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This study evaluates the skill of the Weather Research and Forecasting (WRF) model to reproduce the variability of precipitation over the Central Andes of Chile and Argentina, a region characterized by complex topography. The simulation corresponds to a dynamical downscaling of ERA-Interim, in the period between 1996 and 2015, performed with two nested grids, at 9 and 3 km horizontal resolution. Precipitation data from 62 rain gauges from Chile and Argentina were used to evaluate the performance of WRF simulations carried out at the annual and warm-cold season analysis. The results of this study indicate that WRF at 9 and 3 km is able to reproduce the main characteristics of seasonal and interannual precipitation variability along the study area. On the windwards slopes of the Andes, however, WRF at 9 km presents a wet bias in relation to observation and WRF at 3 km. Additionally, WRF at 3 km achieves better performance of precipitation as elevation increases, most likely due to the better-resolved topography. To our knowledge, this is the first study that compares performance between nested domains on mountain areas that found a better match between the model and observations, as elevations increased.
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1. INTRODUCTION

Atmospheric conditions in the Central Andes of Chile and Argentina are particularly distinct as a result of the interplay of complex topography and large-scale synoptic systems (Garreaud, 2009). While on the west slope there is a marked seasonality of dry-warm summers and wet-cold orographically intensified winters (Falvey and Garreaud, 2007; Viale and Nuñez, 2011), the eastern side is wetter during summers due to the development of the South America Low Level Jet (SALLJ) which originates in the Brazilian Plateau (Garreaud et al., 2009). This makes this section of the Andes a crucial water reservoir for socio-economic activities in this region (Mark et al., 2015) that need to be monitored to support better adaptation for future challenges associated with global climate warming. However, precise values of precipitation are scarce, as the natural barrier of the Andes makes it difficult to install, maintain, and expand a network of meteorological stations, resulting in the lack of reliable measurements of long-term historical observations.

In recent years, several gridded datasets such as a reanalysis have been used for climate assessment on regional and global scales. However, in most cases these datasets have coarse horizontal resolutions, leading to misinterpretation of dynamical processes of regional and local climate variability—limitations that are higher in complex terrains such as the mountainous region of the Andes (e.g., Ward et al., 2011; Soares et al., 2012).

Regional climate modeling can help overcome the dearth of records and the problem with coarse spatial resolution in the Andes, as dynamical downscaling can support a better understanding of the spatio-temporal patterns that the discrete nature of sparse meteorological networks do not provide. Downscaling approaches are widely used to provide climatic information at fine spatial resolutions. Regional climate models (RCMs) have been applied for dynamical downscaling with an initial and lateral boundary taken from global to regional/local scales. This strategy has frequently been used in mountainous regions in an attempt to reduce scale mismatches—a relevant problem between model output describing large-scale climate and the scale required to characterize regions of complex topography (Mög and Kaser, 2011; Hughes et al., 2017; Ambrizzi et al., 2019).

Increasing availability of regional climate from initiatives such as the COordinated Regional Climate Downscaling EXperiment (CORDEX) have demonstrated the potential of RCMs to support description of synoptic patterns and dynamical processes of climate in the complex Andean terrain, while also providing more detailed projection scenarios (Ambrizzi et al., 2019). Nevertheless, these simulations are still too coarse, about 50 km for South America (Solman and Blázquez, 2019), relative to the intricate Andean climate. To date, higher resolution downscaling in the Andes has been mostly restricted to short periods (e.g., Mourre et al., 2016), with very few recent studies carrying out long-term simulations (Bozkurt et al., 2019).

The aim of this study is to assess the skill of a simulation performed with the Weather Research and Forecasting Model (WRF) at high resolution (9 and 3 km), relative to observations of precipitation along the complex terrain in the Central Andes of Chile and Argentina, over a 20-year period. The WRF model is widely used by the scientific community to dynamically downscale coarse global climate model output. The model has reasonably simulated precipitation patterns and variability in several complex topography regions (Cardoso et al., 2013; Fathalli et al., 2016; Comin et al., 2018). Posada-Marín et al. (2019) demonstrated that the WRF downscaling outperforms ERA-Interim reanalysis in the representation of precipitation, due to a better representation of orographic effects, over the tropical Cauca river valley in Colombia. However, little information is available on the performance of the downscaling method in the Andean mountain region. This paper is organized as follows: section 2 presents the study area, data and methods, Section 3 the results and the discussion of the main findings, and the conclusion are presented in section 4.



