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This study examines the implications of Tropical Montane Forests (TMFs) loss on orographic precipitation in the Eastern slopes of the Andes (EADS). The focus is on moist processes for synoptic regimes associated with significant EADS precipitation: (1) monsoon rainfall for weak and strong South America Low-Level Jet (LLJ) conditions and (2) heavy rainfall associated with cold air intrusions (CAI) in the dry season. High-resolution simulations using the Weather Research and Forecasting (WRF) model were conducted for realistic and modified land-cover resulting from the conversion of TMFs to savanna. The deforestation scenarios result in 50–100% decrease (up to ∼400 J kg–1) in Convective Available Potential Energy (CAPE) spatially organized by land-cover change along the EADS. Analysis of the differences in simulated frequency distributions of rainfall intensity shows robust daytime increases in light rainfall (<2 mm h–1) and decreases in moderate rainfall rates (2–10 mm h–1) in the altitudinal band 500–2,000 m where orographic enhancement is dominant. Whereas there are negligible changes in the spatial patterns of precipitation and hydrologic response for monsoon conditions, rainfall accumulations decrease for all cases, and the precipitation maxima shift downslope into the Amazon lowlands. Changes in rainfall amount and intensity result in runoff decreases of 5–10% at the event-scale for the CAI case. Sensitivity simulations for lower initial soil moisture conditions indicate a strong positive feedback of forest loss to hydrologic drought along the EADS foothills in the austral spring when CAIs play a key role in the tropical EADS dry season hydrometeorology.
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INTRODUCTION

Tropical Montane Forests (TMFs)—prevalent in the altitudinal band between ∼500 and 3,500 m (e.g., Fadrique et al., 2018)—have a complex connection to weather and climate, both globally and regionally. While the role of tropical lowland forests in the Earth’s carbon cycle has long been studied (e.g., Phillips et al., 1998; Malhi et al., 2009; and many others), there has been less research on the role of montane forests (Girardin et al., 2010). On the eastern slopes of the tropical Andes (EADS), forests are among the richest hotspots of biodiversity and endemism in the world, and because of steep slopes and fragile soils, they are also highly susceptible to erosion and degradation via landslide activity that in turn source the material fluxes from the Andes into the Amazon. Lowman and Barros (2014) demonstrated the strong association between landform in the Tropical Andes, including EADS drainage networks, and the spatial distribution of precipitation and erosion rates. Drier climate in the future and upslope expansion of anthropogenic land-use and land-cover change have been linked to increased fire activity in tropical cloud forests (typically at elevations > 2,500 m; e.g., Román-Cuesta et al., 2011 among others). Oliveras et al. (2014) showed that TMFs go through a complex rejuvenation process that takes at least 15 years to recover after disturbances near the Andean tree line. While fires might result in downward forest migration, increasing temperatures due to climate change could drive upward expansion of tropical forests. Feeley et al. (2011) examined the sensitivity of the distribution of tropical forests to climate variability. Their analysis of forest inventory data between 950 and 3,400 m in Manu National Park, Peru, shows a gradual upward shift of elevation mean distribution, possibly already evidence of adaptation to rising temperatures. In the tropical Andes, a recent survey using ground-validated MODIS land cover data reveals significant forest loss from 2001 to 2014 between 1,000 and 1,499 m and a gain for elevations above 1,500 m (Aide et al., 2019).

The impact of deforestation below 1,500 m on the local climate is complicated due to non-linear climate–vegetation interactions. The compounding effect of forest loss and increased air temperatures is expected to result in increased water stress in the dry season under future climate conditions (Malhi et al., 2008). One mechanistic pathway to explain the potential for enhanced drought severity is through the land surface energy budget whereby decreases in albedo result in increases in net shortwave radiation and land surface temperature and sensible heat fluxes, thus larger Bowen ratios. Sun and Barros (2015a; 2015b) investigated the contribution of surface evapotranspiration to cloudiness, moist convection and precipitation along the eastern flanks of the tropical Andes (EADS) during the wet season through numerical experiments designed to elucidate the specific pathways of Evapotranspiration-Precipitation Interactions (EtPI). In their idealized experiments, the moisture input to the planetary boundary layer via local surface latent heat fluxes (i.e., evapotranspiration) was isolated and removed while land surface conditions were kept the same. In particular, Sun and Barros (2015a) showed that the contribution of surface latent heat fluxes explains a positive storm-scale EtPI feedback on precipitation (enhancement factor of 1.6) realized through increases in low-level instability and entropy that impact convective activity along the foothills and favor upslope moisture transport from low to mid and high-elevations. Even if specific long-term secondary impacts on regional climate are difficult to extrapolate due to non-linear interactions among large-scale remote climate change impacts on moisture flux convergence patterns and precipitation at local and regional scales, these previous studies support the hypothesis that decreases in orographic precipitation, and thus intensification of meteorological drought, and through cascading effects hydrological drought and fire risk should be expected from EtPI feedbacks associated with forest removal.

