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To explore the potential impacts of climate change on pre-
cipitation and mesoscale convective systems (MCSs) in the
Peruvian Central Andes, a region with complex terrain, two
future and one historical convection-permitting regional cli-
mate simulations are conducted using theWeather Research
and Forecasting (WRF) model. All simulations adopt con-
sistent model configurations and two nested domains with
grid spacings of 15 and 3 km covering the entire South
America and the Peruvian Central Andes, respectively. The
future simulations are run for 2070–2080 and driven by
a bias-corrected global dataset derived from the Coupled
Model Intercomparison Project Phase 6 (CMIP6) ensemble
under the SSP2-4.5 and SSP5-8.5 emission scenarios. Re-
sults showgeographically dependent changes in annual pre-
cipitation, with a consistent rise in the frequency of intense
hourly precipitation across all examined regions. The west-
ern Amazon Basin shows a decrease in annual precipitation,
while increases exist in parts of the Peruvianwest coast and
the east slope of the Andes under both future scenarios. In
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the warming scenarios, there is an overall increase in the
frequency, precipitation intensity, and size of MCSs east of
the Andes, withMCS precipitation volume increasing by up
to ∼22.2%. Despite consistently enhanced synoptic-scale
low-level jets in future scenarios, changes in low-level dy-
namic convergence are inhomogeneous and predominantly
influence annual precipitation changes. The increased con-
vective available potential energy (CAPE), convective inhi-
bition (CIN), and precipitable water (PW) in a warming cli-
mate suppress weak convection, while fostering a more un-
stable and moisture-rich atmosphere facilitating more in-
tense convection and the formation and intensification of
heavy precipitation-producing MCSs. The study highlights
the value of convection-permitting climate simulations in
projecting future severe weather hazards and informing cli-
mate adaptation strategies, especially in regions character-
ized by complex terrain.
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1 | INTRODUCTION1

Understanding the impacts of climate change on hydroclimatic variables is vital for a wide range of sectors, including2

agriculture, water resources, transportation, and disaster management (IPCC, 2021). As climate change continues to3

impact weather systems and water cycles, having reliable future projections is crucial for mitigating risks and ensuring4

sustainable development (IPCC, 2022a,b; Zaitchik et al., 2023). In this context, global climate models (GCMs) have5

been widely used to produce climate change projections under different scenarios at global and continental scales6

(O’Neill et al., 2016; Juckes et al., 2020; IPCC, 2021). However, due to constraints in computational resources the7

coarse spatial resolution of current GCMs (typically at grid spacings of ∼100 km, Juckes et al., 2020) is a significant8

limitation to represent local forcings and precipitation processes (or weather conditions), particularly in regions with9

complex topography (Giorgi, 2019; Kendon et al., 2021; IPCC, 2021).10

Regional climate modeling (i.e., dynamical downscaling) offers a temporary solution to this issue, especially when11

using convection-permitting models (CPMs) typically at a grid spacing of 4 km or less (Prein et al., 2015; Giorgi, 2019;12

Kendon et al., 2021; Lucas-Picher et al., 2021). Because CPMs have capabilities to capture local-scale forcings with a13

greater detail, represent local- and meso-scale dynamics, thermo- and hydro-dynamics more realistically, and resolve14

deep convection explicitly, their added value in simulating precipitation and mesoscale convective systems (MCSs)15

in different regions around the world has been highlighted by many previous studies (e.g., Prein et al., 2013; Fosser16
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et al., 2015; Sun et al., 2016; Gao et al., 2017; Karki et al., 2017; Kendon et al., 2017; Liu et al., 2017; Stratton et al.,17

2018; Zhu et al., 2018; Berthou et al., 2020; Fumière et al., 2020; Guo et al., 2020; Kouadio et al., 2020; Lind et al.,18

2020; Prein et al., 2020; Schumacher et al., 2020; Li et al., 2021; Halladay et al., 2023; Huang et al., 2023a,b; Paccini19

and Stevens, 2023). Thus, the adoption of CPMs for climate impact projections has been on the rise, particularly for20

examining phenomena at local and mesoscale levels (e.g., Ban et al., 2015; Liu et al., 2017; Komurcu et al., 2018;Wang21

and Wang, 2019; Kendon et al., 2019; Vanden Broucke et al., 2019; Chan et al., 2020; Fosser et al., 2020; Knist et al.,22

2020; Kurkute et al., 2020; Chapman et al., 2021; Chen et al., 2021; Ikeda et al., 2021; Qing and Wang, 2021; Ascott23

et al., 2023; Gensini et al., 2023; Hwang et al., 2023; Lind et al., 2023; Sonuç et al., 2023). Many CPM studies indicated24

that the frequency and intensity of hourly or sub-daily intense precipitation are projected to increase in different25

regions around the world under higher greenhouse gas emission scenarios (e.g., Ban et al., 2015; Prein et al., 2017b;26

