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A B S T R A C T

Study region
The natural river basins of Chile.

Study focus
Drought effects on terrestrial ecosystems produce hydroclimatic stress with variable ex-

tensions. Particularly, hydrological drought duration can provide a better understanding of
recovery together with catchment characteristics and climatology. This study focuses on the
impacts of the multi-year drought experienced in Chile for more than a decade.

The recovery of relevant catchment variables to quantify the drought termination (DT) and
drought termination duration (DTD) after the hydrological drought is presented. A composite
analysis of natural catchments using the CAMELS-CL data set discharge (1988–2020), k-NDVI
(2000–2020), and soil moisture (1991–2020) provides the average response of the recovery
after severe droughts.
New hydrological insights for the region

This study demonstrates that local catchment properties can explain the recovery of studied
variables after a hydrological drought.

Explanatory variables from CAMELS-CL to derive the DT using random forest regression
(RFR) were used with a strong correlation of 0.92, 0.84, and 0.89 for discharge, vegetation
productivity, and soil moisture, respectively.

The discharge patterns show longer recovery over environments dominated by shrublands
with less precipitation and higher temperatures, in central Chile, while higher latitudes with
higher vegetation cover, increasing precipitation, and lower temperatures present shorter
recovery times. The vegetation productivity shows longer recovery over highly vegetated
mountains in central Chile. The soil moisture recovery spatial distribution presented patterns
that connect them with the discharge recovery. This work enables the identification of drought
vulnerability, which is valuable for managing water resources and ecosystems and is helping
to predict drought recovery periods in regions with a lack of observations.

1. Introduction

Drought causes hydroclimatic stress on terrestrial ecosystems and its impacts are expected to increase due to changes in precip-
itation patterns and rising temperatures related to climate change (Wanders and Wada, 2015; Van Loon et al., 2016; Prudhomme
et al., 2014; Samaniego et al., 2018; Ovenden et al., 2021). Terrestrial ecosystems play a vital role in the global carbon, water, and
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energy cycle, however, the increasing intensity and frequency of droughts are affecting their behavior and recovery (Cartwright
et al., 2020; Piao et al., 2013; Xi and Yuan, 2022). Drought is usually defined as below-normal water availability, and generally
classified according to the meteorological, hydrological, agricultural, and socioeconomic perspective (Tallaksen et al., 2004; Wilhite
and Glantz, 2019; Van Loon, 2015). Specifically, hydrological drought is associated with a lack of water in the hydrological system
such as rivers, lakes, and groundwater. The propagation of meteorological drought over the terrestrial hydrological cycle determines
the hydrological drought, influenced by the cycle properties (Peters et al., 2006; Van Lanen, 2006; Vidal et al., 2010). The impacts of
a drought are usually subjected to the severity and duration of the hydrological drought event, which can be expressed by streamflow
drought duration or deficit volume (Van Loon, 2015). Meanwhile, the life cycle of hydrological drought considers the development
from the onset to the maximum intensity, and the recovery is referred to as the maximum intensity to complete recovery (Wu et al.,
2020).

During the last decades, multiple drought events with high severity and duration resulted in extreme impacts on water resources,
uch as low river discharge, groundwater, and reservoir levels. This may lead to different implications for terrestrial ecosystems and
uman water consumption such as severe wildfires, human migration, hunger, loss of life, restriction of water use for irrigation,
nd lack of domestic water (Van Loon, 2015). Several examples of multi-year drought evidenced these impacts, such as the 2010
rought in Brazil which presented a high impact on their terrestrial ecosystems. Human consumption problems in Australia between
002 and 2010, California (USA) between 2013 and 2014 (Sheng and Xu, 2019; Williams et al., 2015), and in Europe between
003 and 2006 (Van Loon, 2015). Chile is experiencing a multi-drought period with a large temporal and spatial extent. Its causes
ave been mostly attributed to anthropogenic climate change, contrasting with ‘‘La Niña’’ conditions that often accompanied past
roughts (Garreaud et al., 2020; Boisier et al., 2016). This period of water stress may lead to faster impacts on hydroclimate and
errestrial ecosystems by altering their composition, structure, and function (Zhang et al., 2021; Vicente-Serrano et al., 2013, 2015;

u et al., 2018).
Furthermore, the extreme precipitation deficits (up to 45%) affected important natural resources, including natural vegetation,

rops, and water supply (Alvarez-Garreton et al., 2020; Garreaud et al., 2017). Garreaud et al. (2017) showed that this precipitation
eficit diminished the Andean snow pack and resulted in amplified declines (up to 90%) of river flow, reservoir volumes, and
roundwater levels along central Chile. Decreases in water supply would be exacerbated within the multi-year drought period as
ell. Alvarez-Garreton et al. (2019) modeled the impacts on water supply due to afforestation with different combinations of native

orest and forest plantations predicting a decrease in mean annual runoff in central-south Chile catchments. Also, less water supply
s shown in catchments with snow accumulation due to multi-year drought-increasing propagation (Alvarez-Garreton et al., 2020).

In natural areas, the alteration of ecosystem metabolism due to water shortage can change the carbon sink dynamics triggering
ositive climate feedback, leading to a reduction of carbon uptake, or to a restoring function that recovers after the drought
s ameliorated (Beer et al., 2010; Heimann and Reichstein, 2008; Qie et al., 2017). The impacts on forests due to droughts
nhanced by climate change are producing negative effects on Mediterranean sclerophyllous forests (Miranda et al., 2020) and also
ffecting their future development with a decline projection of growth for the coming decades in forests dominated by endangered
pecies (Matskovsky et al., 2021).

Climate change is likely to affect atmospheric feedback and increase drought impacts on terrestrial ecosystems (AghaKouchak
t al., 2021; Pugnaire et al., 2019). The increase in the demand for evaporation and reductions in water availability will reduce the
egetation’s resilience against future drought events (Vicente-Serrano et al., 2013; Gazol et al., 2018). In the case of Chile, as a result
f reductions in precipitation up to 30% under the most extreme scenario of IPCC (RCP8.5), it is projected up to 40% reductions
n runoff as well (Bozkurt et al., 2017; Valdés-Pineda et al., 2016). In addition, central Chile had an important land cover change
ver the last 50 years, showing a consistent decrease in the annual runoff with increments of forest plantations, at the expense of
atural vegetation which can influence the recovery of the catchment with high land cover change during this period (Lara et al.,
012).

Drought monitoring and the analysis of the discharge, vegetation, and soil moisture recovery are important for policymakers
nd public use because the increasing impacts of climate change are connected with the hydrological cycle (Masson-Delmotte
t al., 2021). Therefore, innovative studies applying methods such as composite analysis (CA), can provide new insights and robust
escriptions of drought events and drought recovery patterns (Xie et al., 2017). The full drought recovery is defined by Gessler et al.
2020) as the capacity of ecosystems to return to the undisturbed ecosystem state and functioning following a drought disturbance.
n this regard, studying the length and periodicity of droughts is crucial to understanding the post-drought recovery time (RT) and
or evaluating drought effects (Zhang et al., 2021; Schwalm et al., 2017; Xi and Yuan, 2022).