In this study, the objective is to investigate how realistic land-cover changes impact orographic precipitation processes in the EADS with implications for hydrologic response. In particular, the impact of extending land-cover changes due to anthropogenic activities from low (∼500 m) to high elevations near the treeline (∼3,500 m) is examined by converting TMFs to savanna in the tropical EADS (Figure 1) for three weather regimes that dominate regional precipitation climatology. Building on previous work, a Cold Air Intrusion (CAI) during October 3–6, 2013, associated with extreme rainfall in the central Andes (Eghdami and Barros, 2019a), is selected for the dry season. CAIs are recurrent synoptic-scale features in South-America, and Eghdami and Barros showed that during CAI events, high atmospheric moisture contents and strong shallow convection lead to localized extremes in orographic precipitation along the EADS foothills as the cold front propagates northward. The two other cases are monsoon events from Sun and Barros (2015a, b) associated with South America Weak Low-Level Jet (WLLJ) and Strong Low-Level Jet (SLLJ) conditions along the tropical EADS slopes at low levels. Note that by changing vegetation from TMF to savanna, this implies changes not only in evapotranspiration tied to plant functional type but also changes in surface albedo, emissivity, and surface roughness, which is different from Sun and Barros (2015a, b). The manuscript is organized as follows. Section “Experimental Design” describes the numerical experiment design and provides an overview of the meteorological setting for each of the three cases. The results are analyzed and discussed in Section “Results and Discussion”, followed by Conclusions and Outlook in Section “Conclusion and Outlook”.


[image: image]

FIGURE 1. (A) Domain setup for numerical simulations with 3 nested domains with gradually smaller grid spacing: D01 (18 km), D02 (6 km), and D03 (1.2 km). (B) Default USGS 24-land use categories in WRF version 4.1 for (D02, 18 km) and (C) modified land use category shown with a green shade. The hashed contour areas show the elevations between 500 and 3,500 m. (D) Zoom of (B) over the region of study.




EXPERIMENTAL DESIGN

The numerical experiments are designed to investigate the impact of replacing tropical montane forests by savanna on moist processes and atmospheric circulation in the eastern Andes at the storm-scale following previous studies (Sun and Barros, 2015a, b; Eghdami and Barros, 2019a, b). The numerical set-up (Figure 1A) consists of 3-domain nested grids, and 1.2 km grid-spacing in the inner nested domain to capture the interactions between strong synoptic systems and complex topography. The grid-spacing ratio between the outer (D01, 18 km) and intermediate (D02, 6 km) domains is 1:3 with 316 × 496 and 442 × 607 horizontal grid points, respectively (Figure 1). The grid-spacing ratio between the intermediate and inner domains (D03, 1.2 km) with 756 × 726 horizontal grid points is 1:5. All the domains have 60 vertical layers in the atmosphere with the top at 50 hPa and 4 soil layers at the bottom. Here, the latest version of the Weather and Research Forecasting model (WRF version 4.1, Skamarock et al., 2019) to solve the compressible Eulerian non-hydrostatic flow equations is applied with a 6-h spin-up time in the outer domain grid (D01) and one-way coupling between nested grids. WRF version 4.1 uses terrain-following, mass-based, hybrid sigma-pressure vertical coordinates, superior to the previous vertical coordinates in complex topography. Initial and boundary conditions are extracted from the National Centers for Environmental Prediction Final Operational Global Analysis (NCEP FNL) available at 1° × 1° resolution every 6 h (Kalnay et al., 1996) with 26 vertical layers between 1,000 and 10 hPa in addition to the surface layer. The selection of physical parameterizations follows recent studies of orographic precipitation (e.g., Wilson and Barros, 2015, 2017) and includes the Mellor–Yamada–Nakanishi–Niino (MYNN level 2.5; Nakanishi and Niino, 2006) planetary boundary layer scheme, the Milbrandt microphysics scheme (Milbrandt and Yau, 2005a, b), and the Noah land surface model (Ek et al., 2003). The Rapid Radiative Transfer Model (RRTM) (Mlawer et al., 1997) and the Dudhia scheme (Dudhia, 1989) are used to estimate longwave and shortwave radiation at 1 min intervals. The Kain-Fritsch cumulus parameterization (Kain, 2004) scheme is applied in the outer and intermediate domains, whereas in the inner domain, convective processes are explicitly resolved.