Berthou et al., 2019; Kendon et al., 2019; Vanden Broucke et al., 2019;Wang andWang, 2019; Knist et al., 2020; Chen27

et al., 2021; Qing and Wang, 2021; Lind et al., 2023). For example, high-resolution CPM regional climate simulations28

over the US, show that in a future climate under the Representative Concentration Pathways 8.5 (RCP8.5) scenario,29

strong convection is expected to increase at the expense of weak to moderate convection, supported by changes in30

convective available potential energy (CAPE) and convective inhibition (CIN), potentially impacting Earth’s water and31

energy budgets (Rasmussen et al., 2020). Given thatMCSs are significant contributors to precipitation in many regions32

(Salio et al., 2007; Li et al., 2020; Roca and Fiolleau, 2020; Schumacher and Rasmussen, 2020; Anselmo et al., 2021;33

Hu et al., 2021; Kukulies et al., 2021; Zhao, 2022; Paccini and Stevens, 2023), understanding the behavior of MCSs34

in CPM-based climate projections is critical to enhancing our understanding of a changing convective population and35

precipitation in a future climate (e.g., Prein et al., 2017a; Fitzpatrick et al., 2020; Haberlie et al., 2023; Hwang et al.,36

2023). Prein et al. (2017a) indicated that, in the CPM simulations produced by Liu et al. (2017), the frequency of37

intense summertime MCS is projected to more than triple, and the total MCS precipitation volume is expected to38

increase by up to 80% in North America by the end-of-century under RCP8.5. Fitzpatrick et al. (2020) reported that39

the CPM simulations of Africa project a 28% increase in the extreme rain rate of MCSs by the end of the twenty-first40

century under RCP8.5, which is primarily explained by the projected increases in total column water. Hwang et al.41

(2023) conducted 4-km CPM simulations spanning 15 years for both current and future periods covering the central42

U.S.; they found significant changes in the initiation, longevity, and rain rates of warm-season MCSs under the Shared43

Socioeconomic Pathway 2-8.5 (SSP2-8.5) scenario, with precipitable water (PW) identified as themost crucial variable44

in understanding future changes. Haberlie et al. (2023) examined the 3.75-km CPM simulations produced by Gensini45

et al. (2023) and found the proportion of precipitation associated with MCSs significantly increases across the U.S. in46

both end-of-21st-century climate change scenarios (RCP4.5 and RCP8.5).47

Despite these advancements, studies of precipitation and MCSs and the associated climate change impacts using48

high-resolution CPM regional climate simulations remain limited in many parts of the world, such as South America,49

especially the Peruvian Central Andes, which is a region characterized by complex terrain and highly susceptible to50

the impacts of climate change (Schumacher and Rasmussen, 2020). Almazroui et al. (2021) analyzed the ensemble of51

GCMs from the Coupled Model Intercomparison Project Phase 6 (CMIP6) over South America and found that future52

precipitation exhibits an increase over the Peruvian Central Andes but a decrease over the Amazon Basin at themiddle53

and end of the twenty-first century, and the changes are consistent across four SSPs: SSP1–2.6, SSP2–4.5, SSP3–7.054

and SSP5–8.5. Hodnebrog et al. (2021) downscaled three GCMs to 50- and 10-km grid spacings covering Peru and55

found inconsistent precipitation trend projections as the model resolution increased. This resolution dependency sug-56

gests that CPM simulations are necessary to enhance the reliability of precipitation andMCS projections in this region,57

because both 50- and 10-km grid spacing models strongly rely on the highly uncertain cumulus parameterization to58

produce convective precipitation. Potter et al. (2023) used a bias-corrected 4-km CPM simulation as the historical59
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baseline and an ensemble of statistically downscaled CMIP5 models to reveal substantial increases in precipitation60

extremes and intensified meteorological droughts over the two most glacierized regions of Peru by the late twenty-61

first century under RCP8.5. However, uncertainties may arise from inconsistencies between the historical dynamical62

downscaling and the future statistical downscaling. Thus, the use of CPM climate simulations is highly desirable to63

produce more reliable future projections of precipitation and MCS activities in the Peruvian Central Andes region.64

The primary objective of this study is to fill the noted gap by producing CPM future projections and examining65

projected changes in precipitation patterns and MCSs in the Peruvian Central Andes region. This research is crucial66

for understanding regional hydrological cycles and extreme weather events, such as flash floods, in different climate67

change scenarios. Our findings will contribute to the growing body of evidence highlighting the benefits and advan-68

tages of CPMs in climate projections, especially in regions characterized by complex terrain like the Central Andes.69

The remainder of the paper is structured as follows: Section 2 describes the method and the datasets employed.70

Section 3 presents and discusses the projected changes in precipitation andMCSs. Conclusions and summary remarks71

are presented in Section 4.72

2 | METHOD AND DATA73

Both historical and future simulations in this study adopt the same model setup and physics scheme configurations74

as detailed in Huang et al. (2023a,b). Specifically, the simulations use WRF V4.2.1 (Skamarock et al., 2019) with two75

one-way nested domains, covering the entire South America with a 15-km horizontal grid spacing, and the Peruvian76

Central Andes with a 3-km horizontal grid spacing, respectively. The physics schemes employed for both domains in-77

clude Mellor-Yamada-Nakanishi-Niino (MYNN) level 2.5 planetary boundary layer (PBL) scheme (Nakanishi and Niino,78