The post-drought recovery times across various ecosystems are still controversial and not clear to the scientific community,
here a consensus on the understanding across global ecosystems and factors influencing post-drought RT has not been reached
et. A recent study from Xi and Yuan (2022) shows that ecosystem response, represented by Gross Primary Productivity on the onset
nd recovery stage, has significant water stress from soil moisture and vapor pressure deficit during flash droughts. This study also
rovides information to understand the implications of these impacts on the hydrological cycle.

In addition, in previous studies, the definition of drought events, mostly stands on the meteorological drought index which, is
ot necessarily associated with stress to the ecosystem (Vicente-Serrano et al., 2013). This study intends to answer this, relating
he stress on the ecosystem by identifying hydrological drought, and applying a composite analysis that includes key ecosystem
ariables as a novel approach.

In this study, we aim to (1) quantify the length of the drought recovery in their extension and magnitude, (2) identify spatial
atterns related to drought recovery, and (3) analyze and relate drought events to environmental factors such as hydrological
2
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2. Methods

In this study, we looked at the impact of climate and catchment properties on drought recovery in natural undisturbed catchments
in Chile. To this end we used the extensive catchment data set for large sample studies, specifically created for Chile between the
latitudes −17.8 and −55.0◦ S (CAMELS-CL, Alvarez-Garreton et al., 2018). The discharge from CAMELS-CL (1988–2020) for the
hydrological drought identification was supplemented by vegetation productivity represented by the k-NDVI index from MODIS
(2000–2020), and soil moisture from ESA CCI-SM (1991–2020) to determine Drought Termination (𝐷𝑇 ) and Drought Termination
Duration (𝐷𝑇𝐷). The MODIS satellite retrievals at a daily time scale, strengthened by the recently developed kernel-NDVI (kNDVI)
were used to obtain the vegetation productivity (Justice et al., 2002). This index is able to improve the representation of plant
behavior compared with other vegetation indices. The ESA CCI soil moisture products (Preimesberger et al., 2021) provides also a
robust data set for recovery analysis, which uses active/passive satellite retrievals at a daily scale with global coverage. The spatial
distribution of 𝐷𝑇 ∕𝐷𝑇𝐷 was analyzed using a range of explanatory variables in combination with Multiple Linear Regression (MLR)
and Random Forest Regression (RFR) to explain the observed spatial patterns. In this section, a description of the study area and the
identification method of drought events is provided. The acquisition of remote sensing data, followed by the conceptual framework
of the composite analysis and drought termination is defined. Finally, the determination of explanatory variables is explained.

Fig. 1. Study area and flow diagram of DI, DT, and DTD analysis. The left side shows the catchment distribution characterized by their dominant land cover.
The center, shows the drought identification, composite analysis, and termination recognition. Right side, show the discharge DT distribution.

2.1. Study site

The study site is located in the southwest of South America, with a distinct geographical configuration, and covers a latitudinal
range of 4300 km from North to South (Fig. 1). A total of 163 natural catchments (out of 516 from CAMELS-CL) were used for this
study (as dots in Fig. 1). The catchments selected as ‘‘natural’’ presented over 80% of the discharge observations between 1988 to
2020 without the presence of dams that alter discharge behavior (Alvarez-Garreton et al., 2018). Two mountain ranges are featured
from West to East separated by the intermediate depression, namely the coastal range (500–2.200 m.a.s.l.) and the Andes mountains
(4000–7.000 m.a.s.l.) (Fernández and Gironás, 2021). The precipitation regimes are strongly influenced by the Andes barrier effect
3
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for atmospheric flows at high elevations, particularly in the south of Chile. The elevation of the gauge stations ranged from 5 to
4.539 m.a.s.l. The study area is located, along a climate gradient of particular importance and interest for conservation and food
security, due to its high levels of biodiversity, life forms, and agriculture diversity (Mittermeier et al., 2004).

The vegetation composition varies in latitude and longitude through this climate gradient. At the lowest latitudes, the presence
f arid and semi-arid shrub lands dominate changing to Mediterranean Forest to the South, transitioning to a Temperate Forest and
eat bogs towards the high latitudes (Luebert and Pliscoff, 2017). This variation is also influenced by longitude due to the Andes
nd Coastal mountain range, where sun exposition and coast humidity play an important role in water availability and vegetation
omposition (Urrutia-Jalabert et al., 2021; Miranda et al., 2020). The valleys are dominated by agricultural fields, while over the
ountains native forest and forest plantations are located (CONAF, 2018).

The climate and weather of this region are strongly influenced by the semi-permanent subtropical anticyclone over the Southeast
acific (SEP) and the westerly wind regime at mid-latitudes creating a north–south precipitation gradient. The climate ranges from
yper-arid and semi-arid in the north, to the Mediterranean with a marked dry period in spring–summer in the center. A temperate
limate with Mediterranean influences is present in the South. The climate has been drying and warming up over the last decades
cross south-central Chile (Fernández and Gironás, 2021; Urrutia-Jalabert et al., 2021; Luebert and Pliscoff, 2017).

The precipitation volumes show a significant negative trend since 2010 with a reduction of 25%–45% in annual precipita-
ion (Garreaud et al., 2020). This tendency is attributed to the Pacific ‘‘Blob’’ described by Garreaud et al. (2021) providing a
ecade-long rainfall deficit in Central Chile, accompanied by an above-normal frequency of heat waves and more intense fire
easons (González et al., 2018).

.2. Remote-sensing data

.2.1. Vegetation data
The kernel-NDVI (kNDVI) index was obtained from the combined MODIS Collection (MCD43A4 Version 6 Nadir Bidirectional

eflectance Distribution Function-Adjusted Reflectance) to assess vegetation productivity at a daily temporal resolution (NASA,
022). The kNDVI (Camps-Valls et al., 2021) is closely related to the Gross Primary Productivity (GPP) which is an important
ndicator of carbon fixation during photosynthesis. This kernel-NDVI method aims at overcoming the linear approach of the
onventional NDVI (Normalized Difference Vegetation Index) by accounting for the non-linear behavior of spectral indices with
iomass or leaf area index. The kNDVI derives an automatic and pixel-wise adaptive stretching, keeping the relation between near-
nfrared and red channel, allowing it to cope with saturation effects, complex phenological cycles, and seasonal variations, to deal
ith the mixed-pixel problem, and to propagate lower uncertainty than other indices (Camps-Valls et al., 2021). The equation of

he kNDVI is given by:

𝑘𝑁𝐷𝑉 𝐼 = 𝑡𝑎𝑛ℎ((𝑁𝐼𝑅 − 𝑟𝑒𝑑∕2𝜎)2) (1)

where 𝜎 is a length-scale parameter to be specified in each particular application and represents the sensitivity of the index to
sparsely/densely vegetated regions. The MODIS products have 500 m resolution and are available since 2000 (Didan et al., 2015).