The control simulations rely on land-cover classes from the default United States Geological Survey (USGS) datasets available in WRF. Figure 1B shows the WRF default land cover and topography. In the modified land cover simulations, the evergreen broadleaf trees index between 500 and 3,500 m is overwritten with the savanna index (Figure 1C, green colors). Note the latitudinal variability of the altitudinal extent of this replacement that tracks the tree line. The Weak and Strong Low-Level Jet (hereafter, WLLJ and SLLJ, respectively) and the Cold Air Intrusion (hereafter, CAI) events are simulated for both control (original TMF) and modified land-cover conditions (savanna). The letter “S” is appended to the name of simulations using the modified land cover referred to as WLLJS, SLLJS, and CAIS (Table 1).


TABLE 1. Summary of WRF 4.1 simulations.
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Detailed synoptic-scale analysis of the three events simulated here can be found in Sun and Barros (2015a, b) for the WLLJ and SLLJ cases, and in Eghdami and Barros (2019a) for the CAI case. For assessing the impact of land-cover change on atmospheric moist processes, the focus here is on low-level instability changes as measured by Maximum Convective Available Potential Energy (MCAPE) and precipitation changes along the EADS foothills. Lastly, an exploratory sensitivity analysis to examine the hydrometeorological feedback of forest loss for dry spells in the austral spring season is conducted by repeating the CAI case-study for initial conditions corresponding to a 20% decrease in soil moisture as a proxy of water stress conditions for both control (CAID) and deforestation scenarios (CAIDS). A summary list of the eight simulations is presented in Table 1.

Even small differences in land-cover and topography can have an important impact on high-resolution Numerical Weather Prediction (NWP) simulations of surface temperature and precipitation (Schicker et al., 2016; Serafin et al., 2018) that can be amplified depending on stability conditions (Tao and Barros, 2008). Saavedra et al. (2020) used an updated land use and topography dataset (the data are from Eva et al., 2004) instead of the default datasets in their simulations with WRF v3.7 and claimed reduced bias of simulated January precipitation and surface temperature in the Andes against observations. This improvement was attributed to changes in circulation to better representation of moist fluxes near the surface. Here, the focus is on assessing the impact of land-atmosphere interactions tied to land-cover changes on stability conditions and precipitation by differencing Control (original TMF) and modified land-cover simulations.