2009), Thompson microphysics scheme (Thompson et al., 2008), Unified Noah land surface model (Ek et al., 2003),79

revised MM5 Monin-Obukhov surface layer scheme (Jiménez et al., 2012), and Rapid Radiative Transfer Model for80

GCMs (RRTMG) longwave and shortwave radiation schemes (Iacono et al., 2008). Tiedtke cumulus scheme (Tiedtke,81

1989) and spectral nudging are activated only in the outer domain (Huang et al., 2023b). The choice of the physics82

parameterization schemes is based on a larger number of sensitivity experiments run over a shorter period (Huang83

et al., 2023b) and two six-year historical runs (Huang et al., 2023a).84

Due to computational resource constraints, two historical simulations were run using two different PBL schemes,85

spanning the period from 2014 to 2019, with the first year as the spin-up period. Huang et al. (2023a) show that the86

simulation using the MYNN PBL scheme, as described above, has a better performance in precipitation simulation,87

and is therefore used as the historical benchmark in this study. We refer to this historical simulation as HIST and its88

physics configuration is also used for future projection simulations. The initial and boundary conditions of HIST are89

from the hourly ECMWF Reanalysis v5 (ERA5; Hersbach et al., 2020). An evaluation by Huang et al. (2023a) indicates90

that HIST can successfully reproduce the main spatiotemporal patterns of precipitation and MCSs in the Peruvian91

Central Andes region, and thus demonstrates the feasibility of CPM simulations with a limited historical period for92

projecting potential climate change impacts on precipitation and MCSs within the region.93

Two decade-long future simulations were conducted for the period 2070–2080 under two distinct SSP scenar-94

ios: SSP2-4.5 and SSP5-8.5, corresponding to the intermediate and very high greenhouse gas emission scenarios in95

CMIP6, respectively. The initial year (2070) serves as the spin-up period for both simulations. The two future simula-96

tions, hereinafter referred to as SSP245 and SSP585, respectively, are driven by a bias-corrected global future climate97

projection dataset based on the CMIP6 multi-model ensemble (Xu et al., 2021). The bias-corrected global dataset98

is derived from 18 better CMIP6 models run for the two SSP scenarios together with the ERA5 reanalysis (for bias99
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correction), which has been shown to have a better representation of the climatological mean, interannual variance,100

and extreme events than the individual CMIP6 model projections (Xu et al., 2021). This dataset has been used in101

several recent dynamical downscaling studies in different regions (Chang et al., 2023; Wang et al., 2023; Wu and102

Zheng, 2023; Yang et al., 2023). To be consistent, time-varying concentrations of greenhouse gases, as employed in103

the CMIP6 Scenario Model Intercomparison Project (ScenarioMIP) for SSP2-4.5 and SSP5-8.5 scenarios (O’Neill et al.,104

2016), were adopted in theWRF longwave and shortwave radiation schemes in the corresponding future simulations105

SSP245 and SSP585.106

The annual mean 2-m air temperature differences between SSP245 and HIST are found to be ∼2.09°C, ∼1.92°C,107

and ∼2.03°C for the mountain, foothill, and Amazon Basin regions, respectively. These corresponding differences108

between SSP585 and HIST are ∼3.45°C, ∼3.24°C, and ∼3.33°C, respectively.109

To examine changes in MCS characteristics, hourly precipitation data from both historical and future simulations110

are used to identify and trackMCSswith an object-trackingmethod, which employs a precipitation intensity threshold111

of 5 mm h−1 and a minimum precipitation object area of 1000 km2. For more details on the identification of MCSs,112

see Huang et al. (2023a).113

3 | RESULTS114

3.1 | Changes in precipitation115

In comparing annual precipitation patterns from the historical simulation (HIST) with future projections (SSP245 and116

SSP585) (Figs. 1a–c), it is evident that the SSP245 and SSP585 scenarios project a consistent trend: decreased an-117

nual precipitation over the western Amazon Basin and increased annual precipitation along the Peruvian west coast118

in regions below 1-km elevation, as well as in some regions on the east slope of the Andes above 1-km elevation (Figs.119

1d, e, g, and h). These changes are generally consistent with the results of GCM projections (Almazroui et al., 2021).120

Notably, the western Amazon Basin exhibits reductions in annual precipitation of up to 1 mm day−1 (as shown in Figs.121

1d and e), corresponding to a decrease of less than 20% (Figs. 1g and h) for both SSP245 and SSP585. Contrastingly,122

along the west coast, particularly in desert areas, the increase in annual precipitation can exceed 200%. Variations in123

annual precipitation within the four identified precipitation “hotspots” along the east slope of the Andes (highlighted124

by rectangles) are less uniform and generally not significant, characterized mostly by increased precipitation in areas125

above 1-km elevation and decreased precipitation below this elevation. The differences in annual precipitation be-126

tween SSP245 and SSP585 are marginal across most regions (Figs. 1f and i). For a clearer depiction, Fig. 2 presents127

the area-averaged annual precipitation in six selected regions (indicated in Fig. 1). Similarly, in regions 1–4 along the128

east slope of the Andes and region 6 on the west slope, differences between HIST and future simulations (SSP245 and129