2. DATA AND METHODS


2.1. Study Area

The high-Andes of central Chile and Argentina (Figure 1), have a high concentration of glaciers and glacial lakes, which are the main source of water for important rivers that provide fresh water to more than 10 million people in Chile and more than 2 million in Argentina (Malmros et al., 2018). The Andean topography leads to significant differences in precipitation distribution between its eastern and western slopes, for example, in the transition between the tropics and extratropics, annual precipitation and cloud frequency are more pronounced on the western slopes and reduced on the eastern slopes of the Andes (Viale et al., 2019).


[image: Figure 1]
FIGURE 1. (A) Location of the 9 km WRF model domain within Chile (B) WRF at 9 km (full map) and 3 km (black rectangle), and (C) geographic positions of the weather stations located within the 3 km domain, with the main topographic features.


In the semi-arid Central Andes of Chile, the climate is characterized by wet and cold winters (April-September), with snow accumulation at high elevations. This contrasts with warm and dry summers (October-March) with almost zero precipitation and low relative humidity. This region is also commonly referred to as having a Mediterranean-type climate (32°S–38°S) (Falvey and Garreaud, 2007; Bown et al., 2008; Bravo et al., 2017). These climate features are mainly associated with the northward-southward displacement of high-pressure in the Pacific Ocean, which generally inhibits precipitation during the warm season, but allows the passage of westerlies and the occurrence of frontal precipitation during the cold season (Masiokas et al., 2009). In contrast, the eastern slopes of the Andes (Argentinean side) is wetter during summer, enhanced by warm and humid air transported by a low-level jet (e.g., Garreaud et al., 2009; Espinoza et al., 2015). From a longitudinal profile along the 33°S, the annual average precipitation ranges from 459 mm in Valparaiso (33.02°S, 71.63°W, 41 m) to 356 mm in Santiago (33.45°S, 70.70°W, 520 m) on the Chilean side, and 180 mm in Mendoza (32.89°S, 68.83°W, 769 m) on the Argentinean side (Corripio and Purves, 2005), clearly indicating the effect of topography.



2.2. WRF Simulation

The model used in this study is the WRF model with its Advanced Research WRF dynamical solver (Skamarock et al., 2008) version 3.5.1. The WRF model was setup with two nested grids (Figure 1B), with high regional resolution at 9 km (WRF9km) and 3 km (WRF3km) horizontal grid spacing, using a two-way nesting technique and Mercator projection. Two-way nesting ensures dynamical interaction domains. Both grids are centered in the Central Andes of Chile and Argentina, with the 9-km domain extending 70 x 70 grid points, and 82 x 106 for the higher-resolution 3-km inner nest. Both domains have 28 vertical levels from the surface to 50 hPa. To maximize the development of internal dynamics within the domains, the selection of domain sizes and the number of grid points was dictated by a trade-off between computational constrains and the resolution of the boundary conditions (see next paragraph). The WRF9km domain covers a region of 630 x 630 km, assimilating several points from the initial and boundary conditions, while the size of the WRF3km is 246 x 318 km.

The WRF model run, simulated 20 years, from 1996 to 2015, using initial and lateral boundary conditions taken from the European Center for Medium-Range Weather Forecasts (ECMWF), ERA-Interim reanalysis (ERA-I) (Dee et al., 2011). Lateral forcing was updated every 6 h at 0.75° horizontal resolution and 17 pressure levels. The physical parameterizations used include the WRF Single Moment 6-class (WSM6, Hong et al., 2010). This scheme performed better when compared to the other schemes in the high complex topography of the Andes (Comin et al., 2018). The radiation schemes of Rapid Radiative Transfer Model (RRTM, Mlawer et al., 1997) for longwave and the Dudhia scheme (Dudhia, 1989) for shortwave was used. The MM5 similarity surface layer scheme (Paulson, 1970) and the thermal diffusion scheme was used for land surface. This land surface scheme is a Land Surface Model based on the MM5 5-layer soil temperature model with an energy budget that includes radiation, sensible, and latent heat flux (Huang et al., 2014). The Yonsei University parameterization of the planetary Boundary Layer (Hong et al., 2010). The Kain-Fritsch scheme to atmospheric convection (Kain, 2004) are applied for the outer domain but turned off for the inner domain in order to explicitly resolve precipitation processes.