2.2.2. Soil moisture data
The combined CCI-Soil Moisture product (v04.7) based on Level 2 products for both passive and active retrievals was used to

assess the first 10 cm of the water content of soil (Preimesberger et al., 2021; ESA, 2021). The resolution of this product corresponds
to 0.25 degrees, at a daily time step. The data was processed with a python algorithm to obtain the spatial average values for each
catchment in the study area.

2.3. Composite analysis

Composite Analysis (CA) was developed by Chree (1913, 1914) originally for space science, however, is widely used in different
fields of earth science (e.g. Xie et al., 2017; Nicolai-Shaw et al., 2017). Also, referred to as superposed epoch analysis and conditional
sampling, the CA is used to comprehend the relationship between different phenomena and hydrological variables. CA involves
collecting large numbers of cases of a given meteorological phenomenon, in this case, drought events. These cases are composited
together as a collection (for each variable and catchment), perhaps with different types of stratification, using one or more covariates
that are suspected to have an influence on the phenomenon. The composite analysis then generally involves computing the composite
mean and some other statistical measures, such as the standard deviation and statistical significance. The resulting structures which
emerge can tell a powerful story about how that phenomenon is affected by the factors used in the composite stratification. In the
case of drought events, a negative response to droughts from discharge, vegetation productivity, and soil moisture is expected for a
year after the event. If drought events satisfy our selection criteria (in the section Definition of drought events), the timing of those
events is selected as key times and grouped per catchment. Later, the drought response signal for each of the variables is isolated
by calculating the average drought behavior in time, over which the DT and DTD are determined. Due to the spatial resolution of
vegetation (500 m) and soil moisture (27–28 m), the average composite analysis per catchment presents higher variability for soil
moisture.

Finally, with the implementation of statistical tests, we defined if there is a significant (lagged) connection between the variables.
4

This process enhances the signals as a result of the extraction of events while noises are averaged out (Xie et al., 2017).
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The normalization was performed with the empirical cumulative distribution function of the data (Dekking et al., 2005). The
ignal of variables with lower values is assessed better by accumulating the values close to zero due to the very steep curve of the
unction near zero that flattens out towards higher values. This is especially relevant for low discharge, vegetation, and soil moisture
easurements during drought periods. The function provides the proportion of elements in the data set that are less than or equal

o 𝑥:

𝐹𝑛 =
number of elements in the data set ≤ 𝑥

𝑛
(2)

.4. Definition of drought events

A fixed threshold approach was used to define hydrological drought events with a fixed percentile threshold of 80% for the daily
treamflow anomalies between 1988 to 2020, following Wanders and Wada (2015), and Van Loon et al. (2016). These drought events
ere established for each catchment as key times in this study.

.5. Determination of drought termination and drought termination duration

Drought termination can be characterized by its duration, rate of recovery, and seasonality (Nkemdirim and Weber, 1999; Mo,
011; Parry et al., 2016). In this regard, the ensemble mean from the CA was used to identify the Drought development and Drought
ermination. Fig. 1 shows the location of the study area with the size of the catchments (left), a flow diagram of the CA-analysis
center), and the drought termination in days (right). The first day of the drought termination corresponds to the day when a
inimum peak is reached after the drought event starts (DI in Fig. 1). The drought ends when the signal exceeds the Q80 threshold,
owever, the last day of the drought termination (DT) phase is found when the normalized threshold of 0.5 is reached. This threshold
s selected due to the normalization method (Dekking et al., 2005) which performs normalization on sorted data, and later brings
ata back in place based on the original index, as defined by Parry et al. (2016). The drought termination duration (DTD) corresponds
o the first recovery peak after crossing the normalized discharge threshold of 0.5, with a window of seven days. These days after
rought termination are added to the recovery because the basin needs more time to replenish flow deficit (Mo, 2011; Parry et al.,
016). Furthermore, the window of seven days gives enough time to show a recovery peak and is based on half of the period used
y Ahmadi et al. (2019a) to classify discharge drought recovery (US). A group of drought events can provide an average termination
hase in days between DI and DT, while the DTD is the number of days between DI and DTD. (Parry et al., 2016).

The differences between DT and DTD recovery rely on the identification method considering the recovery threshold at 0.5. The
T corresponds to the period between the minimum peak of the hydrological drought until it reaches the threshold. In comparison,
TD is the period between the lower peak after the drought starts and the first peak after the threshold. The lower and upper peak

s defined as a window of seven days where there is an increase and a reduction (upper peak) of the signal. The presence or absence
f snow between catchments was determined by the ‘‘soil water equivalent’’ from the CAMELS data set.

.6. Explanatory variables of DT and DTD

The DT and DTD for all 163 catchments were used as input for geospatial analysis and pattern identification. The impact
stimation of different explanatory variables and catchment properties from the CAMELS-CL data on DT and DTD using lasso
egression (Tibshirani, 1996) and random forest regression (Breiman, 2001) was performed. Lasso is good to reduce multi-collinearity
y putting penalties on jumping up and down regression coefficients, meanwhile, Random Forest Regression is a meta-estimator of
he data set that fits a number of classifying decision trees on various sub-samples and uses averaging to improve the predictive
ccuracy and control over-fitting (Kramer, 2016). The random forest regression used 30% for training data, random state zero, and
ree size length iteration over correlation was obtained. Other variables were included that are potentially linked with the drought
ecovery like the average groundwater depth (from Alvarez-Garreton et al., 2018), the average rate of sun exposition (from Farr
nd Kobrick, 2000), and average soil moisture capacity (from van Beek and Bierkens, 2009, all variables listed in Appendix A.5).
he python package scikit-learn was used to get the best explanatory variables and random forest for the discharge, vegetation
roductivity, and soil moisture variables (Simpson et al., 2021).

The weight of each variable was calculated based on the residuals sum of squares from:

𝑅2 = 1 −
( 𝑢
𝑣

)

(3)

where 𝑢 is the residual sum of squares ∑

(𝑦𝑡𝑟𝑢𝑒 − 𝑦𝑝𝑟𝑒𝑑 )2. It can be negative due to the arbitrarily worse of the model, and 1.0 is the
best possible score. A filter with lasso regression was performed before RFR.

3. Results

3.1. Composite analysis

The response of each natural catchment after drought events between 1988 to 2020 is studied using a CA. Fig. 2 shows the
results of CA for the ‘‘Río Cauquenes en el Arrayán’’ catchment (620 km2, coordinates: 72◦ 30′S, 36◦ 6′W). The upper figure shows
he average response of discharge, the central figure the kNDVI as a proxy for vegetation productivity, and the lower figure the
5
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Fig. 2. Composite analysis for discharge, vegetation productivity, and soil moisture for the ‘‘Río Cauquenes en el Arrayán’’ catchment. In the graph the average
response is shown with a black line, meanwhile, the quantiles of ensembles are distributed between 10%–90%, 25%–75%, and 40%–60%. The upper figure
shows the ensembles of discharge, the middle of kNDVI, and lower soil moisture.

soil moisture. The quantiles in the graph present a skewed density distribution and correspond to the variable members between
10%–90%, 25%–75%, and 40%–60%, including the recovery threshold (0.5) which is the end of the recovery for the DT. The
behavior of discharge and vegetation productivity in this catchment present a close relation in their recovery after drought events
by comparing the average CA response (black line in Fig. 2). Where a fast recovery response is observed in the vegetation and a
slightly slower one in the discharge. The soil moisture presents a faster recovery and may be responsible for the faster recovery of
the vegetation over the discharge.

