affecting hydric balance in rivers and water reservoirs (Rivera, 2014). Even if other variables like temperature, evapotranspiration, atmospheric humidity, and wind, are also related to droughts, SPI only takes into account precipitation. The reason is because precipitation mainly determines the duration, magnitude, and intensity of droughts (Chang and Kleopa, 1991). Thus SPI is applicable to meteorological droughts because it only uses precipitation, and it does not account for interactions with the land surface or temperature (Taylor et al., 2013).

The SPI was calculated in four steps (Paulo et al., 2003). Firstly, cumulative precipitation for each month and each location was calculated using a k-month time scale. In our case, k was 3. The short-term SPI-3 was used, calculated as the 3 months' precipitation moving window. For instance, the cumulative precipitation for March is computed as the sum of the precipitation of January, February and March. We chose this time scale to account for a seasonal estimation of precipitation. The total precipitation for the month j of the year i and the k−1 past consecutive months, with k ≤ 3, is (Equation 1) (Paulo et al., 2003; Vicente-Serrano, 2006):
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Secondly, a two-parameter gamma probability distribution (Equation 2) was fitted, since it well-models the frequencies of accumulated precipitation (Vicente-Serrano et al., 2010). The unbiased Probability Weighted Moments was used as a fitting method, as it was already available in the SPEI R library (Beguería et al., 2014), resulting in the following equation:

[image: image]

With α and β being the shape and scale parameters, x the precipitation and Γ(α) the gamma function.

Thirdly, after α and β were estimated, they were used to calculate the distribution function values for the cumulative precipitation.

[image: image]

Fourthly, with the obtained value of F(x), the SPI values were computed by transforming the gamma distribution function values into standard normal variable values (Equation 4). In other words, the SPI values were normalized, i.e., standardized with a median of 0 and a standard deviation of 1.

[image: image]

As a result, SPI is a dimensionless value that represents the number of standard deviations above or below the median precipitation at a defined location (WMO—World Meteorological Organization, 2012). A positive SPI indicates a greater value than the median precipitation, and a negative one indicates a lower value than the median precipitation. Droughts are considered as SPI values ≤ −1. Additionally, the SPI values can be categorized in different drought severities (McKee et al., 1993) as shown in Table 1. For more details on the calculation of SPI we refer the reader to McKee et al. (1993), Lloyd-Hughes and Saunders (2002), Vicente-Serrano et al. (2010), WMO—World Meteorological Organization (2012).


Table 1. Drought categories for SPI (WMO—World Meteorological Organization, 2012).
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The computation was performed pixel-wise using the SPI function from the SPEI library in R (Beguería and Vicente-Serrano, 2017), considering the 1981–2005 period as the reference which helped to highlight changes between present and future droughts.



Validation of Present Time Precipitation and SPI-3

The present time DGCMs were validated against in-situ observations, i.e., 60 stations. This validation was done for monthly precipitation, as well as for the SPI-3 time series. Statistical metrics such as the Root Mean Square Error (RMSE), Pearson correlation (r) and Percentage of Bias (PBIAS %) were calculated for the time series at each specific location corresponding to the meteorological stations; median and Interquartile Range (IQR) were reported. The best present time DGCM models for precipitation and SPI-3 were identified based on the lower median RMSE, the higher median r, and the median PBIAS% closest to 0. The results were also disaggregated for the Coast, Highlands and Amazon regions. This was useful to give insights about the performance of the models for the whole country and for each natural region.



Probability of Present and Future Drought Intensities

Pixel-wise time series of SPI-3 were categorized as moderate, severe or extreme droughts. Then, the probability of the detected drought intensity was calculated as the frequency divided by the time series length (i.e., 298 months because the first 2 months were not computed in SPI-3). This showed the probability of different drought intensity occurrences at the different locations. Afterwards, maps of probability of occurrence were made for present and for future RCPs 4.5 and 8.5. SPI-3 time series of observations were calculated likewise.