2.3. Observational Datasets

Daily precipitation data in Central Chile and Argentina were used. The observations were provided by the Direccin General de Aguas (DGA) of Chile (http://snia.dga.cl/) and the Water Resources Agency of Argentina (Subsecretara de Recursos Hdricos (SSRH); http://bdhi.hidricosargentina.gob.ar/). We selected all records within the study domain with at least 90% of non-missing data available. Observations were checked for consistency and continuity, retaining 48 stations for Chile and 14 for Argentina for the period between 1996 to 2015 (Table 1). Figure 1C presents the distribution of precipitation stations.


Table 1. Geographical characteristics of the selected weather stations for (WS1-WS47) Chile and (WS48-WS61) Argentina.
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2.4. Comparison Methods

In order to quantify WRF's ability to represent annual and seasonal precipitation, under distinct spatial resolutions, statistical metrics were computed, namely the percent bias (PB), the mean absolute error (MAE), the Pearson correlation coefficient (PC) and the Willmott index of Agreement (d). Positive values of PB indicate an overestimation of modeled precipitation in respect to observed values, whereas negative values indicate underestimation. The MAE provides information on the average magnitude of simulation errors, considering both systematic and random errors, where 0 is the perfect match. The PC corresponds to the linear relationship between the model output and observations, where 1 is most desirable. Willmott's index is a standardized measure of the degree of model temporal-prediction error and varies between 0 and 1, where value of 1 indicates a perfect match, and 0 no agreement. A more detailed description of these methods can be found in Wilks (2011). Analyses and comparisons are performed using the nearest grid point of the model to observations. Model daily precipitation is computed from 12 to 12 UTC. In this study, the analysis is developed for the annual period as well as for the warm (October-March) and cold (April-September) seasons.




3. RESULTS


3.1. Annual and Seasonal Precipitation Over Central Andes

The observed annual precipitation pattern is marked by a significant latitudinal gradient with high precipitation values (more than 2000 mm/year) concentrated southward of 35°S in the Chilean side. On the other hand, observations in Argentina ranges from 500 to less than 200 mm/year, with maximum values north of 34°S and southernmost of 35°S (Figure 2A). This difference in precipitation magnitude is characteristic of the rain shadow effect in this section of the Andes, determining a west-east contrast between the Chilean and Argentinian sides.


[image: Figure 2]
FIGURE 2. (A–C) Spatial distribution of annual and warm-cold season accumulated precipitation from observations, between 1996 and 2015. The vertical black line represents the border between Chile and Argentina.


The seasonal variability is also dictated by the contrast between the two sides of the Andean mountain range (Figure 2). In the warm season, whereas the amount of precipitation decreases northward of 35°S in Chile, a gradual increase characterizes the Argentinian sector. The occurrence of precipitation is associated with convective activity on both slopes. However, the incursion of warm and moist air from the Amazon basin by the SALLJ favors higher precipitation in the eastern slopes of the Central Andes (Marengo et al., 2004; Castañeda and Ulke, 2015). On the other hand, the incursion of the winter frontal systems leads to a significant increase in precipitation on the Chilean side. In Argentina, higher precipitation is observed to the north of 35°S during the cold season, compared to the mild precipitation values north of this point.