3.2. Drought recovery patterns

The spatial analysis was divided into four areas (Fig. 1) due to catchments distribution in the study area (north-Chile,
central-Chile, north-Patagonia, and south-Patagonia) and bio-climatic differences (Fig. 3) .

3.2.1. Drought termination
The central-Chile area shows the main recognizable patterns visible from North to South illustrated by the changing colored

circles in Fig. 3, and less clear East to West, along a gradient of precipitation and temperature. In general, dominant patterns of
discharge and soil moisture, DT are visible from North to South in central Chile, meanwhile, discharge and vegetation productivity
are only recognizable from East to West (Fig. 3).

The discharge (Q) (Fig. 3 left) shows a low to high recovery pattern from North to South and is, increasing until latitude
−35◦ S. Longer discharge recovery times were found at lower latitude catchments in environments with less precipitation, higher
temperatures, and mostly shrublands. While, shorter discharge recovery times were found at higher latitudes in environments with
higher precipitation, lower temperatures, and high vegetation cover. After the latitude −35◦ S the recovery switch from high to low.

In addition, the discharge present from East to West has high to low recovery times over 300 to under 200 days, a pattern which
is inverted at lower latitudes. The recovery in north Chile presents a high-to-low pattern towards the South. The north-Patagonia
6
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Fig. 3. Map of DT for discharge (Q), a proxy for vegetation productivity (kNDVI) and soil moisture. Each circle indicates an individual catchment and the color
range indicates the time in days. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

region presents homogeneous recovery times similar to Southcentral Chile. In south Patagonia, high to medium recovery times,
between 50 to 200 days, are identified.

The vegetation shows low recovery in most of the locations without a clear pattern from North to South, however, from East to
West a high-to-low recovery pattern in the North of central CL is recognized. This pattern is inverted similarly after the latitude −35◦

S towards the South. The north CL presents medium and high recovery times of vegetation without a clear distribution. Furthermore,
the recovery in north Patagonia presents low recovery with similar behavior as Southcentral Chile. Similarly, in south Patagonia,
the recovery is also low.

The recovery of soil moisture presents a high-to-low pattern from North to South in central Chile, together with a high-to-low
recovery pattern from East to West in the direction of southern latitudes that is inverted after latitude −35◦ S. In north Chile, the
recovery shows intermediate recovery times, while in north Patagonia a low recovery is present. Similar to south Patagonia.

The scale is different between variables because their responses are different, and to appreciate the spatial patterns is necessary
a different scale for discharge, vegetation, and soil moisture.

3.2.2. Drought termination duration
Fig. 4 shows the results of the DTD. A dominant pattern for DTD in central Chile is visible for discharge and soil moisture from

North to South. Vegetation productivity shows a less distinctive pattern (Fig. 4).
The discharge in central Chile, as for DT, presents an increased recovery time from North to South after drought events. Such

a pattern is also visible from East to West with a low to high recovery pattern decreasing towards higher latitudes, and shifting
after approximately −35◦ S. In north Chile, the discharge presents low to medium recovery times. In north Patagonia, the recovery
7
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Fig. 4. Map of DTD for discharge (Q), proxy for vegetation productivity (kNDVI) and soil moisture (SM).

exhibits intermediate recovery times i.e. (150–200 days). In contrast, south-Patagonia does not show a clear pattern of recovery
time.

The vegetation recovery time in central Chile does not show a clear pattern from North to South, however, from East to West, it
exhibits a high to low recovery until a latitude of 35◦ S where the pattern is shifted towards the South. In north Chile, the recovery
is low, with values close to 200 days. In addition, in northern Patagonia, the recovery is low, while in south Patagonia there is not
a clear pattern with extremely high or low recovery.

The recovery of soil moisture presents a faster response compared with DT and also other variables. Particularly, central CL show
high to low recovery from North to South, and a pattern from East to West with high to low recovery for all the region. The North
CL evidence a slow recovery of close to 2 months. Similar to north-Patagonia which is also slow with values over 2 months, south
Patagonia presents high recovery in the North and low recovery in the South (Fig. 4).

3.3. Snow accumulation and recovery

The annual streamflow in rainfall-fed catchments has a shorter hydrological memory mainly explained by the precipitation of
the current year. In the case of vegetation productivity, the recovery is faster in catchments with the presence of snow, and soil
moisture recovery presents a slightly higher recovery in catchments without snow accumulation. Table 1 shows the average recovery
of discharge, vegetation, and soil moisture.
8
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Table 1
Average DT and DTD in days and standard error for recovery variables.
Snow accumulation on natural catchments recovery

Recovery DT DTD

variables Snow accum No snow Snow accum No snow

Discharge 160.9 ± 7.5 113.1 ± 3.4 152.0 ± 9.3 103.7 ± 3.4
Vegetation 142.0 ± 12.6 162.8 ± 10.43 95.3 ± 9.8 95.3 ± 6.8
Soil Moisture 29.6 ± 4.4 33.8 ± 2.37 18.7 ± 2.89 28.5 ± 2.41

3.4. Recovery and Koppen climates

The discharge recovery time showed longer values in semi-arid climates, the next Mediterranean, Temperate, and Tundra
limates. Our results show relatively similar recovery times for the rainy summer tundra climate of pluvial watersheds (100 days)
t south-Patagonia as found by Wu et al. (2020) reporting between 60 to 390 days over three unaltered flow rainfall-driven basins
nder humid South Asian subtropical monsoons. The vegetation recovery showed faster average recovery in Tundra climates (2 to
months), followed by Mediterranean (3 to 5 months), Temperate (3 to 5 months), and Semi-arid (4 to 5.5 months). Jiao et al.

2021) also found the recovery of canopy density (4–6 months) and photosynthetically active radiation (2 to 3 months) average
imes to return to normal status for arid, semi-arid, semi-humid, and humid Australian ecosystems. The soil moisture recovery
howed longer recovery in Mediterranean environments (4–5 weeks), followed by Temperate (3–4 weeks) and Tundra(3–4 weeks),
eanwhile, Semi-arid (2–3 weeks) presented the faster recovery (Appendix 1 to 4).

Table 2
Average DT and DTD in days and the standard error for Köppen climates.