SSP585) are not substantial. However, a significant reduction in annual precipitation in SSP245 and SSP585 compared130

to HIST is observed in region 5, located over the western Amazon Basin (Fig. 2). Interestingly, all six regions exhibit an131

increase in the standard deviation of annual precipitation in SSP245 and SSP558 relative to HIST (Fig. 2), indicating132

an enhanced variability in annual precipitation in a warming climate. It is also noteworthy that annual precipitation is133

predominantly influenced by precipitation during the austral summer. The differences in warm-season precipitation134

between the HIST and future simulations are similar to those seen in annual precipitation (not shown).135

To examine the sub-daily precipitation, Fig. 3 displays the frequency distributions of hourly precipitation across136

the six regions of interest (as depicted in Fig. 1) for HIST, SSP245, and SSP585. Distinct rightward shifts in precipita-137

tion intensity are witnessed when comparing the historical data (HIST) with future projections (SSP245 and SSP585)138

(Figs. 3a–f). In general, there is a clear trend of increased precipitation intensity at higher percentiles in both future139
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simulations, indicating a potential for more frequent extreme hourly precipitation events in a warmer climate. This140

trend is apparent in both humid areas, such as the identified precipitation hotspots along the east slope of the Andes141

(regions 1–4, Figs. 3a–d) and the western Amazon Basin (region 5, Fig. 3e) as well as in arid zones such as region 6 (Fig.142

3f). At the 99.9th percentile, the precipitation intensity is notably higher in future simulations, up to a 12.1% increase143

in region 4 for SSP245 (Fig. 3d) and up to a 16.9% increase in region 6 for SSP585 (Fig. 3f), compared to HIST. These144

increases underscore a potential intensification of the most extreme hourly precipitation events under the SSP2-4.5145

and SSP5-8.5 scenarios. Moreover, the difference between the two future scenarios becomes more pronounced with146

the increase of precipitation intensity, especially at the 99.9th percentile. For instance, precipitation at the 99.9th147

percentile in region 6 exhibits an increase of up to 10.2% when comparing SSP585 to SSP245 (as shown in Fig. 3f). It148

suggests that the SSP5-8.5 scenario, which assumes the highest radiative forcing, could lead to a significant amplifi-149

cation in the frequency and intensity of extreme hourly precipitation events. Besides, the analysis of the diurnal cycle150

of precipitation yields no significant changes in the diurnal precipitation phase and the spatial pattern of diurnal pre-151

cipitation peak time. Additionally, variations in the intensity of diurnal precipitation do not display a consistent trend152

across the various regions or seasons (not shown). This suggests that while other aspects of precipitation may be153

affected by climatic changes, the diurnal cycle of precipitation, at least in terms of peak timing and intensity, remains154

relatively stable. This is not surprising as the forcing mechanisms for precipitation diurnal cycles are not expected to155

change much with climate warming.156

Overall, changes in annual precipitation are location-dependent. Under both the SSP2-4.5 and SSP5-8.5 future157

scenarios, there is a general decrease in annual precipitation over the western Amazon Basin but an increase along the158

Peruvian west coast in areas below 1-km elevation and on the east slope of the central Andes above 1 km. Moreover,159

there is a consistent increase in the frequency of extreme hourly precipitation events across all examined regions160

including both humid and arid regions under the SSP2-4.5 and particularly under the SSP5-8.5 scenarios compared161

to HIST. This suggests a consistent trend toward more frequent intense precipitation events in the future, regardless162

of the typical humidity levels of the regions.163
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F IGURE 2 Area-averaged annual precipitation (mm day−1) for HIST (green), SSP245 (blue), and SSP585 (red) in
the six regions shown in Fig. 1. The error bars represent the range of ± one standard deviation. The black triangles
indicate the differences in mean annual precipitation between the historical (HIST) and the future simulations (SSP245
and SSP585) are statistically significant at the 0.05 level.Und
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F IGURE 3 Averaged frequency (# year−1) distribution of hourly precipitation (mm h−1) for HIST (green), SSP245
(blue), and SSP585 (red) in the six regions shown in Fig. 1. This analysis considers only data points where hourly pre-
cipitation exceeds 0.01 mm h−1 during the warm season (November to March). The Kolmogorov-Smirnov test reveals
that the differences in distributions between the historical (HIST) and the future simulations (SSP245 and SSP585) are
statistically significant at the 0.05 level. The vertical dashed lines mark the 99.9th percentile of precipitation values
(in mm h−1).
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3.2 | Changes in MCS characteristics164

Previous studies have highlighted the significant role of MCSs in contributing to annual precipitation in the Peruvian165

Central Andes region (Feng et al., 2021; Huang et al., 2023a; Paccini and Stevens, 2023). Additionally, MCSs are166

frequently associated with heavy precipitation and can result in severe flooding (Schumacher and Rasmussen, 2020).167