Figure 3 shows topography and precipitation features based on the WRF simulations and ERA-I. The spatial pattern of annual and seasonal precipitation is well-captured by WRF3km as well as the WRF9km. Both simulations are able to capture the latitudinal gradient of precipitation, and the seasonal contrast between warm-cold seasons. Overall, WRF3km and WRF9km present similar patterns, although it is notable that in some regions or particular points, precipitation is overestimated at 9 km with respect to observations and WRF3km, likely due to the model topography in the WRF9km. Modeling studies in steep terrain have shown that by smoothing topographic features results an increase of precipitation in lower resolutions (e.g., Soares et al., 2012). This is clearly noticeable in the spatial pattern shown by ERA-I, precipitation features of which are oversmoothed due to the complete absence of the orographic effect (see Figures 3A–C). However, this reinforces the relevant added value of downscaling with increasing resolution.


[image: Figure 3]
FIGURE 3. (A–C) Models topographies and spatial distribution of annual and warm-cold season accumulated precipitation (mm), from (D–F) WRF3km, (G–I) WRF9km, and (J–L) ERA-I. The black line represents the border between Chile and Argentina.


To further illustrate differences in the representation of the annual and seasonal precipitation between the WRF, ERA-I and observations, Figures 4–8 shows the metrics used to quantify the reliability of the WRF simulations. For Chile (Figure 4A) the values of PB show that WRF3km tends to underestimate precipitation in relation to observations by up to 50% at annual scale as well as in warm-cold seasons, mostly on the west of windward stations in Chilean side (west of 71°W) (Figure 5). By spatial PB analysis, a wet bias is clearly seen in the nearest locations to windward mountain range, with large bias values to the north of 35°S depicted by both WRF simulations. This wet bias is extended in almost all locations to windward of the Andes by the WRF9km, and also for some stations on the Argentine side, while the WRF9km have larger variability, the majority of stations show negative bias, however, about 33% of stations show positive bias at annual and seasonal scales.


[image: Figure 4]
FIGURE 4. Boxplot of the (A) bias and (B) mean absolute error, (C) coefficient correlation and (D) Willmott Index of Agreement (d) between observations and WRF3km (red), WRF9km (blue) and ERA-I (green) estimations for annual and warm-cold season precipitation. (A–D) relative to Chile and (E–H) for Argentina. Each boxplot shows the first, median, and third quartiles, while the whiskers indicate variability outside the lower and upper quartiles. Y-axis (right axis)is referent to ERA-I values, only for (A,B,E,F).



[image: Figure 5]
FIGURE 5. Spatial distribution of percent bias for annual and warm-cold season precipitation.


ERA-I overestimates precipitation at all scales as expected due to its low spatial resolution and smooth topography. Both WRF3km and WRF9km have smaller PB variability during the warm season, most likely associated with lower distribution of precipitation during this period as shown in Figure 3. On the other hand, in Argentina (Figure 4E) the PB distribution shows good performance of both WRF simulations, especially in WRF3km. On the contrary, ERA-I overestimates precipitation in Argentina more than in Chile at annual and seasonal scales (see Figures 4, 5).

Large values of bias (negative or positive) are accompanied by limited performance of the WRF simulations as revealed by the MAE (Figures 4B,F, 6). Higher errors are observed at the annual and cold season periods, while errors are smaller during the warm season and on the Argentina side, associated with lower rainfall variability. Based on PC distribution (Figures 4C,G) higher correlation at the annual duration and cold season in both WRF simulations, above 0.7, contrast with the low correlations computed for Argentina during the warm season, especially to the north of 35°S (Figure 7). Conversely, the spatial distribution of d is well-simulated for the warm season in both Chile and Argentina (Figures 4D,H), especially for WRF3km. Poor performance is shown in almost all locations in western Chile (west of 71°W), especially insofar as annual and cold season are concerned (Figure 8). ERA-I shows a high range for PC although low performance is delivered by d in Chile, while on the Argentine side, low performance is noticed by both PC and d values.

In general, both WRF simulations have similar performances and the differences between them are not discrepant. The skill of the WRF3km, and both simulations compared to the ERA-I denotes that the high-resolution terrain features improve precipitation estimates, being able to cancel a positive bias exhibited in the ERA-I as input in downscaling.