Figures 2, 3 show the evolution of MCAPE and 850 hPa winds at selected times during the WLLJ and SLLJ events, respectively. The WLLJ case (January 15 00Z to 16 12Z, 2003) is associated with persistent northwesterly winds along the eastern flanks of the Andes. The maximum equivalent potential temperature (θe) height level in the lowest 3,000 m is found as a reference for MCAPE using a parcel with a depth of 500 m centered at this maximum reference. The moisture and temperature characteristics of this parcel are used for calculating the MCAPE using wrf-python software (Ladwig, 2017). The CAPE values during the afternoon (January 15 18Z and January 16 00Z) are between 1,000 and 2,000 J Kg–1, indicative of unstable conditions and convective activity that can be further enhanced by orographic forcing. The SLLJ case (February 06 00Z to 07 12Z, 2003) is dominated by a stronger northwesterly low-level jet, a prominent monsoontrait. Due to the presence of strong synoptic controls on moisture flux convergence, the local impacts on rainfall due to the savanna expansion are very small. The CAPE values are generally higher for SLLJ than for WLLJ conditions and peak in the afternoon (February 06 18Z and February 07 00Z) in the 2,000–3,000 J Kg–1 range. In this SLLJ case, there is no system of high pressure in the mid latitudes, which is a significant feature of the CAI case.
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FIGURE 2. WRF simulation (D01, 18 km) of the WLLJ case during January 15 00Z to 16 12 Z, 2003. The maps show the evolution of the MCAPE in the lower 3,000 m during the simulation. The streamlines show the 850 hPa horizontal wind and the blue contour delineate the 1,020 hPa sea level pressure.
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FIGURE 3. WRF simulation (D01, 18 km) of the SLLJ case during February 06 00Z to 07 12 Z, 2003. The maps show the evolution of the MCAPE in the lower 3,000 m during the simulation. The streamlines show the 850 hPa horizontal wind and the blue contour delineate the 1,020 hPa sea level pressure.


The CAI case (October 3 00Z to 6 00Z, 2013) is associated with a torrential rainfall event on October 4, 2013, recorded by rain gauges along an altitudinal transect in the Madre de Dios river basin (Barros, 2013) with up to 200 mm of rainfall measured over approximately 6 h at the orographic optimum (~1,500 m elevation). The MCAPE evolution during the CAI case is shown in Figure 4. In this case, northwesterly 850 hPa horizontal winds can be seen along the eastern flanks of Peruvian Andes during the first day of simulation (October 3). The cold front propagates northward, bringing cold and dry southerly winds to the tropics by the second and the third days. CAPE values during the second and third days of the simulations (October 4 18Z, 5 00Z and 5 18Z, 6 00Z) exceed 2,000 J Kg–1 (3,500 J Kg–1 in D03, not shown) consistent with highly unstable conditions and enhanced convective activity along and ahead of the CAI front.
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FIGURE 4. WRF simulation (D01, 18 km) of the CAI case from October 3 00Z to 6 00Z, 2013. The maps show the evolution of the MCAPE in the lower 3,000 m during the simulation. The streamlines show the 850 hPa horizontal wind and the blue contours delineate the 1,020 hPa sea level pressure.




RESULTS AND DISCUSSION

Figures 5A,B show the mean and standard deviation of the daytime differences in MCAPE calculated as (TMF-Savanna) for the WLLJ case (10 a.m. to 6 p.m.) when convective activity is dominant. The positive differences in mean MCAPE within the EADS’ hatched area are closely aligned with the land cover changes depicted in Figure 1D. Higher convective activity above the 500 m elevation contour line in the control case promotes convective cloudiness and rainfall at higher elevations. Consequently, a downslope shift in the precipitation pattern results from the replacement of the montane forests with savanna. The spatial co-organization of changes in the mean MCAPE away from the EADS into the Amazon foreland basin along with larger standard deviations are attributed to the inherent chaotic properties of weather systems in those areas and do not represent a systematic cause-effect impact of land-cover change. Similar maps of the mean and standard deviation of the daytime differences in MCAPE for the SLLJ case (10 a.m. to 6 p.m.) are presented in Figures 5C,D. The positive differences in mean MCAPE in the EADS hatched area exhibit features similar to the WLLJ, showing a systematic enhancement of land-atmosphere interactions when the forest is present. Albeit small, the results further support the downslope shift in the precipitation pattern due to the replacement of montane forests with savanna. Whereas land-cover change impacts similarly both monsoon cases, event-specific impacts are quantitatively constrained by the synoptic environment. The enhancement seen in the lower elevations and away from the foothills is not similar to the WLLJ case, and the overall impact is much reduced.
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FIGURE 5. Mean (A) and standard deviation (B) of differences (WLLJ – WLLJS) in MCAPE between the control and the modified land-use simulation from the WRF simulation (D02, 6 km) for WLLJ case. The mean and standard deviation are calculated for the daytime that is between 15Z and 23Z (10 a.m. to 6 p.m. LT). The hashed lines show the elevation band between 500 and 3,500 m. (C,D) are similar but for SLLJ case.


