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Abstract. In semi-arid regions, the timing and duration of the rainy season determines plant water availability, which directly
impacts food security. Rainy season metrics, which aim to define and, in some cases, predict the onset and end of seasonal rains
can support agricultural planning, such as scheduling planting dates and managing water resources. However, these metrics
based on precipitation time series do not always accurately reflect plant water availability, and the variety of available metrics
can complicate the selection of the most suitable one. Furthermore, a metric’s ability to capture observed vegetation variability
can indicate its applicability over larger spatial or temporal scales. This study introduces a new bucket-type metric that incor-
porates a simplified water balance, accounts for both accumulation and storage and also takes inter-annual legacy effects into
account. We evaluate its performance against seven commonly used rainy season metrics, both calibrated and uncalibrated,
using 18 years of satellite-derived Normalized Difference Vegetation Index from the semi-arid Rio Santa basin in the Peru-
vian Andes. Our results demonstrate that calibrating metrics using vegetation data significantly enhances their ability to capture
rainy season dynamics, with the bucket metric outperforming others in both accuracy and robustness. Furthermore, we examine
the sensitivity of all metrics to variations in rainfall intensity and frequency under future climate scenarios, using a previously
published high-resolution dataset specifically designed for the Rio Santa basin which provides historical (1981-2018) rainfall
data and future projections (2019-2100) based on 30 statistically downscaled CMIPS models for RCP 4.5 and 8.5 scenarios
respectively. While most rainy season metrics exhibit expected correlations in response to climatic changes, some established
metrics display physically inconsistent behavior . likely due to methodological artifacts, highlighting their limitations in assessing
hydroclimatic changes. In addition to the sensitivity analysis, we evaluate long-term trends in rainy season characteristics. Sta-
tistically downscaled CMIP5 ensemble projections for the future period suggest only a slight delay in the rainy season end, with
no consistent trends in onset timing. Instead, inter-annual variability and ensemble spread remain the dominant influences. Our

findings emphasize the need for careful calibration of metrics across diverse climate scenarios and different locations to ensure
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their reliability for agricultural planning, policymaking, and climate adaptation strategies. By providing a novel framework for

evaluating rainfall metrics, this study offers a scalable approach that can be readily applied to other semi-arid regions.

1 Introduction

In semi-arid regions, people’s livelihoods are closely linked to seasonal water availability, relying strongly on the timing of the
rainy season (Warner et al., 2012). Forecasting the local to regional onset and end of the rainy season is a crucial requirement
in agriculture, tourism, water management and hydro-electricity generation while changes to the timing of the rainy season are
frequently used as a measure of climate change (e.g. Zampieri et al., 2023). Previously, a variety of approaches for numerically
determining the onset and end of rainy seasons from precipitation time series have been used in regions with distinct seasonal-
ities of rainfall , hereafter named metrics (€.g. Bombardi et al., 2019b; Fitzpatrick et al., 2015; Sedlmeier et al., 2023). Broadly, these
metrics consist of threshold-based approaches which must be configured for each region (Sedlmeier et al., 2023), or time series
inflection point approaches (hereafter objective metrics) which, in theory, are applicable to any region with a distinct hygric
seasonality (Liebmann et al., 2007; Liebmann and Marengo, 2001). The latter have been previously used to create a global
dataset of rainy season dynamics (Bombardi et al., 2019a). Furthermore, specialized methods have been designed for regions
with bimodal rainy seasons (e.g. Dunning et al., 2016) in mind or for regions with high spatiotemporal variability of rainfall by
employing data manipulation approaches such as Principal Components Analysis (Camberlin and Diop, 2003), Standard Precipitation
Index (Silva et al., 2008), two-phase linear regression (Cook and Buckley, 2009) or a flexible definition of the hydrological year to

account for spatial and interannual variability in certain regions (Ferijal et al., 2022; Seregina et al., 2018, to name a few).