Drought recovery over Koppen climates

Koppen Discharge Vegetation Soil moisture

climates DT DTD DT DTD DT DTD

Semi-Arid 192.3 ± 17.8 184.0 ± 17.3 170.4 ± 19.0 113.9 ± 14.7 21.7 ± 5.6 12.8 ± 2.4
Temperate 108.8 ± 5.4 99.0 ± 5.0 156.6 ± 18.0 92.2 ± 12.3 31.2 ± 4.5 24.8 ± 4.5
Mediterra- 127.7 ± 5.0 118.4 ± 5.1 147.8 ± 10.4 91.0 ± 7.2 36.8 ± 3.1 28.9 ± 2.8
nean
Tundra 109.0 ± 6.4 100.0 ± 6.1 146.4 ± 37.9 79.3 ± 21.5 32.8 ± 4.3 25.5 ± 3.3

Table 3
R-square scores of Multiple Linear Regression (MLR) and Random Forest Regression (RFR) models. Bold indicates
high significance in MLR. RFR does not provide significance.
Recovery regression models

Recovery variables MLR RFR

DT DTD DT DTD

Discharge 0.50 0.47 0.91 0.91
Vegetation 0.10 0.23 0.84 0.83
Soil Moisture 0.10 0.38 0.90 0.91

3.5. Multiple linear regression

The results of the MLR ( Table 3) show significant values only for the discharge recovery of 𝑅2 = 0.5. The vegetation productivity
nd soil moisture did not show significant skills to predict the DT and DTD. The explanatory variables for discharge DT and
TD are associated with precipitation, potential evapotranspiration, and baseflow, or by a combination of them with catchment
haracteristics related to storage and release (e.g. land use).

.6. Random forest regression

The graphs presented in Fig. 5 show the most significant variables for the determination of DT and DTD of predicted versus
bserved values. In general, all the predictions have a high correlation coefficient due to the advantages of RFR for obtaining
on-linear relationships. The downside of using decision trees is their tendency to overfit. We used 30% of training data, as they
re highly sensitive to small changes in data.

The correlation coefficients for DT are given in Table 3 and correspond to 0.92, 0.84, and 0.89 with an RMSE coefficient of
6,57, 93,26, and 23,74 for discharge, vegetation productivity, and soil moisture, respectively. The correlation coefficients for DTD
orrespond to 0.92, 0.85, and 0.91 with an RMSE coefficient of 57.03, 56.50, and 19.73 for discharge, vegetation productivity, and
9
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soil moisture, respectively. The model used 30% of the data for training and the main model features are included in the top right

considering their contribution to the model and the correlation coefficient in the top left. The most efficient RFR models used 200,

200, and 500 trees for the prediction of discharge, vegetation productivity, and soil moisture of DT, meanwhile, for the DTD the

number of trees corresponding to 50, 100, and 200 (Fig. 5 top left parameters).

Fig. 5. Random Forest training models with 30% data used for training. (a)Discharge DT, (b)Discharge DTD, (c)Vegetation DT, (d)Vegetation DTD, (e)Soil
moisture DT, (f)Soil moisture DTD.
10
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The variables with a higher contribution to the prediction of discharge DT and DTD are presented in Fig. 5, from a to d
n the upper-right corner. The most important variables for the prediction of discharge recovery are linked with precipitation,
xtreme discharge, and snow accumulation, meanwhile, vegetation productivity can be explained with a combination of catchment
haracteristics (catchment exposition ratio) associated with storage and release (shrub-land cover), and superficial water extraction.
or soil moisture, the stream flow precipitation elasticity, storage–release characteristics (crop and forest cover), and water extraction
ground and superficial) are the main drivers. The ‘‘other’’ variables from the CAMELS-CL data set correspond to variables that do
ot contribute to the model as much as the top ones.

. Discussion

.1. Snow accumulation and recovery

In general, the recovery of discharge, vegetation, and soil moisture differs amongst catchments according to the presence
r absence of snow. Particularly, the discharge recovery shows a slower response on catchments with snow accumulation.
orrespondingly, Alvarez-Garreton et al. (2020) demonstrated that snow-dominated catchments in Chile possess a hydrological
emory that results in strong correlations in stream flow generation over consecutive hydrological years.

The slow discharge recovery time of snow-fed catchments demonstrates that the recovery is hampered by snowmelt infiltration
nto groundwater-depleted levels reducing the river’s stream flow. In addition, Alvarez-Garreton et al. (2020) demonstrated that
atchments with snow accumulation (long memory) in Chile exhibit a progressive reduction in stream flow generation during the
ame hydrological year as catchments without snow accumulation. The multi-year drought increased the drought propagation and
ncreased differences between rainfall-fed basins (Alvarez-Garreton et al., 2020). It is possible that the recovery of long memory
asins may have been affected during a multi-year drought due to the increased frequency and intensity of hydrological drought.
uring this period, the flow of the stream would be reduced due to its dependence on rainfall, but mostly due to the lack of snow
ccumulation in the corresponding year. Other factors that may affect the recovery of the stream flow include the allocation of
ater rights over the rivers and groundwater in the studied basins. The replacement of native vegetation with water-demanding

pecies such as tree exotic plantations, as well as the rapid shift in land use during the last few decades. The consequent rise in
ater demand for agriculture irrigation and human consumption may also have an impact (Barría et al., 2021b; Galleguillos et al.,
021).

The recovery of vegetation productivity, which is faster in catchments with snow accumulation for DT, but similar for DTD,
emonstrates a different behavior. This faster recovery can be attributed to the physical properties of the soil profile (such as
orosity, and resistance to penetration), which are associated with the rooting depth of the vegetation, which can reach 20 meters
Prosopis tamarugo), and the impact-timing of drought on the water table depth (Kannenberg et al., 2019a; Decuyper et al., 2016). In
he maps presented by Schwalm et al. (2017) similar vegetation recovery for the same study area is visualized after analyzing three
ata sets of Gross Primary Productivity (GPP) across diverse ecosystems worldwide. In their findings, drought recovery times were
trongly associated with climate and carbon cycle dynamics on a global scale. Specifically, in sparsely covered shrubland of Central
hile dominated with Acacia caven in a Mediterranean climate with a warm and dry season (7–8 months), the ecosystem productivity
as explained mostly by rainfall frequency with a significant time lag between plant growth and precipitation events (Sepúlveda
t al., 2018). This is supported by the global probability map of precipitation exceeding temperature as the main driver of tree
rowth for this region (Babst et al., 2019).

This can modulate the recovery since water availability acts as a crucial limit to global primary productivity, and the hydrological
rought is considered the starting point of the variability in the signal. Generating global concern also, because hydrological drought
s predicted to become more limiting globally (Zhou et al., 2019; Kannenberg et al., 2020). A source of uncertainty for the prediction
f vegetation recovery is evidenced by Kannenberg et al. (2019b) where a decrease in tree growth can occur together with a quick
ecovery of GPP, showing a large legacy effect (vegetation recovery in literature) in tree rings, and growth away from the stem
owards the canopy. This is due to carbon allocation shifts linked with upregulated leaf-level photosynthesis, meaning that legacy
ffects in GPP are much smaller than those in tree rings.