[image: Figure 6]
FIGURE 6. Spatial distribution of mean absolute error for annual and warm-cold season precipitation.



[image: Figure 7]
FIGURE 7. Spatial distribution of coefficient correlation for annual and warm-cold season precipitation.



[image: Figure 8]
FIGURE 8. Spatial distribution of Willmott Index of Agreement (d) for annual and warm-cold season precipitation.




3.2. Annual Cycle and Extremes Precipitation

The annual cycle of precipitation from observational and the WRF simulations in Chile and Argentina are depicted in Figure 9. On the Chilean side, the seasonal characteristics of precipitation are clearly well-simulated. During the warm months low precipitation dominates, while the maximum values occur during the cold months, especially between May to August. Monthly variability ranges from 300 to 600 mm/month. On the Argentinian side the seasonal variability is not as marked as in Chile. Maximum values of accumulated precipitation occur especially in June, July, and August. Similar behavior is shown by Rivera et al. (2018) for the central region of Argentina from the La Jaula station (34.67°S, 69.32°W). These features in Argentina may likely be related to small scale atmospheric systems that exhibit a sub-seasonal dominant spectrum.


[image: Figure 9]
FIGURE 9. Boxplot of the total monthly precipitation from ensemble of the weather stations in the Chile and Argentina. (A,B) Y-axis (right axis) is referent to ERA-I.


Chilean seasonality of precipitation is properly reproduced in the WRF3km as well as in the WRF9km, although variability of precipitation (interquartile range) during the cold months are slightly overestimated in WRF9km, whereas WRF3km underestimates it in relation to observations, especially during May, July, and August. This is probably associated with the smoothing of topographic features; as noted, WRF9km tends to overestimate precipitation compared to WRF3km, showing a slightly positive bias (see Figure 4). The lower spatial resolution in WRF9km induces the smoothing of the Andes effect, as a consequence this should enhance the weather systems, such as the upper-level trough and incursion of frontal systems increasing the amount of precipitation during the cold season as compared to WRF3km (Barrett et al., 2009). However, the median and maximum values are underestimated in both WRF simulations in almost all months. And this again is due to the fact that both simulations do not reproduce the complex terrain of the Andes in a realistic way because the resolution is not high enough for higher precipitation rates relative to observation (e.g., Cardoso et al., 2013).

Variability of monthly precipitation totals in Argentina is also well-represented by the WRF simulations, with slight underestimation of median values during the warm months in relation to observations. The maximum values of precipitation are generally underestimated by WRF simulations, except for February and October, when they are overestimated. This larger variability of precipitation during transition months may be associated with enhanced convective precipitation favored by the intensification of the low-level jet during the warm season (Marengo et al., 2004), while the smaller variability during cold months can be due to representation of orographic uplift by the WRF simulations, showing a smaller amplitude of precipitation variability on the eastern side of the Andes. It is evident that the topography plays an important role in precipitation distribution leading to better or poorer performance from the WRF simulations according to the representation of the dominant precipitation systems, which are strongly modulated by the height and steepness of the Andes (e.g., Heikkilä et al., 2011; Bozkurt et al., 2019). On the other hand, ERA-I exceeds nearly twice the amount of monthly precipitation compared to WRF simulations on both sides of the Andes. In order to illustrate the performance of the WRF model in representing precipitation extremes, daily precipitation percentile ranges (10th, 25th, 50th, 75th, 90th, 95th, and 99th) were calculated for each station's location and compared statistically with the simulations (Table 2). In general, both WRF simulations show a good agreement in reproducing precipitation extremes according to the percentiles, with PC values above 0.8. It is interesting to note that there is no variation in the statistical performance (PB, PC, and d) from the 10th to 75th percentiles, however, MAE values increase in most cases according to the percentile range.


Table 2. Performance of the WRF3km, WRF9km, and ERA-I in relation to percentiles range, 10th, 25th, 50th, 75th, 90th, 95th, and 99th.