The resulting onsets and ends of rainy seasons can vary considerably depending on whether the methods were tailored to
specific rain-gauge data, crop requirements or larger-scale characterization of temporal monsoon developments (Fitzpatrick
et al., 2015; Sedlmeier et al., 2023). Often, the importance of determining rainy season characteristics for either agricultural
planning, monitoring of ecosystems, assessments of temporal water availability in the light of a changing climate or water
management topics in general is emphasized (e.g. Bombardi et al., 2019b; Fitzpatrick et al., 2015). However, observational
and gridded precipitation time series are typically subject to significant uncertainties(e.g. Kidd et al., 2017; Pollock et al., 2018), which , SUCh
as spatial representativeness issues, measurement errors (such as undercatch in windy conditions), temporal inconsis-
tencies, and biases in retrieval algorithms (e.g. Kidd et al., 2017; Pollock et al., 2018). These uncertainties can lead water
users and managers to make improper assumptions or take misguided actions. These uncertainties are particularly problematic
in regions where decisions about planting, irrigation scheduling, or reservoir management rely heavily on short- or mid-term
rainfall predictions. To the best of our knowledge, strategies to validate the outputs of rainy season metrics against indepen-
dent observations are currently lacking. This raises concerns about whether such metrics accurately capture conditions on the
ground and highlights the need for validation frameworks that ensures their relevance and reliability for practical applications
and allows to reliably deduce climatic changes. Furthermore, other aspects such as legacy effects beyond one hydrological

year or the sensitivity of rainy season metrics to the alteration of the hydrological cycle, which is to be expected under climate
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change, have so far not been assessed.

This raises the challenge of designing an independent validation approach. While variables directly linked to the hydrological
cycle such as soil moisture measurements would represent the ideal choice, their availability at (near-)climatological timescales
is limited. In semi-arid regions, vegetation dynamics provide a useful alternative, as they exhibit a strong correlation with the
seasonal precipitation cycle, albeit with a characteristic time lag (Hanchen et al., 2022). Remotely sensed proxies for vegetation
development offer high spatiotemporal resolution and have been successfully used to study vegetation development for more
than half a century (starting with Rouse Jr et al., 1973). We therefore argue that incorporating an independent metric validation
scheme based on vegetation development provides three crucial advantages: Firstly, validated and calibrated rainy seaso
metrics align directly with local vegetation responses to changes in water availability. Secondly, time series of precipitation
or other water-related variables can be tested regarding their quality. Lastly, previously published metrics, often designed for
speci ¢ data and locations, can be assessed for their applicability in different regigfising such independent data to assess the validity
of rainy season metrics in semi-arid regions, spectral vegetation indices@@egtral vegetation indices, which serve as proxies for land surface
greennessom satelite datg are a promising candidate fefibrationcalibrating rainy season metrics in semi-arid regions due to
their availability in high spatio-temporal resolutioand availability from satellite data.

In this study, we develop and demonstrate a novel approach to calibrate rainy season metrics using vegetation dynamics, fo
cusing on the Upper Rio Santa basin (also: Callejon de Huaylas) in the tropical Peruvian Andes. This region is characterized by
high seasonal variability of precipitation with the majority of annual precipitation occurring between September and April and
little annual variability in temperature (see Figure 1 for the geographic location and a climograph). The region encompasses
a complex hydroclimate system governed by the topography, the numerous abundance of glaciers on the Cordillera Blanca
(eastern slopes of the valley), the temporal evolution of the South American monsoon (Espinoza et al., 2020; Garreaud, 2009;
Klein et al., 2023a) and its interaction with ENSO (e.g. Hanchen et al., 2022; Maussion et al., 2015). In this region, a thorough
understanding of the dynamics of the rainy season is crucial for regional water resources and agriculture, as the seasonal rail
provides water for irrigation, energy production, and the maintenance of ecosystems (e.g. Dextre et al., 2022; Drenkhan et al.,
2022). There has been much attention on the past, present and future alteration of water availability in response to change:
in glacial melt (e.g. Bury et al., 2010; Drenkhan et al., 2015; Fyffe et al., 2021). Small-scale farmers however often have no
or limited access to glacier-fed river runoff and perceive increasing challenges related to precipitation seasonality (Gurgiser
et al., 2016) and/or water quality (Rangecroft et al., 2023). Recently, more efforts to understand and monitor several aspects of
precipitation changes in the Rio Santa basin have been undertaken, but it remains challenging to derive successful mitigation
strategies (Hanchen et al., 2022; Klein et al., 2023b; Mateo et al., 2022; Potter et al., 2023). Future climate scenarios indicate

an overall increase in annual precipitation (Potter et al., 2023).