In order to compare the present time probability of droughts between observations and DGCMs, the non-parametric Kruskal Wallis test for multiple median comparison was applied. If significant median differences were detected, the post-hoc Pairwise Wilcoxon rank sum hypothesis test with Bonferroni correction for adjusting p-values, was calculated. If ties were found, exact p-values were computed by adding a small amount of noise in the data (jitter). P < 0.05 showed significant differences between DGCMs and observations. The same criterion was applied to future 4.5 and 8.5 DGCMs, as two samples Wilcoxon test. Additionally, the climatological probability of present and future drought intensities was computed. This allowed us to describe the temporal behavior of the different drought intensities within the different regions of the country.



Comparison of Present and Future Probability of Drought Intensities

Present and future probabilities of moderate, severe or extreme droughts were compared through the map difference at each pixel. A positive result represented future increment of droughts, while negative results represented future decrement of droughts. This was presented in maps as well as summarized in tables with median values for the entire country and for the three regions. Significant differences from zero were evaluated with the one-sample Wilcoxon test and with a significance level of 0.05. Medians that were non-significantly different from zero were interpreted as no changes in future drought occurrence. Additionally, the difference between future and present monthly probabilities was computed.




RESULTS


Evaluating the Present Time Representation of Precipitation and SPI-3
 
Evaluating Inter-model Uncertainties

In Table 2 RMSE, Pearson correlation coefficient, and PBIAS are shown for the period 1981-2005 for precipitation and for SPI-3, comparing observations and DGCMs evaluated over ground stations. In general, the three DGCMs showed a similar performance of monthly precipitation estimates, although the GISS model slightly outperformed the other two. Regarding median RMSE values, the three models showed relatively high median RMSE values, with the lowest median RMSE for GISS with 77.56 mm/month and an IQR of 38.27 mm/month. Correlation coefficients were acceptable, with the highest coefficient for GISS (0.42). Finally, the PBIAS showed overestimation for all DGCMs. CSIRO showed the lowest overestimation with 8.95% while the highest one was GISS with 12.10%. The dispersion from median values measured with interquartile range (IQR) were high with 67.78% for CSIRO and 61.40% for IPSL.


Table 2. Validation of present time precipitation and SPI-3.
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Regarding SPI-3, the three DGCMs showed similar performances, although decreases in the correlation and PBIAS performances were observed. For CSIRO, RMSE and PBIAS showed the lowest values, 1.28 and −18.95%, respectively. As it was observed for precipitation, the high PBIAS's IQR represented variations of models' performance from site to site. PBIAS showed underestimation for the three DGCMs, with low underestimation for CSIRO, medium for IPSL and large for GISS. The lack of agreement in correlation for both precipitation and SPI-3, can be attributed to the smooth in DGCM's extreme values. This will be shown in next section with larger dispersion for observations and smaller for the models.



Spatial Patterns of Present Time Droughts

The probability of moderate, severe and extreme drought occurrence for in-situ observations and DGCMs is presented in Figure A1 (Supplementary Material). They showed similar behavior displaying larger probabilities of drought occurrence for moderate than for severe and extreme intensities. Nevertheless, probabilities were low with a maximum of 0.13, which means that droughts were not persistent in time, and instead, they occurred as extraordinary events.

Although, the three models showed similar values among the moderate, severe and extreme droughts evaluated in ground stations, the spatial patterns varied among products. For moderate drought, CSIRO in the Amazon and central-south Highlands, GISS in the north Coast and central Highlands and Amazon, and IPSL in central Coast and central-south Highlands, showed larger probabilities of occurrence. However, for moderate drought, the spatial patterns of GISS and IPSL were more similar one to the other than compared with CSIRO. For severe drought, CSIRO showed larger probabilities in the north and south Highlands; GISS in the Highlands and Amazon; while IPSL in the central-south Highlands. Finally, for extreme drought, CSIRO showed larger probabilities in the north and central Highlands; GISS in the Amazon and central and northern Highlands; while IPSL in the Amazon and north Highlands. In Figure A1, it is observed that extreme droughts showed similar spatial structure for GISS and IPSL.