In light of their critical impacts, this section focuses on examining the projected changes in the activities and properties168

of MCSs in the Peruvian Central Andes region.169

In the historical simulation HIST, MCSs contribute over 25% of the annual precipitation and more than 30% at170

specific locations along the east slope of the Andes and over the western Amazon Basin (Fig. 4a). This contribution is171

somewhat lower than the values indicated in other studies based on coarser resolution gridded precipitation products,172

such as the IntegratedMulti-satellitE Retrievals for GPM (IMERG, at a grid spacing of 0.1°) (e.g., Feng et al., 2021). This173

discrepancy can be attributed primarily to two factors: the different MCS definitions adopted in this study compared174

to others (Feng et al., 2021; Huang et al., 2023a), and the underestimate of MCS size in CPM simulations relative to175

those identified in gridded precipitation products (Huang et al., 2023a). A significant amount of annual precipitation176

results from hourly precipitation exceeding 5 mm h−1 east of the Andes in CPM simulations, but these events occur177

in areas smaller than the precipitation area threshold of 1000 km2 for MCS identification (not shown). Despite these178

differences in the specific values of MCS contributions to annual precipitation, comparative analysis of future simu-179

lations (SSP245 and SSP585) against the historical data (HIST) remains a viable method to assess relative changes in180

MCS contributions to annual precipitation. In the future simulations (SSP245 and SSP585, Figs. 4b and c), the regions181

where the contribution of MCS precipitation to annual total precipitation exceeds 25% extends over most areas east182

of the Andes. Notably, areas with MCS contributions exceeding 30% expand in future simulations, with the highest183

contributions exceeding 40%, particularly in SSP585. Almost all areas east of the Andes within the study domain184

exhibit an increase in MCS precipitation contribution, with some areas experiencing increases of over 15% in both185

SSP245 and SSP585 (Figs. 4d and e). This trend occurs despite a decrease in annual precipitation in some regions,186

especially over the western Amazon Basin (Figs. 1d and e). Furthermore, the difference in percentage between the187

future simulations (SSP245 and SSP585) and the historical simulation (HIST) can exceed 200% along the east slope of188

the Andes (Figs. 4g and h). Although there are no significant differences in annual precipitation between SSP245 and189

SSP585 (Figs. 1f and i), SSP585 shows a MCS precipitation contribution up to 9% (over 20% in percentage) higher in190

most areas east of the Andes (Figs. 4f and i).191

Figure 5 displays the seasonal distribution ofMCS genesis frequency in HIST, SSP245, and SSP585 as well as their192

differences. In HIST, the occurrence of MCSs is concentrated in specific regions, mainly at the precipitation hotspots193

along the east slope of the Andes and over the western Amazon Basin, with a higher frequency during the DJF194

(December-January-February) and MAM (March-April-May) seasons (Figs. 5a1–a4). Compared to HIST, SSP245 and195

SSP585 exhibit an overall increase in the genesis frequency of MCSs at the MCS genesis hotspots across all seasons,196

especially in DJF and MAM (Figs. 5b1–e4). The differences in the genesis of MCSs between the future and historical197

simulations (SSP245 minus HIST and SSP585 minus HIST) can be up to three MCSs per season, especially along the198

eastern Andes in DJF and MAM (Figs. 5d1–e4). The difference between SSP585 and SSP245 suggests a further199

increase in MCS genesis frequency under the more extreme SSP5-8.5 scenario compared to SSP2-4.5, predominantly200

during DJF and MAM (Figs. 5f1–f4). Therefore, the results indicate a projected increase in MCS activity under future201

climate warming scenarios, suggesting a trend towards more frequent and intense organized storms in a warmer202

climate. This trend is likely to have a significant impact on regional precipitation patterns and extremes.203
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F IGURE 4 Contribution (%) of MCS precipitation to the annual precipitation for (a) HIST, (b) SSP245, (c) SSP585.
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Huang et al. 13

To further examine the changes in MCS characteristics, violin plots are employed to illustrate the distribution204

of key MCS attributes for the historical and future simulations, including hourly mean precipitation, peak hourly pre-205

cipitation, size, duration, hourly precipitation volume (hourly mean precipitation × MCS size), and movement speed206

(Fig. 6). For the MCS hourly mean precipitation, HIST shows a median value around 16.2 mm h−1, while SSP245 and207

SSP585 indicate a slight increase to ∼16.8 and ∼17.4 mm h−1, respectively (Fig. 6a), corresponding to an increase of208

∼3.7% and ∼7.4%, respectively. The extreme values of hourly mean precipitation, here represented by 1.5 times the209

interquartile range (IQR), increase by ∼5.3% in SSP245 (27.8 mm h−1) and ∼9.5% in SSP585 (28.9 mm h−1) compared210

to HIST (26.4 mm h−1) (Fig. 6a). Peak hourly precipitation (Fig. 6b) shows a more notable increase in the median211

and extreme values across the simulations. The median value of peak hourly precipitation increases from 48.2 mm212

h−1 in HIST to 50.8 mm h−1 in SSP245 (an increase of ∼5.4%) and 53.0 mm h−1 in SSP585 (an increase of ∼10.0%).213

Moreover, the extreme value of peak hourly precipitation rises from 93.4 mm h−1 in HIST to 100.4 mm h−1 in SSP245214

with an increase of ∼7.5% and 104.8 mm h−1 in SSP585 with an increase of ∼12.2% (Fig. 6b). The size of MCSs215

follows a similar upward trend, with median and extreme values increasing by ∼4.8% and ∼10.5% in SSP245, and by216