The vegetation recovery of Chile found in this study is also coherent to Ahmadi et al. (2019b) for DTD between 3–4 months
90–120 days), however, they used water use efficiency (WUE) which is a ratio between gross primary productivity (GPP) and
otential-evapotranspiration (ET). The rise of WUE helps the vegetation in arid regions to reduce water loss and maintain its growth
ue to a series of conservative water-use strategies. With this approach in dryer regions (with high ET) is expected an increase in
UE during drought episodes, even though vegetation recovery is longer as demonstrated in this study (particularly north-central

hile) (Vicente-Serrano et al., 2013; Long et al., 2013).
Overall we can conclude that the findings from this study are in line with other studies looking at vegetation recovery using

ifferent techniques. The implications of faster recovery can imply that plants are more susceptible to future droughts, and slower
ecovery to a controlled acclimation response optimizes survival in the long-term (Gessler et al., 2020).

The soil moisture shows a slightly faster recovery in catchments with snow accumulation compared with rainfall-fed recovery
imes between 3–4 weeks. Similar recovery times for the global snow-free region of soil moisture were simulated with a land
urface model (assimilating satellite microwave brightness temperature) and composite analysis of drought events by Sawada
2018). Even though their analysis did not include catchments with snow accumulation, similar hydrological processes may explain
imilarities in the recovery. The reductions in soil moisture after hydrological drought indicate the link with the start of agricultural
rought (Leblanc et al., 2009). In this sense, the recovery of soil moisture is important for regulating vegetation growth and
ainfall-runoff relationships, allowing the quick restoration of pre-conditions for the recovery (Gibson et al., 2020). Suggesting that
atchments may be buffered or less impacted by drought in high-relief and well-vegetated regions (Salazar et al., 2016; Potter et al.,
11
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4.2. Climate zones and their influence on the recovery

Differences in recovery time between the various environmental conditions were also found within the studied natural catchments
Table 2). The Köppen climate classification (Table A.4) was used to demonstrate the influence of seasonality, precipitation, and
emperature. Based on the ecosystem properties and approximately three decades of data, this study evidenced that most of
he natural catchments in Chile experienced an average recovery post-drought with different timings for discharge (Table A.1),
egetation productivity (Table A.2) and soil moisture (Table A.3).

The discharge recovery found by Wu et al. (2020) relates the importance of precipitation in the recovery of rivers in humid
outh Asian subtropical monsoons with precipitation during the warm season. Consequently, the faster discharge recovery occurs
n catchments with climates that present higher rainfall regimes as Temperate and Tundra environments than in Semi-Arid and
editerranean (Xi and Yuan, 2022).

As stated previously the reduction of vegetation productivity starts after hydrological drought, which is marked by the legacy
ffect before the recovery (Kannenberg et al., 2020). Wu et al. (2018) stated that drought legacy effects on vegetation growth
ver the temperate Northern Hemisphere differ markedly between forests, shrubs, and grass across diverse bioclimatic conditions.
ifferences in drought legacy effects between impact plant functional groups to plant ecohydrological properties (linked to traits)
an also play a role. The GPP signal can also contribute to the variability in the identification of plant recovery. Such as the plant
esponse mechanism to carbon allocation priority, producing leaf abundance or photosynthesis instead of biomass growth in branches
r stems (Kannenberg et al., 2019b).

Miranda et al. (2020) evidenced that in the Mediterranean Chilean forest the local environmental conditions which provide higher
oil moisture (e.g. valley bottoms) and forest composition enhanced forest resistance/alleviation to drought. Moreover, Cartwright
t al. (2020) found that areas with low soil bulk density and high soil available water capacity presented a reduced drought sensitivity
and high soil moisture recovery). However, the biome with faster soil moisture recovery corresponds to the semi-arid which presents
igher bulk density and low soil water capacity (Seguel et al., 2013). The presence of higher mountains in this biome (in the Andes
nd coastal range) with more valley bottoms and south exposition hills (shade in the southern hemisphere) provide good conditions
o retain water due to low evaporation.

.3. Drought recovery patterns

Spatio-temporal recovery of river discharge, vegetation productivity, and soil moisture is critical to investigate in regions without
nough measurements and under increasing environmental pressure due to climate change and human activity. As proven by this
tudy, collecting discharge data is important for understanding the processes in the catchment. The method proposed in this study
rovides a comprehensive tool to assess regional drought vulnerability, which is important for the effective basin-scale management
f water resources and ecosystems.

In central Chile river discharge patterns exhibit a reduction in the recovery times from north to south. This recovery pattern
ollows Masiokas et al. (2020) regional stream flow classification patterns for south America. They estimated the north of central
hile, presented the lowest recovery times, and the lowest discharge during the rainy season of rivers. Followed by an early summer
ingle discharge peak that largely reflects the winter snow accumulation levels. The recovery gradient from west to east is associated
ith the influence of winter orographic precipitation in the lower catchments, between the coastal mountains and the valley, which
nhanced the recovery (Viale et al., 2019). Southern central Chile shows an inverted pattern compared to the north. A gradient
f low recovery near the latitude of 35◦ S is found and this becomes slightly higher towards the south. Masiokas et al. (2020)

described this group of rivers as part of the lower Andes (smaller mountain range height) with wetter conditions than the north.
In this region, stream flows present a winter peak largely due to precipitation and in some cases a second spring peak due to snow
melt. The decreased recovery pattern from east to west is explained by the higher influence of precipitation, reaching catchments
located in the lower Andes (further than in the north), and the addition of snowmelt discharge on the east (Garreaud et al., 2020).
The patterns in north Patagonia are also described by Masiokas et al. (2020) as a single spring peak discharge due to snow-melt
with milder climatic conditions due to the low elevation of the Andes, and winter liquid precipitation.

The vegetation recovery Spatio-temporal patterns show longer recovery in densely vegetated areas of south-central Chile, and
faster recovery on semi-arid shrublands of the high Andes in central Chile. The maps developed by Schwalm et al. (2017) showed
long recovery times in highly vegetated mountains of southern Andes with values between 6 to 12 months too, and recovery times
of 3 to 6 months for the rest of the territory. However, the catchments placed in the arid and semi-arid high Andes of this study
evidenced faster recovery (4 months) between the −30◦ S to −35◦ S degrees, and the rest of central Chile presented values over 6
months. DeChant and Moradkhani (2015) also found that semi-arid vegetation recovers quickly in the upper Colorado River basin
due to loss of sensitivity to initial conditions of soil water storage after droughts in the mountainous northeastern region of the semi-
arid upper Colorado river basin (US). Contrary, in their low-lying arid southern and western regions the recovery was slow after
drought events. Cartwright et al. (2020) showed at a regional scale that ecosystems with a drier climate and lower biomass (shrub-
steppe) showed greater drought sensitivity (greenness reduction relative to baseline soil moisture) than conifer forests in the Pacific
Northwest, USA. In their study drought sensitivity was generally greater in zones with high elevation, drier climate, and greater soil
bulk density. Identifying variability in drought sensitivity within biomes and within ecosystems, mediated by landscape topography,
climate, and soil characteristics. Zhang et al. (2021) found diverse post-drought recovery trajectories for different biomes, with forest
ecosystems showing a longer recovery time compared with shrublands and grasslands. Jiao et al. (2021) evidenced for Australian
12