When comparing the probability of observations and DGCMs for moderate, severe and extreme drought at observations points (i.e., meteorological stations), similar values were obtained. In Table 3, the median of the probability and the IQR of such probabilities are shown. The general dispersion of probabilities for the whole country is shown in Figure 2A. It is interesting to note that observations showed a larger dispersion than DGCMs, as such it can be concluded that DGCMs underrepresented extreme precipitation values. Additionally, models tended to overestimate probabilities of occurrence for moderate and severe droughts, while for extreme droughts, they were slightly underestimated. Among DGCMs, for moderate drought, GISS had the closest median to the observation and IPSL the largest overestimation; for severe drought, IPSL had the closest median to the observation and GISS the largest overestimation; and for extreme drought, IPSL had the closest median to the observation, CSIRO the largest overestimation and GISS the largest underestimation.


Table 3. Probability of occurrence of SPI-3, at observation points.
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FIGURE 2. Present time probability of drought occurrence by category for observations and DGCMs evaluated at ground stations. (A) for the whole country, (B) for each region.


The post-hoc test for pairwise comparison of observation and models (Pairwise Wilcoxon test with Bonferroni p-values adjustment) only showed significant median differences (p < 0.05) between observations and IPSL for moderate droughts, between observations and GISS for severe droughts, and there were no significant differences noted for extreme droughts. Similarly, as it was obtained for the monthly precipitation and SPI-3 comparison, there was not a single model that outperformed in any of the situations. Given the lack of significant median differences, it can be concluded that different GCMs are suitable to be used in the different drought intensities. This is, for moderate droughts CSIRO and IPSL are suitable to be used; for severe droughts, CSIRO and GISS; and for extreme droughts, CSIRO, GISS, and IPSL. Therefore, CSIRO was the only model suitable in all three drought intensities.

Regarding the climatic regions of the country, the models at observation points showed different behaviors (Figure 2B). In the Coast, represented by seven observation points, the three models largely overestimated the probability of occurrence for moderate, severe and extreme droughts. The post-hoc pairwise test for moderate drought showed significant median differences (p < 0.05) between observations and the three models. For severe droughts, significant median differences were found for GISS and IPSL, non-significant differences for CSIRO. For extreme drought, significant differences for IPSL and non-significant differences for CSIRO and GISS were found. This means that CSIRO was the most suitable model with non-significant median differences for severe and extreme droughts.

In the Highlands, represented by 46 observation points, the three models performed similar to the observations at the meteorological stations. The behavior was similar to that for the whole country (Figure 2A) because 46 of the 60 total points were located in the Andes. The Kruskal-Wallis test for moderate drought did not show significant median differences for any of the three DGCMs. For severe droughts, the post-hoc test showed significant median differences of probability regarding observations and GISS, and non-significant for CSIRO and IPSL. For extreme droughts, significant differences were found only for CSIRO. This means that IPSL, followed by CSIRO, were the most suitable models; with non-significant median differences for moderate, severe and extreme droughts.

Finally, in the Amazon, represented by only six observation points, for moderate droughts, GISS performed better while for severe droughts the ISPL was better. For extreme droughts, the GISS model outperformed the others. The Kruskal-Wallis test did not show significant median differences for the three droughts categories for any of the three DGCMs. Despite the small validation data size, it can be concluded that the three models are suitable.




Spatio-Temporal Structure of Future Meteorological Droughts Under RCPs 4.5 and 8.5
 
Future Droughts Trends for RCPs 4.5 and 8.5

The overall future probabilities of occurrence for moderate, severe and extreme drought for all DGCMs and RCPs 4.5 and 8.5 at observation stations for the whole country, are presented in Figure 3A. Additionally, they are compared to present observations. In all cases, future probabilities are lower than present ones, meaning that an overall reduction of drought is expected in the future. Regarding RCPs 4.5 and 8.5 comparison, in most cases it is observed that droughts are less frequent in RCP 8.5 than in RCP 4.5. For moderate and severe droughts, CSIRO and GISS 4.5 showed larger probability of occurrence than RCP 8.5, however IPSL showed smaller probability for RCP 4.5 than for RCP 8.5. For severe and extreme drought, GISS and IPSL showed the same behavior, however CSIRO showed greater probability for RCP 8.5 than for RCP 4.5. In all cases, there are significant median differences with p < 0.05 according to the Wilcoxon test.
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FIGURE 3. Future probability of drought occurrence at observations points. (A) for the whole country, (B) for each region.