∼5.1% and ∼11.5% in SSP585 respectively, compared to HIST (Fig. 6c), suggesting MCS enlargement in future warm-217

ing scenarios. Furthermore, the MCS hourly precipitation volume (Fig. 6e), calculated as the product of hourly mean218

precipitation and MCS size, shows an increase in extreme values from 0.18 km3 h−1 in HIST to 0.21 and 0.22 km3219

h−1 in SSP245 and SSP585, increasing by ∼16.7% and ∼22.2%, respectively. The MCS duration shows less variability220

across simulations with a median of 3 hours and the differences in their distributions are not significant between the221

historical simulation and the future simulations (Fig. 6d). However, the extreme value in the MCS duration increases222

from 12 hours in HIST to 14.5 hours in SSP245 and SSP585, a rise of ∼20.8% (Fig. 6d). It suggests that extremes in223

all examined MCS characteristics are projected to intensify under future warming conditions. Meanwhile, the MCS224

movement speed shows a slight increase in median and extreme values in SSP245 and SSP585 compared to HIST (Fig.225

6f). Taken together, compared to the historical simulation, the future simulations generally project an intensification226

of MCSs in terms of precipitation intensity and size, which could lead to amplified impacts on precipitation, flooding,227

and other related hazards.228
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F IGURE 6 Violin plots illustrate the distribution of variousMCS properties, including (a) hourly mean precipitation,
(b) hourly peak precipitation, (c) size, (d) duration, (e) hourly precipitation volume, and (f) movement speed for the HIST,
SSP245, and SSP585. Within the accompanying box-and-whisker plots, the white circles denote the average values
of the samples. Additionally, the 25th, 50th, and 75th percentiles, along with 1.5 times the interquartile range (IQR),
are delineated adjacent to these plots. The distributions of HIST and the future simulations (SSP245 and SSP585)
show significant differences at the 0.05 level, except for MCS duration in the comparisons of HIST with both SSP245
and SSP585, and for movement speed in the comparison between HIST and SSP245.Und
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3.3 | Changes in dynamic and thermodynamic conditions229

The following section delves into the dynamic and thermodynamic fields to gain an understanding of the mechanisms230

driving the changes in precipitation patterns and MCS characteristics. Given that precipitation in the study region231

predominantly occurs during summer (DJF), the averaged dynamic and thermodynamic fields in DJF are examined232

here.233

The average wind vectors at 850 hPa during DJF at the four times of the day show a prevailing wind direction234

parallel to the Andes on the east of Andes, persisting throughout the day (Figs. 7a1–a4). This pattern is predominantly235

shaped by the high, steep Andes and the South American low-level jet (SALLJ) (Marengo et al., 2002, 2004; Vera et al.,236

2006). Wind speeds display obvious diurnal variations in both the slope and basin regions, as distinctly illustrated in237

the vertical profiles of diurnal wind speeds (Fig. 8). Such variations are largely influenced by changes in the boundary238

layer mixing. The wind speed decreases during the daytime due to mixing and accelerates during the night as the239

surface frictional effect on the boundary layer flow fades (Fig. 8). At 850 hPa, the spatial patterns of the wind field are240

very similar between the historical and future simulations (not shown), with the primary distinction being an increase241

in wind speeds, particularly in the corridor stretching from the eastern Andean foothills to the western Amazon Basin242

in the future simulations (Figs. 7b1–b4 and c1–c4). The average vertical wind profiles (Figs. 8a1–c1) in the slope243

region show an increase in maximum wind speeds from slightly above 3.0 m s−1 in HIST to over 4.0 m s−1 in SSP245244

and exceeding 4.5 m s−1 in SSP585. A similar increase in wind speed is displayed in the basin region, from HIST to245

SSP245 and SSP585 (Figs. 8a2–c2), while the wind speeds in the basin region are consistently higher than those in246

the slope region (Fig. 8). A notable characteristic of SSP245 and SSP585 is the elevation increase of the maximum247

wind speed cores relative to HIST in both the slope and basin regions (Fig. 8). This behavior could be due to deeper248

mixed boundary layers under warming conditions, but is equally likely related to changes in large-scale atmospheric249

circulations. The small-domain CPM simulations produced in this study do not provide sufficient data to thoroughly250

investigate variations in large-scale circulations. It is worth investigating in the future, possibly with the help of GCM251

simulations.252

Understanding the divergence field is crucial for comprehending the relationship between precipitation and dy-253

namic fields. Huang et al. (2023a) demonstrated that precipitation and the genesis of MCSs along the east slope of254

the Andes are predominantly influenced by dynamic factors, particularly the low-level jet and terrain-induced uplift.255

In HIST, the patterns of divergence at 10 and 16 LST and convergence at 22 and 04 LST along the east slope of the256

Andes (Figs. 7a1–a4) align with the diurnal precipitation variation in this region. Although the low-level jet shows257

an intensification in SSP245 and SSP585 (Figs. 8a1–c1), the enhancement in convergence along the Andean east258

slope is not consistently shown (Figs. 7b1–c3). This inconsistency is dependent on wind direction and the influence259

of terrain notches. Therefore, both increases and decreases in annual precipitation exist along the east slope of the260