The spatial patterns on the EADS slopes (hatched area) in Figure 6 are similar to those in Figure 5, and show enhanced MCAPE above the 500 m contour during the first day (top row) with enhanced MCAPE areas aligned with the regions where the TMF was replaced. During the second (middle row) and third days (bottom row), significant differences in the spatial patterns of mean MCAPE associated with savanna in the 500–3,500 m elevation bands track the northward propagation of the CAI front. On the first day, EtPI play a governing role in organizing EADS convective activity everywhere. Upon the arrival of the CAI front, synoptic and regional scale dynamics are dominant, stable and cold conditions prevail behind the front, and thus EtPI are active ahead of the front only in the second and third CAI days. Note the spatial agreement between the standard deviation and the average daytime MCAPE differences consistent with intense convective activity at the intersection of the front with the topography, as pointed out by Eghdami and Barros (2019a) along the EADS, and ahead of the front at low elevations in the Amazon basin. Furthermore, the reduction in MCAPE (up to 400 J kg–1) for the savanna simulation relative to the TMFamounts to 50–100% decrease (see Supplementary Information S1). This reduction results in less convective activity after conversion to savanna due to the decrease of latent heat fluxes into the planetary boundary layer.


[image: image]

FIGURE 6. Mean (left column) and standard deviation (right column) of differences (CAI – CAIS) in MCAPE between the control and the modified land-use simulation from the WRF simulation (D02, 6 km) for the CAI case. The mean and standard deviation are calculated for daytime that is between 15Z and 23Z (10 a.m. to 6 p.m. LT). The hashed lines show the elevations between 500 and 3,500 m. white background-not defined.


Replacement of the TMF with savanna results in reduced latent heat flux, weaker convective activity, and vertical transport of moisture leading to decreased precipitation on the EADS slopes above 500 m. Figure 7 shows the average accumulative rainfall from the high-resolution domain (D03, 1.2 km) for a 30 km wide cross-section centered at 13.00 S. This cross-section is chosen as it is close to the Madre de Dios rain gauge network that measured a record high rainfall of 200 mm in less than 6 h on October 3–4, 2013 (CAI case, see Eghdami and Barros, 2019a). The overall precipitation pattern over the mountains does not change significantly (Figure 8, top row), but the peak of accumulated rainfall shifts downslope with rainfall decreasing between 500 and 1,500 m and rainfall increasing toward the lower elevations (below 500 m). The results are similar for the WLLJ case (Figure 8, bottom row) with weak attenuation of rainfall over the EADS, especially at mid elevations (between 500 and 1,500 m, the orographic optimum), and heavier rainfall lower elevations similar to results in Sun and Barros (2015a). The precipitation is not significantly impacted for the SLLJ case. The results are in agreement with the changes in the MCAPE patterns (Figures 5, 6) and the spatial fields of the daily averaged cloud content (Supplementary Information S2).
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FIGURE 7. Hövmöller diagram of the evolution of accumulative rain for TMF runs (left column) and the accumulative rain differences TMF-savanna (right column), respectively, for WLLJ and WLLJS (A,B), SLLJ and SLLJS (C,D), and CAI and CAIS (E,F) cases. The rain is accumulated from the beginning of each simulation. The values are from the WRF high-resolution domain (D03, 1.2 km) averaged over a 30 km wide cross-section band centered at latitude 13.00 S. The blue line shows the topographic profile at 13.00 S. The circles mark the 500 and 1,500 m elevations.
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FIGURE 8. Map of rainfall accumulation for CAI and CAIS (top row) and WLLJ and WLLJS (bottom row) WRF simulations over D02. The box delineates D03.