Regarding the climatic regions of the country, the models and scenarios at observation points show different behaviors (Figure 3B). In the Coast, similar probabilities of occurrence with 4.5 were observed, while with 8.5 there was a clear reduction. In the Highlands and Amazon, a clear reduction was also observed. The previous trend that droughts tend to be less frequent in 8.5 than in 4.5 RCP, is also observed here.

In the Coast, the three drought categories for CSIRO showed significant differences (p < 0.05) between RCPs 4.5 and 8.5. Moderate GISS did not show significant differences, while severe and extreme did. Finally, IPSL did not show significant differences between RCPs for any of the three drought intensities. In the Highlands, moderate drought for CSIRO showed significant differences RCPs, while no significant differences were observed for severe and extreme droughts. For GISS, all three drought intensities showed significant differences. IPSL showed significant differences for severe, but not for moderate and extreme droughts. Finally, in the Amazon, the six models did not show significant differences between RCPs.



Spatial Structure of Future Droughts in Ecuador

The spatial distribution of future drought probability is shown in Figure A2 (Supplementary Material), for the three GCMs and for moderate, severe and extreme intensities. CSIRO showed higher probability in the Amazon for all intensities and both RCPs. IPSL displayed greater probability in the Amazon also, but with lower probability values than CSIRO. GISS showed similar probability of drought occurrence in the whole country.

In order to evaluate the spatial structure and trends of droughts in Ecuador, the change of the drought probability was computed as the difference of probability maps between future and present DGCMs for moderate, severe and extreme drought for RCPs 4.5 and 8.5 (see Figures 4–6). The results revealed a mix of future increments and reductions of droughts in a complex spatial structure. Such variations depended on the region of the country, the DGCM and the RCP. Red/Blue-colored cells represented future drought increments/decrements different from zero (statistically significant, one-sample Wilcoxon tests, p < 0.05), understanding zero as no changes in future drought occurrence. Finally, white cells were non-significantly different from zero. Additionally, in Table 4, the median differences for the whole country, and by regions are reported. The overall tendency for the whole country was a slight reduction of moderate and severe droughts.


[image: Figure 4]
FIGURE 4. Spatial distribution of change for moderate drought probability. RCP (rows) and GCM (columns). White pixels indicate no change.
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FIGURE 5. Spatial distribution of change for severe drought probability. RCP (rows) and GCM (columns). White pixels indicate no change.



[image: Figure 6]
FIGURE 6. Spatial distribution of change for extreme drought probability. RCP (rows) and GCM (columns). White pixels indicate no change.



Table 4. Change of drought probabilities.
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More in detail, the probability change maps for moderate drought (Figure 4) show a country-wide downward trend (more blue-colored cells than red-colored ones). DGCMs CSIRO, GISS and IPSL showed reductions of moderate drought especially in the coast and the Andes for RCPs 4.5 and 8.5. In the Amazon, IPSL for RCP 4.5 showed some increase of moderate droughts whereas for RCP 8.5 there was a slight decrease. For CSIRO under both RCPs, there was little to no change in moderate drought tendency, whereas for GISS under RCPs 4.5 and 8.5 there was a clear reduction in moderate drought tendency.

For severe droughts (Figure 5), GISS showed a decreasing tendency in the whole country, especially in the Highlands and in the western Ecuadorian Amazon for both RCPs. CSIRO and IPSL showed a slight decrease in the Highlands and Coast region, whereas in the Amazon region CSIRO showed a greater increase in the probability of droughts than IPSL. IPSL showed none to some increasing trend of droughts for RCP 4.5, while almost no trend changes were observed for RCP 8.5.