[image: Table 2]

Concerning moderating precipitation, (percentiles below the 75th), improvement is noticed in WRF3km relative to WRF9km, especially for lower PB values, from 19.91 to 34.84% respectively. On the other hand, precipitation extremes between the 90th and 99th percentiles show better performance in WRF9km. This improvement is clearly seen from PB and MAE values. Likewise, a reasonable match of the WRF9km relative to observations is shown in relation to the 99th percentile, with 0.12% for PB and 0.05 for MAE. However, the 95th percentile shows a slightly larger disagreement compared to the 90th and 99th percentiles in both WRF simulations. Poor performance is noticeable by ERA-I.



3.3. Synoptic Features by the WRF Simulations

In an attempt to elucidate differences between WRF3km, WRF9km, and ERA-I, Figure 10 shows climatological values of wind speed (m/s) and relative humidity (%) for the surface and different levels of pressure. These results clearly show orographic dependence, for example, the coarse resolution of the ERA-I leads to the complete absence of the Andes, and consequently smooth gradients of these variables, which are important drives for the precipitation field.


[image: Figure 10]
FIGURE 10. (A–F) Spatial distribution at surface and (G–L) vertical distribution of wind speed (m/s) and relative humidity (%) between 1,000 and 200 hPa.


The poor representation of the Andes by ERA-I induces a large amount of humidity toward the leeward, this implicates overestimated values of precipitation on the Argentine side, as shown by Figure 9. The WRF9km also presents a steeper gradient of wind speed on the leeward of the Andes in comparison to the WRF3km, this is due to topography smoothing and consequently influences moisture transport and precipitation on the Argentine side.



3.4. WRF Performance at Different Elevations

A fundamental aspect to validate regional climate models' output is to verify and understand their performance in a complex terrain. In order to add details to the performance of the WRF simulations relative to elevation, the weather stations were classified into four groups according to altitude: between 0–300 m (19 stations), 300–600 m (14 stations), 600–1,300 m (14 stations), and above 1,300 m (15 stations). The performance of the WRF at 3 and 9 km against observations is shown in Table 3. Based on the PB and MAE values, the best performance is detected in WRF3km. The reduction of errors is systematic according to the increase in altitude at daily and monthly scales. For example, between 0 and 300 m the PB (MAE) values go from –56.27% (26.21) to –1.42% (0.49) following the increase elevation. These results are in line with PC and d values, although higher values are observed between 600 and 1,300 m, and reduced values are noted above 1,300 m.


Table 3. Performance of the WRF3km, WRF9km, and ERA-I in different elevation levels.

[image: Table 3]

It is interesting to note that WRF3km shows a persistent negative bias across all altitude ranges. On the other hand, WRF9km shows a dry bias at stations located between 0 and 600 m, whereas a wet bias is shown above 600 m. This may be understood as a limited performance of the WRF model at 9 km between 600 and 1,300 m that is reproduced by the increase of PB and MAE values. It has to be noted that better performance is achieved at stations above 1,300 m, although larger errors are found compared to WRF3km. The ratio of the MAE values between the WRF9km and WRF3km above 1,300 m shows a difference of 250% on a daily scale and 314% at a monthly scale, accompanied by slightly lower values of PC and d in relation to high resolution at 3 km. However, it is important to highlight that despite the opposite sign of the bias above 600 m, in absolute values both simulations present the same trend of reduction of bias toward higher elevations. Moreover, ERA-I increases the error and PB with increasing elevation almost systematically. ERA-I also presents good performance for PC and d values up to 1,300 m altitude. Poor performance is noted above this threshold.

The apparent inverse relationship between bias and elevation on the WRF simulations and the weak performance of ERA-I can be further explored by comparing relative humidity at pressure levels that cover the elevation range between the surface and 3,000 m (see Figure 10). Between 1,000 and 700 hPa, ERA-I is generally more saturated than the WRF simulations on both slopes, and in fact the temporal trend shows that relative humidity in the WRF3km and WRF9km is consistently 66% of ERA-I from 900 to 700 hPa (about 900 to 3,000 m).