ecosystems, that forests and savanna required the longest recovery times for ‘‘press drought’’ (> 3 months but not extreme drought),
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while grasslands were the slowest to recover for ‘‘press drought’’ (> 3 months extreme drought). This may explain the differences
etween patterns of recovery in catchments close to each other with these characteristics in central Chile and different vegetation
ompositions (e.g. between −39◦ S and −38◦ S). Even though, DeChant and Moradkhani (2015) reported that the vegetation drought
ecovery rate seems to be more related to specific locations than drought intensity. This can suggest that intensity variation due
o propagation is less relevant for vegetation recovery than the local characteristics of the site, which are further evaluated using
andom forest regression. Where site exposition, land use, surface water rights, and annual precipitation variation are the main
elevant factors. Also, most of the catchments of this region have experienced significant land cover change during the last hundred
ears (Lara et al., 2012). Shrub lands in northern Chile have been transformed into avocado plantations over the last 10 years, while
ative forest in central Chile has been converted into productive plantations over the last 30 years native forest was converted into
roductive plantations. Furthermore, deforestation of agricultural lands took place all over central Chile in the last 100 years (Lara
t al., 2012). This adds a third component to plant recovery, which is the physiological response of native and exotic species to
roughts and their recovery time at the study site. Mediterranean species possess special adaptations to a drought that may influence
he recovery as the storage of soluble carbohydrates during summer (Martínez-Vilalta et al., 2016). However, is not clear yet if this
elps them to accelerate or extend the recovery as part of the legacy effects of drought impact. Studies carried by Venegas-González
t al. (2018), Matskovsky et al. (2021) reported that the Mediterranean endangered and endemic forest of Nothofagus macrocarpa

and Austrocedrus chilensis in central Chile presented an increased declination of radial growth in the last decades due to drought
onditions.

The spatial distribution of soil moisture recovery presents patterns that may be related to discharge recovery. DeChant and
oradkhani (2015) also demonstrated the difference between drought recovery time and rate of recovery. Since the drought recovery

ime is highly dependent on initial conditions of soil moisture, and this value varies strongly temporally, they reported that this
ariable is linked to the discharge recovery in terms of their geographical patterns. In this sense, soil moisture and discharge recovery
resented an opposite gradient behavior in this study. This is, at a faster discharge recovery towards the south of central Chile there
s a slow soil moisture recovery. The patterns can be also observed from east to west, which tells that as rivers recover faster the
oil moisture recovers slowly. The reason for this pattern could be the preferential transport of water to the rivers when they are
ecovering and the consequent diminution of the soil moisture in the first 5–10 cm. Also, surface run-off with high rainfall intensity
ould be attributed to low infiltration in the first layers of soil, improving only the discharge recovery (Woolhiser and Goodrich,
988; Molina et al., 2007).

.4. Random forest regression

The predictors of DT and DTD (Fig. 4) are connected to diverse hydrological processes with different contribution proportions to
he model. The processes linked with the discharge recovery model predictors are related to water provisions such as precipitation,
tream flow extremes, and snow accumulation. In this sense, when a precipitation event begins, it is also where and when drought
tarts the recovery with a lag until surface runoff reaches the outlet. Moreover, the first rainy events after a dry period can provide
xtreme flows, or even flash flows, due to the effect of water repellency influenced by antecedent soil water content, hydraulic
onductivity, and precipitation intensity (Cerda et al., 1998). Snow accumulation is particularly relevant for watersheds with high
levations and low elasticity of stream flow to precipitation and temperature changes in Chile (Barrera et al., 2020). Also, snow
ccounts for the storage of water, provisioning water during dry periods, and even in dry periods, providing water to the stream flow
nd groundwater. However, in the short term, higher snowmelt rates may help the recovery temporarily due to higher temperatures
n Chile (Garreaud et al., 2020). In the long term, this may induce snow drought due to early snow melt in combination with no
echarge due to precipitation deficit (Van Loon, 2015).

The vegetation recovery RFR model presents predictors that are connected to precipitation behavior together with water storage
nd release characteristics by the land cover (shrub land cover). The inclusion of the annual precipitation variation responds to the
nfluence of El-Niño-Southern-Oscillation and the reduction of precipitation due to the Southern Blob in the last years (Garreaud
t al., 2021). The storage and release are mainly influenced by plants’ adaptation to efficient use of water (Martínez-Vilalta
t al., 2016), the influence of climate change on vegetation relocation distribution patterns (Batllori et al., 2020), soil storage
roperties (Galleguillos et al., 2021) and land cover change (Alvarez-Garreton et al., 2019). The superficial water extraction as an
xplanatory variable relates the recovery with the private water rights system in Chile. Which is not limited by catchments’ water
rovision capacity (Barría et al., 2021b). Even though there is an extreme reduction in river stream flow due to the multi-year
rought during the last decade for many of them (Alvarez-Garreton et al., 2020). The relevance of orographic precipitation across
he coastal mountain range, which is exacerbated in mesic locations, is demonstrated by east exposition as a predictor (Cazorla
t al., 2022; Viale et al., 2019).

The explanatory variables of the soil moisture recovery model, such as superficial-ground water extraction and land cover,
vidence that water management at a catchment scale is very relevant for this region (Barría et al., 2021a). In this regard, the
ssessment of drought termination and resilience may improve planning and resource management at the catchment scale under
uture climate change droughts (Van Loon et al., 2016). At the moment the water rights market presents over-allocation and may
enerate an even more extreme situation considering the weather predictions (Barría et al., 2021b; Gibson et al., 2020). Climate
hange projections include precipitation reductions and higher temperatures that may increase evaporation and reduce soil moisture
hich will account for the increase in hydrological droughts (Wada et al., 2013). Similar projections show an increase in drought
13
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5. Conclusion

This study investigated the impacts of multi-year droughts in Chile and analyzed for 163 catchments the drought duration and
ecovery time related to environmental conditions. It demonstrates that the recovery of discharge, vegetation productivity, and
oil moisture after a hydrological drought can be explained by local catchment properties and characteristics. The outcome of this
tudy is a contribution to disentangling the connection of environmental conditions (vegetation and soil moisture) and discharge to
ssess the drought vulnerability of catchments. The recovery analysis over different climate zones also contributes to the supply of
uantitative thresholds to improve the modeling of ecosystem dynamics post-drought.