For extreme droughts (Figure 6), GISS showed a small decrease in the Amazon and the eastern regions of the Highlands for both RCPs, and no changes in the Coast. CSIRO showed a clear increasing trend of droughts in the Amazon and the south of the country for both RCPs. The same DGCM showed a decreasing trend of droughts in the Highlands for RCPs 4.5 and 8.5 and almost no changes in the coast for both RCPs. IPSL showed some decreasing trend in the north of the country for RCP 4.5, while for RCP 8.5 a decreasing trend was noted for the Amazon and the northern Highlands. Almost no changes are expected in the coast.



Monthly Trends of Future Droughts Under RCPs 4.5 and 8.5

Previous sections showed the spatial analysis of future droughts in Ecuador, however in this section the results of the difference between future and present monthly probability of droughts in Ecuador is shown for moderate, severe and extreme droughts in the Coast, Highlands and Amazon, for RCPs 4.5 and 8.5 using CSIRO, GISS and IPSL DGCMs. This information is synthetized in Tables 5–7.


Table 5. Monthly changes of drought probablity for moderate droughts.
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Table 6. Monthly changes of drought probablity for severe droughts.
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Table 7. Monthly changes of drought probablity for extreme droughts.
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The analysis of monthly trends of future droughts is valuable information for decision makers and water resource management in general. It is important to highlight that changes in drought trends are dependent on the climatic forcing at synoptic scales which can affect several processes. For instance, on one hand, the wet season in Ecuador is mainly dominated by the ITCZ influence (Goldberg et al., 1987). On the other hand, during the dry season, strong easterlies prevail which may respond differently to the ITCZ (Sulca et al., 2018) in CC conditions, producing an intra-annual differentiated response to CC in addition to spatial variations.

Monthly changes of moderate droughts are shown in Table 5. In the Coast region, GISS and IPSL presented very similar trends for RCPs 4.5 and 8.5, showing that less moderate droughts are expected. For CSIRO, similar trends to GISS and IPSL are expected with the exception of July and October, which showed non-significant differences between future and present droughts. In the Highlands, all DGCMs showed a decrease of probability between future and present probabilities of severe droughts for the entire year, for both RCPs, with the exception of CSIRO in August for RCP 4.5 where is non-significant changes are expected. This model showed very low differences from zero in September and October, thus changes were not too evident during the dry season. For the Amazon region, CSIRO showed a slight decrease in the probability of droughts throughout the year, with the exception of August and September for RCP 4.5 which showed a slight increase. For RCP 8.5, all months showed a decrease of probability with the exception of August and October which showed a slight increase. GISS showed a consistent decrease of probability of moderate drought occurrence for RCPs 4.5 and 8.5. IPSL showed a consistent decrease of probability throughout the year with the exception of May and October which showed a slightly increase. For July and October, non-significant differences were found for both RCPs. Thus, moderate droughts in the Coast and in the Highlands are expected to occur less. However, for the Amazon, some models showed a slight increase, especially in boreal summer when the ITCZ is located to the north.

For severe droughts (Table 6), in the coast region, CSIRO showed a small decrease of probability from October to April. From May to September, non-significant or slight increases of probability were shown for both RCPs. For GISS, for both RCPs, the whole year showed a slight decrease of probability with the exception of February and November, which showed non-significant changes. For IPSL, the whole year showed a small decrease of probability with the exception of July. In the Highlands, CSIRO showed a decrease of probability from January to April and October and November, and non-significant probability changes from May to September and for December. IPSL and GISS showed a consistent decrease in probability throughout the year for both RCPs. It is interesting to observe that for the Amazon region, a less uniform pattern was displayed. GISS showed a consistent decrease of probability for both RCPs, however, IPSL and CSIRO showed a consistent decrease of probability from January to March, and a mixed occurrence of non-significant, increasing and decreasing probabilities was shown for the rest of the year.