4. DISCUSSION

Overall, both WRF simulations properly reproduce several characteristics of precipitation along the Central Andes. Although there are some differences among the simulations and observations, good performance is obtained in reproducing the spatial variability of the annual and seasonal precipitation. The WRF simulations biases may result from a variety of sources, such as initial conditions, physical configuration of the model, and terrain complexity, among others. Furthermore, main differences between the two simulations cannot only be explained by statistical errors and it is extremely complex to measure.

Differences discussed previously between WRF simulations can be associated with the cumulus scheme. Chawla et al. (2018) has shown that the cumulus scheme modulates the magnitude of simulated precipitation. Sikder and Hossain (2016) also showed that the finer spatial resolution (3 km) without cumulus parameterization schemes did not result in significant improvements in monsoon precipitation. For instance, the presence of this scheme in the simulation at 9 km could be responsible for the improvement of precipitation extremes in comparison to WRF at 3 km (see Table 3). Argüeso et al. (2011) also demonstrate that physics configuration plays an important role in reproducing precipitation extremes in terms of percentiles, through the representation of convective and non-convective processes of precipitation and feedback between the cumulus and microphysic scheme. Conversely, Zheng et al. (2015) demonstrated that the explicit treatment of convection—no cumulus parameterization—at 3 km can adequately predict convective systems and precipitation, consistent with many results.

In order to illustrate the convective precipitation behavior by the WRF simulation, Figure 11 shows the analysis of convective and large-scale precipitation by the WRF9km. This allowed for demonstrating that convective precipitation is less important (magnitude) than large-scale precipitation. This result implies that, on the Argentine side, convection is almost absent, as demonstrated by simulation at 9 km, while large-scale precipitation is well distributed during the seasonal cycle. Although, on the eastern side of the Andes there are fewer gauges available, and thus can lead to larger uncertainty in convection location captured for the WRF9km (Figure 11B; see Yair et al., 2010), but the impact on the overall evaluation should be minimal. On the other hand, convective precipitation on the Chilean side presents the same behavior as large-scale precipitation, with maximums during winter, but with smaller magnitudes (differences up to 300 mm/month). However, the influence and connection between the parameterizations used may be a fundamental question but falls outside of the objectives of this study.


[image: Figure 11]
FIGURE 11. Boxplot of (A,B) convection and (C,D) large-scale precipitation from the WRF9km for (A,C) Chile and (C,D) Argentina.


Our results also show that high resolution leads to a better performance of precipitation field as elevation increases, most likely due to the better resolved orography. WRF simulation at 3 km has shown good accuracy for precipitation at high elevations, clearly associated with better reproduction of the topographic characteristics of the region compared to resolution at 9 km, which tends to smooth the terrain. This effect is even more noticeable in ERA-I, where the absence of orography greatly exceeds the amount of precipitation compared to observations and WRF simulations. In Figure 3 there is a noticeable difference in precipitation, with ERA-I exhibiting significant amounts on the NE quadrant. We assess that the lower ERA-I topography allows more water vapor to cross toward the leeward side. In Figure 10, relative humidity at 800 hPa, about 2,000 m, close to the summit of the ERA-I topography doubles the values from the WRF simulations, which probably determines more precipitation there.

Thus, an improvement in simulation skill seems to correlate with high resolution in the complex terrain of the Central Andes, as evidenced by more satisfactory statistical metrics. Differences between the simulations are pronounced along windward slopes of the mountain range, in which WRF9km presents a wet bias in relation to observation and WRF3km. In that regard, a salient result that seems intriguing is the relatively better performance of WRF9km at elevations below 600 m and the turn to positive bias at higher locations as revealed by the analysis presented in Table 3.

As stated above, studies show that smoother topography in coarse resolution modeling may enhance precipitation (Soares et al., 2012). However, there are very few places in the world featuring the relative extreme elevations of the Andes where this effect can be analyzed in detail and thus literature proposing an explanation for this effect is not abundant. A previous study that compared WRF convection-permitting simulations with and without cumulus parameterizations showed that precipitation was higher in the former case (Wootten et al., 2016). In the present study, WRF9km (with cumulus parameterization) tended to be more positively biased than WRF3km, relative to observations across all elevations. An argument against this explanation is that most convection, when it occurs, is more prevalent on the western side of the Andes (Figure 11).