Andes (Fig. 1), indicating more complex relationships between dynamic processes and precipitation patterns in moun-261

tainous regions. For the western Amazon Basin region, although Huang et al. (2023a) indicated that the precipitation262

and MCS activity in this region are primarily governed by thermodynamic factors, dynamic convergence remains an263

essential factor for convection initiation and MCS development. From the differences in divergence fields between264

the future simulations and the historical simulation (Figs. 7b1–b4 and c1–c4), positive values (red areas) dominate the265

western Amazon Basin region despite the strengthening of low-level jets, suggesting that convergence weakens in266

this region in SSP245 and SSP585 compared to HIST. This is consistent with the decrease in annual precipitation over267

the western Amazon Basin in both future simulations (Fig. 1), underscoring the significant role of dynamic conver-268

gence alongside thermodynamic factors in influencing regional precipitation patterns. Moreover, in the comparison269

between SSP585 and SSP245, there is a notable escalation in the intensity of low-level jets under the more extreme270
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SSP5-8.5 scenario (Fig. 8). However, this intensification does not translate to stronger convergence at 850 hPa over271

the western Amazon Basin (Figs. 7d1–d4). This lack of increased convergence aligns with the minimal differences in272

annual precipitation between SSP585 and SSP245 (Fig. 1).273

Overall, while the intensified low-level wind speeds in future warming scenarios are expected to bring more274

moisture from the tropics to the Peruvian Central Andes region, and a warming climate holds more precipitable water275

especially east of the Andes (not shown), it is primarily the dynamic divergence that plays a pivotal role in the changes276

in annual precipitation.277
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the terrain elevation of 1 km. The magenta rectangles represent the regions used for area-averaged calculations in
Figs. 8 and 9.
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F IGURE 8 Height-time plots depict the area-averaged horizontal wind speeds (m s−1) at MCS genesis hotspots:
(a1–c1) along the eastern slope of the Andes and (a2–c2) over the western Amazon Basin (as indicated by the blue
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boundary layer height (km) above the mean sea level. The x-axis represents the Local Standard Time (LST = UTC − 5
h), corresponding to a longitude of 75°W.
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Large-scale dynamic divergence effectively accounts for the overall trends in annual precipitation, while it cannot278

explain the increased frequency of intense hourly precipitation and the heavy precipitation-producing MCSs in future279

simulations. This suggests that thermodynamic factors likely exert a more significant influence on the extremes of280

hourly precipitation. To gain a deeper insight into these influencing factors, the diurnal cycle of key thermodynamic281

variables is examined. This includes the CAPE, CIN, and PW in both the slope and basin regions (Fig. 9). Analyzing282

these quantities provides a further understanding of the mechanisms driving the changes in precipitation intensity283

and frequency in future climate scenarios.284

In the slope region, CAPE shows a pronounced diurnal cycle, increasing sharply from 07 LST to around 13 LST, and285

then decreasing rapidly from 17 LST to the early morning of 06 LST (Figs. 9a1 and a2). This diurnal pattern aligns with286

the solar radiative heating, the nocturnal intensification of low-level jets (Figs. 8a1–c1), and the diurnal precipitation287

cycle. There is a significant increase in CAPE at the corresponding LSTs from HIST to the future simulations, with288

SSP585 showing the most substantial increases (Figs. 9a1 and a2). On average, CAPE increases by ∼14.6% in SSP245289

and by ∼28.4% in SSP585, relative to HIST. The rising CAPE suggests a more unstable atmosphere in a warming290

climate, which is more conducive to the development of intense convection. Compared to HIST, PW also shows an291

average increase of ∼12.7% for SSP245 and ∼21.3% for SSP585 (Fig. 9a2), suggesting an enhanced moisture supply292

capable of fueling more intense precipitation events. However, a slight increase in CIN is also noted in the future293

simulations (Fig. 9a1), implying a strengthened energy barrier for convection initiation, which is consistent with the294

decrease in weak hourly precipitation events (Fig. 3) as well as more stronger convection once initiated.295

In the western Amazon Basin (Figs. 9b1 and b2), CAPE begins to increase at 07 LST in response to solar heating,296

peaks swiftly at 11 LST, and then diminishes, presumably because of convective stabilization, corresponding to the297

typical pattern of afternoon precipitation development in this region (Huang et al., 2023a). Increases in CAPE from298

HIST to SSP245 and SSP585 in the basin region are greater in absolute magnitude but of similar percentages to those299

in the slope region, averaging about 17.8% and 27.5%, respectively (Fig. 9b1). Meanwhile, PW has an increase of300