For extreme droughts in the Coast under RCPs 4.5 and 8.5, CSIRO showed a decreasing probability in January and in October, whereas GISS showed an extreme drought probability decrease for February, March and June for both RCPs (Table 7). For IPSL, a decreased probability was shown from December to February and for October. Overall, for the coast region, the three DGCMs showed a decreased probability of extreme drought occurrence during the first rainy season. In the Highlands, all DGCMs in both RCPs showed a clear trend of decreasing probability of extreme drought occurrence from December to April and during September and October. These periods are clearly related to the two rainy seasons of the Highlands along the inter-Andean valleys. In the Amazon the patterns of intra-annual variability are more complex. CSIRO showed an increase of probability of extreme drought in October, November, January and February. For May, June, and July, no change is expected, where a lower probability was shown for the rest of the year. GISS under RCP 4.5 showed a decrease of probability from February to April, and from September to December, and an increase from May to July. GISS for RCP 8.5 showed a decrease in extreme drought probability from February to April and from September to December. IPSL showed a decrease in probability of extreme drought from September to February for both RCPs, and an increase in March and April, also for both RCPs.

In general, for extreme droughts it is interesting to observe that the first rainy season, from February to April, showed a decrease in probability of extreme drought occurrence across the country. The second rainy season, from October to December, also showed a decrease in the Highlands and the Amazon. The period from May to August showed less variation in the occurrence of extreme drought probability. These results highlight that CC's impact on droughts has an important intra-annual variability, which is related to a different response of several processes toward CC.





DISCUSSION AND CONCLUDING REMARKS


Intra-Model Uncertainties in Future Droughts Projections in Ecuador

The strong differences in present time and projected precipitation among CMIP5 GCMs in the tropical regions is well-known (Hirota and Takayabu, 2013; Mehran et al., 2014). Such differences are still present after dynamically downscaling the results, because downscaled results inherit the main features from the driving GCMs (Di Luca et al., 2015). In order to reduce such intra-model uncertainty, the three downscaled results of CMIP5 GCMs were used (i.e., GISS, IPSL, CSIRO) to study drought representation in Ecuador.

The present time representation of moderate, severe and extreme droughts in Ecuador was better captured for the Highlands and the Amazon, and strongly overestimated in the Coast, especially for moderate and severe droughts. Such difference in the ability of the DGCMs to represent droughts among regions is intrinsically related to the capabilities of the DGCMs to represent the climatic processes in those specific regions (Schiermeier, 2010). For instance, the Eastern Pacific SST is influenced by the eastern Pacific cold tongue and the El Niño and La Niña phenomena, thus modulating the climate in the coastal region (Bendix et al., 2011). However, GCMs underestimate El Niño related precipitation (Steinhoff et al., 2015) which might be responsible for the DGCMs' droughts overestimation. It is important to highlight that the limited representation of precipitation in the Coast of Ecuador might be more related to the limitation of the DGCMs to represent atmospheric processes and teleconnections, than to the low representation of SST in the Eastern Pacific as pointed out by Tedeschi and Collins (2016).

The precipitation in the Coast of Ecuador has two inner regions. One toward the south that is dry and more related to the drying effect of the cold Humboldt current, similar to the climate in the coastal region of northern Perú. The other region is situated toward the north and is wetter due to the influence of the Chocó low level Jet (LLJ) (Poveda and Mesa, 2000; Sierra et al., 2015, 2018). This wetter region is one of the most important climatic features in northern South America, related to the Lloró climate, and one of the rainiest regions on Earth (Poveda and Mesa, 2000). The representation of the Chocó LLJ by 26 Atmosphere-Ocean General Circulation Models (AOGCMs) and 11 atmospheric climate models was evaluated by Sierra et al. (2018), attributing less skill to models unable to represent the ITCZ strength and location in addition to poor resolution and limited representation of complex orographic features. Such limitations might explain the overestimation of droughts in the Coast of Ecuador.