Potential shifts in the timing of the rainy season in the region, despite their profound implications for both societal and eco-
logical systems, have only recently been assessed. Notably, De la Cruz et al. (2025) used an objective metric to derive rainfall

sums and rainy season onset and end for a Peru-wide network of meteorological stations based on statistically downscalec



90

95

100

105

110

115

120

CMIP6 projections to derive future changes. They found an increase in future annual precipitation and similar to other studies
show that past rainy season dynamics in the broader Andean region reveal high inter-annual variability in rainy season onset,
with generally non-signi cant or weak longer-term trends (Garcia et al., 2007; Giraldez et al., 2020; Gurgiser et al., 2016;
Sedimeier et al., 2023). Across those studies, the end of the rainy season is notably less variable than the start, while showing
no or small signi cant changes historically. For the Rio Santa basin speci cally, Hanchen et al. (2022) note a delayed end of the
growing season between 2000 and 2020, indicating increased water availability dif cult to detect from both satellite or gauge
rainfall data due to the small rainfall totals during the early dry season. Additionally, the regional hydroclimate experiences
a complex interaction with El Nifio Southern Oscillation (ENSO), where the overall amount of rainy season precipitation, in
most, but not all years, increases (decreases) with La Nifia (El Nifio) (e.g. Maussion et al., 2015; Vuille et al., 2008). At the
same time, there are indications that El Nifio conditions might cause seasonal rainfalls to start earlier, thus increasing overall
plant water availability even though peak season rainfalls are reduced (Hanchen et al., 2022). This response contrasts with othe
basins in proximity, such as the Mantaro River basin, where the opposite pattern has been suggested (Giraldez et al., 2020
thus highlighting the spatial heterogeneity of hydroclimatic responses within the Andes.

To account for these dif culties, we employ a multi-faceted approach capitalizing stem on previous studies: We combine
several precipitation datasets with remote sensing data on temporal vegetation development. Speci cally, we calculate the rainy
season metrics based on convection-permitting, bias-corrected Weather Research and Forecasting (WRF) precipitation data ar
statistically downscaled CMIP5 projections (Potter et al., 2023) and use CHIRPS gridded data (Funk et al., 2015) as well as
data froms three local weather stations for comparison. For validation and calibration, we utilize Land Surface Phenology
(LSP) data for the period 2000-2018 and the spatial extent of the Rio Santa basin, derived from the temporal development
of the remotely sensed Normalized Difference Vegetation Index (NDVI) provided by Hanchen et al. (2022). Their research
demonstrated that NDVI — an indicator of vegetation greenness available at high spatio-temporal resolution — captures vari-
ability and changes in water availability in the semi-arid Rio Santa basin, where water availability is the primary limiting
factor for plant growth. This high spatial resolution is shown in Fig. 1, which shows the 2000-2018 average NDVI for the Rio
Santa basin, illustrating both longitudinal and altitudinal gradients. Similarly, other studies have demonstrated the applicabil-
ity of NDVI in understanding precipitation variability in the central Peruvian Andes (Quiroz et al., 2011; Yarleque et al., 2016).

The principal objective of this study is to showcase a novel framework for characterizing the rainy season, emphasizing the
importance of employing a calibration strategy for inferred rainy season onsets and ends. In addition, we test the sensitivity of
rainy season metrics to plausible changes in rainfall intensity and frequency, as might occur due to global warming. By cap-
turing shifts in seasonal rainfall dynamics, our approach provides a foundation for identifying and understanding hydrological
changes that may inform future adaptation strategies. The proposed framework is designed to improve our understanding of
variations in water availability within semi-arid regions, offering insights that extend beyond the Rio Santa basin and can be
applied to similar climates. Regarding the Rio Santa basin, we aim to provide insights into past and future changes. We achieve
this by:
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. Establishing an approach to derive reliable rainy season metric outputs from several existing methodologies from pre-

cipitation time series by calibrating them using LSP data.

. Introducing a novel methodology to the community to derive rainy season indicators, where we simulate water availabil-

ity in a simpli ed fashion using only precipitation time series as input and a number of calibrated constants.

. Testing the response and sensitivity of each metric to physically plausible changes in the rainy season.

. Analyzing changes of the temporal evolution of the rainy season in the Rio Santa Basin. By making use of the aforemen-

tioned calibrated metrics, we explore past (since 1981) and future (until 2100) changes of the onset and end of the rainy

season based on CMIP5 models for the region.



Figure 1. Overview of the study area. The large map shows the topography of the ditHesevations below 500m shown in black (based
on SRTM data, USGS EROS Archive, 2021), administrative borders and larger towns in the greater region. The enlarged area of the Rio Sante
basin shows the long-term (2000-2018) average NDVI of each pixel; no-data areas, mostly referring to land-covers such as Ice or Bare rocks
are shown in magenta coldrhe three blue dots indicate the locations of the local weather stations used in this study. Additionally, the
Climograph at the bottom shows the seasonality of precipitation and temperature derived from spatially averaged WRF data for 1981-2018

(Potter et al., 2023) for the Rio Santa basin.