Another option is that the difference in topographic representation between both domains resulted in orographic enhancement of precipitation in the coarser domain. Figure 12A shows elevation profiles for each domain calculated by averaging all grid boxes pertaining to the same longitude. A remarkable difference can be observed on the windward slope, where the western tip of the WRF3km is lower than WRF9km by about 300 m on average. This difference in elevation results in the WRF9km having a steeper gradient, as demonstrated in the slopes featured in the Figure 12B.


[image: Figure 12]
FIGURE 12. Elevation profiles from the WRF3km and WRF9km, (A) elevation (km) and (B) slope (°).


Theory, observations, and modeling suggest that precipitation enhancement by topography is dependent upon wind speed, slope, and elevation (Roe, 2005). Given that most of the precipitation on the west side of the Andes in this region comes from frontal systems during winter (Falvey and Garreaud, 2007), it is possible that the steeper slope in WRF9km, located just west of the boundary of WRF3km, produced a stronger orographic enhancement which may result in more rainfall in the coarser domain. This is reinforced by the fact that windward winds exhibit higher speeds in WRF9km while wind direction in WRF3km tends to be deflected toward the SSE relative to WRF9km (Figure 10), suggesting that the upslope accent in WRF9km is better developed. Considering that the differences in relative humidity are minimal, compared to the respective differences relative to ERA-I (Figure 10), allows for the inference that the effect of topography on winds makes precipitation more likely. A consequence of the higher precipitation in WRF9km may be a drier lateral forcing for WRF3km, leading to a systematic underestimation in the latter.



5. CONCLUSION

The present study contributes to an evaluation of high-resolution precipitation simulations over the Central Andes at 3 and 9 km spatial resolution. A state-of-the-art numerical weather prediction model— WRF—driven by the ERA-Interim reanalysis has been used to downscale precipitation over a 20-year long period (1996-2015). The WRF simulations were compared with observations from 62 Chilean and Argentinian weather stations at the annual and warm-cold season analysis.

To our knowledge, this is the first study comparing performance between nested domains on mountain areas that found an improvement in high elevations, despite the fact that availability of long-term instrumental data is sparse at elevations above 2,000 m (see Table 1). In a previous study that targeted precipitation using the WRF model and observations in the Nahuelbuta Mountains, part of the Chilean coastal range at 38°S with elevations above 1,300 m, Garreaud et al. (2016) found a uniform 50% bias from the surface to the top of the mountains on both slopes.

Our results show a good agreement between the WRF simulations and observations for seasonal and interannual variability. The WRF simulations, both at 3 and 9 km, outperforms ERA-I with improvement of topographic enhancement, leading to the best accuracy of precipitation amount both on the windward and leeward side of the Andes.

The ability of the WRF simulations to capture the seasonal accumulated precipitation is higher in the warm season than in the cold season, as revealed by the relatively lower PB and MAE values. In addition, WRF improvement varies according to precipitation extremes. WRF3km captures the moderate precipitation (lower-percentiles) more realistically than precipitation extremes. On the contrary, WRF9km represents better performance in relation to precipitation extremes, but represents larger errors in moderate precipitation events.

This study provides important results and implications for precipitation in complex terrains, indicating topographic influences. The higher resolution allows for a better representation of precipitation fields as elevation increases, which is more related with representation of regional processes such as wind and humidity intrinsic by the orographic dependence. Additionally, we have shown that both WRF simulations capture precipitation with good accuracy, therefore a resolution of 9 km may be a good option when elevation or complex terrain is not relevant, alleviating operational costs.

The analyses presented in the current study are subject to a few limitations that could be tested in the future and may vary the results: (a) the need to consider a greater number of weather stations to expand the study area and (b) evaluation of different physics parameterization schemes of the WRF model, in order to better understand the differences between the simulations and errors. Finally, this has produced a long term, high resolution dataset that can be a useful tool for understanding the climate in mountainous areas, as well as in extreme events. The results contribute to additional data in the region and can be used for hydrological studies.
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