Present time droughts were better represented by the DGCMs in the Amazon region than in the Coast region. This is remarkable because the climate of Ecuadorian Amazon (78°W−75°11'W) located in the westernmost region of the Amazon basin, shows a complex interaction with the Andes. Along the Andean-Amazon transition region, there is a rainy period during boreal summer (Campozano et al., 2016b), which differs from the typical more uniform precipitation regime toward the east, into the Amazon basin. The increment of precipitation during boreal summer in this region might be related to the Andean Occurrence System, AOS (Bendix et al., 2006). Additionally, using a Lagrangian back trajectory method, Esquivel-Hernández et al. (2019), showed that water vapor is brought from the Caribbean as an influence from the northeastern trade winds to the eastern escarpments of the Andes. Likewise, in the Peruvian Andes-Amazonian transition, Chavez and Takahashi (2017) used reanalysis data to study the physical drivers for precipitation, pointing to the influence of the South American Low-Level Jet, SALLJ. Thus, although the influence of the SALLJ in Ecuador seems plausible, further research is necessary. It is relevant to evaluate GCMs along this region in the Amazon because the rainfall hotspots contribute to ca. 35% of the hydroelectricity generation in Ecuador. Additionally, several cities are located in this region (e.g., Zamora Chinchipe, Morona Santiago, Napo, Sucumbíos, Orellana, Pastaza with a total of population of ca. 750.000 inhabitants), which are vulnerable to extreme precipitation events.

Contrarily, in the central and eastern Amazon region, mostly corresponding to Colombia, Peru and Brazil, there are many studies evaluating GCMs representation of droughts. Regarding to the Amazon basin over all, the droughts are affected by ENSO events and by SST anomalies in the Tropical North Atlantic (Barichivich et al., 2018), which show a good representation in CMIP5 models (Duffy et al., 2015). This agrees with our findings of present time representation of droughts from DGCMs. However, in the Amazon region, an overestimation of total precipitation and an underestimation of consecutive dry days was reported by Sillmann et al. (2013), which might be related to the misrepresentation of atmospheric processes rather than a poor SST representation (Tedeschi and Collins, 2016).

Present time representation of droughts in the Ecuadorian Andes by DGCMs was adequate despite the complex orography. A slight reduction of droughts is expected for RCPs 4.5 and 8.5 in the future. Few studies on the future precipitation evaluation by GCMs have been conducted in the Ecuadorian Andes. For CMIP3 GCMs after applying statistical downscaling in an Inter-Andean basin (Paute basin), Mora et al. (2014) showed that the mean annual rainfall will increase as well as rainfall rates in the period 2045–2065 for A1B, A2, B1 scenarios, in addition to wetter conditions in rainy seasons. These conclusions can be related to our findings of a slight reduction on future droughts in the Andes derived from CMIP5 DGCMs. These results agree with the recent findings of Zhiña et al. (2019), in the same region, where they find a reduction of duration and magnitude using the SPEI drought index for RCPs 4.5 and 8.5.

Buytaert et al. (2010) analyzed the uncertainty between ensembled precipitation projections of several GCMs from the IPCC Third and Fourth Assessment Report, and PRECIS (0.5° resolution) regional climate model results driven by HadAM3p for A2 and B2 scenarios in the Paute basin. They show that biases of GCM ensembled precipitation projections are as large as PRECIS results, however, gradients are better captured by PRECIS. It is important to note that the PRECIS RCM limitations are reduced in the present study due to: i) the use of a better regional climate model, in this case WRF using parameterizations adapted to the study region at a higher resolution (ca. 0.1°); and ii) WRF was driven by GCMs with the best representation among all GCMs from CMIP5 models. Thus, the limitations coming from a cascade of uncertainties involved in climate projections will be present (e.g., intra-model, scenario, downscaling techniques, initial conditions, etc.), and it is highly advisable to try to reduce or at least quantify them when possible.