Differences in the frequency distribution of daytime rainfall intensities between the TMF and the savanna simulations organized by altitudinal band are shown in Figure 9 for D02. The results show increases in the frequency of light rainfall rates (< 2 mm/h) and decreases in moderate rain rates (2–10 mm h–1), especially at intermediate elevations where orographic enhancement is stronger (500–2,000 m; Classes B, C, and D, confidence level in the 95–99%, Supplementary Information S1). The decrease in the frequency of rainfall intensity in the 8–12 mm/h range in the 500–1,000 m elevation band (Class B) and the 20 km downslope shift in maximum precipitation on the second day of the CAI event are closely associated (Figure 7, CAI case). Rain rates at low elevations (Class A, Figure 9A) generally remain unaltered, and changes at high elevations (Class E, 2,000–2,500 m) are only significant in the first day of the CAI event when the front is still to the south of the region of interest. The switch to light rainfall in the WLLJ and SLLJ cases is consistent with Sun and Barros (2015a) who linked the altitudinal reach of daytime orographic precipitation to upslope moisture flux convergence enhanced by EtPI. The differences are less pronounced for the SLLJ case for which local impacts are very small. Changes are negligible for heavy rainfall rates (> 10 mm/h) due to the WRF model lacking the ability to produce intense rainfall in D02 (6 km resolution) since convective processes are not resolved explicitly.
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FIGURE 9. Map of (A) elevation classes, where A corresponds to the 120 km through the east of the 500 m elevation contour, B, C, D, and D correspond to 500–1,000, 1,000–1,500, 1,500–2,000, and 2,000–2,500 m, respectively. Difference in distribution of rain rate between the control and the modified simulation from the WRF simulation (D02, 6 km) classified by elevation and 10-20S latitudes for WLLJ, SLLJ, and CAI cases are shown in (B–F), respectively. The values for each distribution are for daytime between 15Z and 23Z corresponding to 10 a.m. to 6 p.m. local time.


Despite significant differences in rainfall intensity organized by altitude, the simulations show no significant differences in soil moisture fields (<5%) between TMF and savanna scenarios for all simulations (Supplementary Information S3). The small differences in soil moisture suggest that the hydrologic response to lower rainfall intensities must be to lower runoff production. The runoff impacts are very small for the WLLJ and SLLJ cases during the monsoon, however, they are substantive for the CAI case in the dry season as shown by Figure 10. Note the much smaller area of runoff production as compared to rainfall and the difference in the spatial patterns. Whereas the rainfall difference maps between CAI and CAIS show the shift of heavy precipitation to lower elevations (blue tones aligned with the 500 m contour), the runoff difference patterns do not follow the rainfall and show high spatial variability within an elevation band reflecting the role of initial soil moisture conditions (e.g., locally available infiltration capacity at the beginning of the storm event) and other landscape heterogeneities (e.g., soil texture and landform) in runoff production.
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FIGURE 10. Map of top 40 cm (top two layers) initial soil moisture conditions (D02, 6 km) for the CAI and CAIS WRF simulations (left panel). Maps (D03, 1.2 km) of differences in accumulative rainfall (mid panel) at the end of the simulation and in surface runoff (right panel) between CAI and CAIS; CAID and CAIDS. Blue (red) tones indicate higher (lower) values for CAIS (CAID and CAIDS).