∼11.1% in SSP245 and ∼19.4% in SSP585 compared to HIST (Fig. 9b2). A similar increase is also found in CIN in301

the future simulations compared to HIST (Fig. 9b1), implying an enhanced suppression of convective initiation in a302

warming climate.303

Overall, these apparent changes in thermodynamic conditions, characterized by increased CAPE, PW, and CIN,304

foster an environment conducive to more intense convective precipitation, the formation and intensification of heavy305

precipitation-producing MCSs, and the suppression of weak precipitation in future warming scenarios. This trend is306

consistent with the findings in North America (Rasmussen et al., 2020), which report a similar shift in convection popu-307

lation due to increased CAPE and CIN in a warming climate. Such an environmental thermodynamic condition change308

indicates a tendency to suppress weak convective activity, while concurrently creating a high-CAPE environment for309

more intense convection. These results emphasize the complex synergy of dynamic and thermodynamic forces in310

shaping future precipitation patterns, highlighting the vital importance of high-resolution CPM climate modeling for311

projecting regional hydroclimatic impacts.312 Und
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F IGURE 9 Diurnal cycle of (a1 and b1) Convective Available Potential Energy (CAPE, in J kg−1) as a function of
Convective Inhibition (CIN, in J kg−1) and (a2 and b2) CAPE as a function of precipitable water (PW, in kg m−2) at MCS
genesis hotspots (a1 and b1) along the eastern slope of the Andes and (b1 and b2) over the western Amazon Basin
(as indicated by the blue rectangles in Fig. 5). The numbers within the circles represent the Local Standard Time (LST
= UTC − 5 h), corresponding to a longitude of 75°W.
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4 | SUMMARY313

To explore the potential impacts of climate change on precipitation and MCS characteristics in the Peruvian Central314

Andes region, this study conducts two decade-long future regional climate simulations at a convection-permitting315

grid spacing, where the WRF model is driven by a bias-corrected global dataset derived from CMIP6 multi-model316

ensemble under the Shared Socioeconomic Pathways scenarios SSP2-4.5 and SSP5-8.5 corresponding to intermediate317

greenhouse gas emission and very high greenhouse gas emission scenarios. The simulations cover 11 years from 2070318

through 2080 and adopt two nested domains with grid spacings of 15 km and 3 km, covering the entire South America319

and the Peruvian Central Andes, respectively. The future simulations are compared to a historical simulation over a320

recent 6-year period, which is driven by ERA5 reanalysis data as described in Huang et al. (2023a). Employing the321

same model configurations across the historical and future simulations facilitates a direct comparison, enabling a322

detailed analysis of climate change’s potential effects on precipitation and MCSs in the Peruvian Central Andes. The323

key findings are outlined as follows.324

(1) Changes in annual precipitation are geographic location-dependent, while there is a consistent increase in the325

frequency of intense hourly precipitation across all examined regions including both humid and arid areas in a warming326

climate. There is a general decrease in annual precipitation over the western Amazon Basin, while an increase exists327

along the west coast below 1-km elevation and on the east slope of the Andes above 1 km, under both SSP2-4.5 and328

SSP5-8.5 emission scenarios in comparison to the current climate. Annual precipitation differences between the two329

future scenarios are marginal across most regions. However, hourly precipitation contrasts becomemore pronounced,330

with precipitation intensity increasing by up to 10.2% at the 99.9th percentile under the SSP5-8.5 scenario compared331

to the SSP2-4.5 scenario.332

(2) The future climate simulations under warming scenarios indicate a general increase in various aspects of MCS333

characteristics on the east of the Andes, including a higher frequency of MCS genesis, an enhancement in MCS334

precipitation intensity by up to ∼10%, and an enlargement in MCS size that can exceed 10%, marking a significant335

shift from the historical simulation patterns.336

(3) In future warming scenarios, synoptic-scale low-level jets are projected to strengthen, while variations in the337

low-level divergence field dominate the changes in annual precipitation, especially in that the weakened convergence338

over the western Amazon Basin reduces the annual precipitation there. The thermodynamic conditions in future339

warming scenarios are characterized by increased CAPE, PW, and CIN. Such changes shift the convection population,340

by suppressing weak convection while fostering a more unstable and moisture-rich atmosphere conducive to more341

intense convection and the formation and intensification of heavy precipitation-producing MCSs.342

In summary, this study reveals a marked trend in precipitation and MCS activities in the Peruvian Central Andes343

region under a warming climate: an increase in the frequency of intense hourly precipitation and organized convective344

storms, coupledwith a reduction inweak convective precipitation events. This shift indicates a heightened risk of flash345

flooding and landslides in this region in the future. The impacts of climate change in this study are shown to be a result346

of the complex synergy of dynamic and thermodynamic processes as well as interactions with terrain. This complexity347

underscores the necessity for high-resolution climate modeling to accurately represent regional climate dynamics and348

local geographical features. The findings not only highlight the value of convection-permitting climate simulations in349

understanding the hydroclimatic impacts of climate change and projecting future severe weather hazards, particularly350

in regions with complex terrain such as the Peruvian Central Andes, but also provide critical inputs for developing351

tailored climate mitigation and adaptation strategies in this region. It should be noted that constraints in computing352

resources have limited the simulation periods and the range of future climate scenarios in this study, thereby more353

long-termCPM simulations, such as the 22-year 4-km climate simulations over South America conducted by the South354
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America Affinity Group (SAAG) (Liu et al., 2022; Dominguez et al., 2024) and the inclusion of a broader range of climate355

change scenarios are needed to confirm and strengthen the findings in this study. Ensembles of simulations using356

different model configurations are also desirable to allow for the assessment of model and projection uncertainties.357
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