The findings in the present study that showed the overall future tendency for the Coast and the Highlands as a slight reduction of moderate and severe droughts for both RCPs in the three DGCMs, might be related to the increase in precipitation projections for this region found in other studies (Palomino-Lemus et al., 2015; Steinhoff et al., 2015). On a monthly scale, this reduction is less evident for extreme droughts, whereas for moderate and severe droughts, the decrease is similar throughout the year. In the Amazon region, the projection of droughts is more complex. IPSL and CSIRO for moderate droughts showed some increase in the probability of occurrence from May to October, for severe droughts the increase is expected from May to December, and for extreme droughts increases are expected from January to April and to a greater extent during October and November. Contrarily, for GISS, in the Amazon region, the projections for moderate and severe droughts showed a slight decrease throughout the year for both RCPs, whereas for extreme drought some increase is expected from May to July for RCP 4.5 and no change is projected for RCP 8.5. Thus, for some DGCMs there is some evidence that wet seasons will have less probability of droughts than present time, which may be linked to the results of Barichivich et al. (2018) that wet seasons will be wetter and dry seasons drier.



Future Climatic Processes Affecting Droughts in Ecuador

To better interpret the plausibility of these results, an analysis of the future changes in the climatic processes may be helpful. The increase of future precipitation in Ecuador and southern Colombia might be due to the colder mean state of the Tropical Pacific SST produced by a downward shift of the ITCZ (Karmalkar et al., 2011; Steinhoff et al., 2015). Contrarily, the southward shift of the ITCZ will produce a decrease of precipitation along the coast of Central America during the wet season (Karmalkar et al., 2011). With respect to the western part of the Amazon basin, the projections show increased precipitation especially after 2040, and decreases in future droughts (Duffy et al., 2015), which agrees with our findings. These results might be explained by the colder mean state of the eastern Pacific, producing more rainfall in the Ecuadorian Andes and Amazon, but may affect the Coast through the dipolar response of rainfall in Ecuador to ENSO (Rossel and Cadier, 2009; Bendix et al., 2011; Campozano et al., 2016a).

Several factors may be determinant for the occurrence of future droughts, highlighting the uncertainty of this complex phenomenon. For instance, despite the fact that GCMs have varying degrees of ENSO representation, Power et al. (2013) claim that robust changes in projected precipitation are expected, with drying- on the western Pacific and increasing trends in the eastern Pacific. Along similar lines, Steinhoff et al. (2015) argue that, despite the underestimation of ENSO related precipitation, GCMs show the same sign anomalies. In addition, the precipitation in the Amazon is highly dependent on regional evapotranspiration, which might be affected under unfavorable land use change conditions increasing the probability of droughts occurrence (Duffy et al., 2015). Other factors such as the weakening and lowering of the south Pacific Anticyclone (Urrutia and Vuille, 2009) might also affect the occurrence of droughts, especially along the western coasts of South-America.

In relation to GCMs uncertainty, Yeh et al. (2014) showed that the representation of Tropical Pacific SST during the second half of the twentieth century shifted from La Niña-like pattern in CMIP3 models to El Niño-like patterns in the CMIP5 models. A plausible explanation of the eastward shift of the SST positive anomalies relies on an increased Bjerknes feedback with SST in the CMIP5 models with respect to CMIP3 counterparts (Yeh et al., 2012). Although such uncertainties affect drought predictability, there are world-wide statistically significant increasing trends in drought hazard in future projections (Carrao et al., 2018), which demands immediate action for adaptation measures and CC mitigation efforts to limit greenhouse gas emissions.

Climate change has important societal implications for both extremes (i.e., droughts and floods) because they produce similar economic losses on an annual basis (Trenberth, 2008). Floods produce higher damage to property, loss of life, and infrastructure, whereas droughts pose tremendous threats to society by negatively impacting agriculture and increasing risks of wildfires and heat waves. Furthermore, Trenberth (2008) reported cases where the impact of floods were more severe after droughts, thus in climate change conditions a more robust assessment for decision making is necessary. This aspect of a changing climate is more challenging for decision-making and adaptation strategies (Lawrence et al., 2013), and implies more dynamical risks for the future. In this context, our study has contributed to better mapping the space-time evolution of future drought risk in Ecuador, thus providing valuable information for water management and decision making as Ecuador faces climate change.
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