The initial soil moisture conditions during the monsoon are very wet north of 13S and exhibit large spatial variability. Similarly, the initial soil moisture fields were high in the context of typical dry season conditions for the specific CAI case examined here. To address concerns regarding uncertainty in the spatial variability of initial soil moisture, two CAI TMF and savanna simulations were conducted prescribing uniform initial soil moisture conditions east of the continental divide at 85% saturation representative of highest soil moisture among all cases studied. The results (Supplementary Information S4) show changes in MCAPE organized by savanna, downslope displacements of precipitation features, and shifts in rainfall from moderate to light rainrates similar to CAI-CAIS and CAID-CAIDS, which supports the governing role of EtPI processes in regional moist processes. To examine the sensitivity of the hydrologic response under water stress conditions, two additional CAI simulations were conducted with initial soil moisture reduced by 20% relative to the control to mimic changes in antecedent conditions at the end of a drought spell (e.g., CAID and CAIDS in Table 1). The CAID simulations for the realistic TMF scenario show no significant changes in rainfall and significant changes in runoff production relative to CAI. The CAIDS simulations exhibit the same spatial patterns in rainfall distribution and rainfall intensity (Supplementary Information S5) at intermediate elevations as CAIS albeit with a significant reduction in cumulative precipitation that translates into a reduction in area and depth of runoff production across altitudes where orographic enhancement is most effective (B and C: 500–1,500 m; Figure 11A). More importantly, if the runoff producing areas are separated in two areas with grid-scale cumulative runoff (CR) depth below (Figure 11B) and above 20 mm (Figure 11C), it is apparent that the shift of heavy precipitation from altitudinal band C (1,000–1,500 m) to B (500–1,000 m) results in clusters of high runoff production in B for CAIS. The overall reduction of runoff volume along the EADS foothills is amplified by more than 10-fold for CAIDS relative to CAI (47.2 × 10–3 km3) vis-à-vis CAIS relative to CAI (3.4 × 10–3 km3). Furthermore, the runoff volume reduction between control (CAI) and dry initial soil moisture is twice as large for CAIDS (23%) as for CAID (12%), a difference that is equivalent to the low mean daily volume of discharge of the Ucayali River (a tributary of the Amazon River) at Puccalpa in the spring (Ettmer and Alvarado-Ancieta, 2010; see Supplementary Information S6 for map). This amounts therefore to a large positive feedback of forest loss and savanna expansion that enhances hydrologic drought in the austral spring in the region of the EADS that spans the headwaters of the Amazon River and its tributaries. In summary, the conversion of TMF to savanna potentially leads to the amplification of hydrologic drought in the dry season over the EADS resulting in less erosion at the event-scale due to decreases in rainfall intensity and runoff (e.g., Lowman and Barros, 2014; Angulo-Martínez and Barros, 2015), decreased river discharge and river carrying capacity, and consequently reduction in material fluxes from the EADS to the Amazon foreplain.
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FIGURE 11. Total surface runoff (A) from D02 (6 km) for the time of the duration of the CAI event and surface runoff stratified by grid-scale cumulative runoff depth (CR) below (B) and above (C) 20 mm for each elevation class as shown in Figure 9. Altitudinal bands: A corresponds to the 120 km through the east of the 500 m elevation contour, B, C, D, and D correspond to 500–1,000, 1,000–1,500, and 1,500–2,000, respectively. The runoff producing area varies with elevation band (e.g., Figure 10 for CAI and CAIS).




CONCLUSION AND OUTLOOK

The Weather Research and Forecasting (WRF) model was used to investigate the impact of changes in land-cover, in particular ongoing removal and replacement of Tropical Montane Forests (TMFs) in the eastern flanks of the Andes, on orographic precipitation. Three synoptic regimes representative of regional rain-producing conditions were selected to evaluate the land cover change in the TMF altitudinal band (500–3,500 m), specifically replacing evergreen broadleaf forest with woody savanna. The results show that conversion to savanna in the orographically active TMF altitudinal band will directly impact the surface energy and moisture budgets, low-level stability in the atmosphere, upslope moisture flux convergence, and consequently, the diurnal cycle and spatial distribution of precipitation on the eastern flanks of the tropical Andes. More importantly, changes in the frequency distribution of rainfall intensity point to a shift from moderate intensity (2–10 mm h–1) to light rainfall (<2 mm h–1). Changes in heavy rainfall cannot be assessed conclusively because of the limitations of parameterized convection at the relatively coarse resolution of D02 (6 km) on the one hand, and the limited size of D03 (1.2 km) on the other. Decreases in rainfall intensity result in systematic decreases in runoff production along the EADS that are especially significant for the CAI event that is representative of regional hydrometeorology in the dry season.

This manuscript provides a mechanistic framework to examine the implications of ongoing deforestation in the western Amazon through the lens of the moisture pathway of land-atmosphere interactions: changes in evapotranspiration drive changes in atmospheric stability that in turn drive changes in rainfall intensity and consequently changes in rainfall-runoff response. This physics explains how documented decreases in dry season (austral winter and spring) river discharge in the western and southern Amazon basin can be attributed, at least in part, to forest loss and land-cover change (e.g., Upper Madeira basin over the last 20 years, Aide et al., 2019; Espinoza et al., 2019). Whereas this positive feedback is unambiguous at weather scales, only long-term simulations can provide fully quantitative insight into the impact of persistent land-cover changes on regional hydrology and ecohydrology. Projected dry season increases in drought severity from climate change should further stress the coupled land-atmosphere system. The compound effect of forest loss and warmer temperatures can be assessed best through long-term simulations including inter-annual and decadal climate variability (e.g., Nobre et al., 2016) that are out of the scope of the present study.
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