Snow accumulation influences the recovery of natural catchments compared to rain-fed basins. The decrease in discharge
ecovery due to snow melt infiltration into groundwater levels reduces the river’s stream flow. The vegetation recovery evidences
aster recovery in watersheds with snow accumulation due to the constant water provision through the groundwater profile. Helping
ith water provision to species adapted to dry conditions and with deeper roots. The soil moisture recovery presents higher recovery

n basins with snow consequently due to the longer provision of water.
Environments dominated by shrublands, with less precipitation and higher temperatures present longer discharge recovery, while

n higher latitudes, with increasing precipitation and lower temperatures the recovery times are shorter under higher vegetation
over. The patterns of vegetation show longer recovery in densely vegetated areas of south-central Chile, and faster recovery in
emi-arid shrublands of the high Andes in central Chile. The spatial distribution of soil moisture recovery presents patterns that
onnect them with discharge recovery. This might be explained by the preferential transport towards streams, and the increasing
urface run-off due to high rainfall intensity with low infiltration of the first layers of soil.

The recovery of discharge is better explained by precipitation, extreme discharge, and snow accumulation, meanwhile, vegetation
roductivity by a combination of catchment characteristics (catchment exposition ratio) associated with storage and release (shrub-
and cover), and superficial water extraction. The soil moisture main predictors correspond to stream flow precipitation elasticity,
torage–release characteristics, and ground-superficial water extraction.

This study shows for the first time the discharge recovery for different environments at the catchment scale, along with the
ecovery of vegetation productivity and soil moisture. This is useful for the identification of drought vulnerability for managing
ater resources and ecosystems, helping to predict drought recovery periods in regions with scarce observations.
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Table A.1
Recovery of discharge for different climates.

Discharge DT and DTD

Koppen DT DTD

climates Snow NoSnow Snow NoSnow

Mediterranean climate of winter rain (Csb) 122.8 114.9 113.4 105.4
Mediterranean climate with high altitude winter
rain (Csb(h))

169.7 – 160.9 –

Semi-arid climate with winter rain (BSk(s)) 209.6 – 201.2 –
Tundra climate (ET) – 116.3 – 106.3
Summer rainy tundra climate (ET(w)) – 103.5 – 95.2
Mediterranean climate with winter rain and
coastal influence (Csb(i))

– 137.0 – 125.3

winter rain cold Mediterranean climate (Csc) – 124.8 – 117.0
Semi-arid climate (BSk) – 84.3 – 76.3
Rainy temperate climate (Cfb) – 97.3 – 88.0
Rainy temperate climate with mild summer
dryness (Cfb(s))

– 109.5 – 99.4

Rainy temperate climate with slight summer
dryness and coastal influence (Cfb(s)(i))

– 97.5 – 88.0

Rainy temperate climate and coastal influence
(Cfb(i))

– 89.0 – 80.0

Cold rainy temperate climate (Cfc) – 142.0 – 132.3

Table A.2
Recovery of vegetation productivity for different climates.

Vegetation DT and DTD

Koppen DT DTD

climates Snow NoSnow Snow NoSnow

Mediterranean climate of winter rain (Csb) 132.9 174.3 82.5 111.9
Mediterranean climate with high altitude winter
rain (Csb(h))

92.4 – 58.5 –

Semi-arid climate (BSk) 72.0 138.6 7 49.6
Semi-arid climate with winter rain (BSk(s)) 176.5 – 128.6 –
Tundra climate (ET) – 192.2 – 90.7
Summer rainy tundra climate (ET(w)) – 115.8 – 71.6
Mediterranean climate with winter rain and
coastal influence (Csb(i))

– 69.3 – 57.0

winter rain cold Mediterranean climate (Csc) – 188.8 – 91.2
Semi-arid climate with summer rain (BSk(w)) – 187.6 – 89.6
Rainy temperate climate (Cfb) – 214.6 – 103.0
Rainy temperate climate with mild summer
dryness (Cfb(s))

– 147.5 – 80.2

Rainy temperate climate with slight summer
dryness and coastal influence (Cfb(s)(i))

– 193.5 – 179.0

Rainy temperate climate and coastal influence
(Cfb(i))

– 28.0 – 18.0

Cold rainy temperate climate (Cfc) – 107.6 – 102.0

Table A.3
Recovery of soil moisture for different climates.

Soil moisture DT and DTD

Koppen DT DTD

climates Snow NoSnow Snow NoSnow

Mediterranean climate of winter rain (Csb) 132.9 174.3 82.5 111.9
Mediterranean climate with high altitude winter
rain (Csb(h))

92.4 – 58.5 –

Semi-arid climate (BSk) 72.0 138.6 7 49.6
Semi-arid climate with winter rain (BSk(s)) 176.5 – 128.6 –
Tundra climate (ET) – 37.0 – 27.75
Summer rainy tundra climate (ET(w)) – 24.5 – 21.0

(continued on next page)
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Table A.3 (continued).
Soil moisture DT and DTD

Koppen DT DTD

climates Snow NoSnow Snow NoSnow

Mediterranean climate with winter rain and
coastal influence (Csb(i))

– 44.0 – 39.0

winter rain cold Mediterranean climate (Csc) – 42.8 – 29.0
Semi-arid climate with summer rain (BSk(w)) – 14.3 – 14.0
Rainy temperate climate (Cfb) – 25.2 – 18.0
Rainy temperate climate with mild summer
dryness (Cfb(s))

– 27.2 – 25.8

Rainy temperate climate with slight summer
dryness and coastal influence (Cfb(s)(i))

– 63.0 – 56.6

Rainy temperate climate and coastal influence
(Cfb(i))

– 11.0 – 6.0

Cold rainy temperate climate (Cfc) – 43.5 – 10.5

Table A.4
Recovery of DT and DTD for different climates.

Recovery variables

Koppen Discharge Vegetation Soil moisture

climates DT DTD DT DTD DT DTD

BSk 84.3 76.3 122.0 39.0 28.6 21.0
BSk(s) 209.6 201.2 176.56 128.6 21.8 11.6
BSk(s)(i) 205.0 197.0 160.0 119.0 – –
BSk(w) – – 187.6 89.6 14.3 14.0
Cfb 97.3 88.0 214.6 103.0 25.2 18.0
Cfb(i) 89.0 80.0 28.0 18.0 11.0 6.0
Cfb(s) 109.5 99.4 147.5 80.2 27.2 25.8
Cfb(s)(i) 97.5 88.0 193.5 179.0 63.0 56.5
Cfc 142.0 132.3 107.6 102.0 43,5 10,5
Csb 118.4 108.9 155.7 98.7 39,3 31.4
Csb(h) 169.7 160.9 92.4 58.5 12,4 8.0
Csb(i) 137.0 125.3 69.3 57.0 44,0 39.0
Csc 124.9 117.0 188.9 91.2 42,8 29.0
ET 116.3 106.3 192.2 90.7 37.0 27.7
ET(w) 103.5 95.2 115.8 71.6 24.5 21.0

Table A.5
CAMELS and additional variables for models 1.

soil moisture capacity avg exposition
avg groundwater depth catchment area
gauge elevation mean elevation
median elevation max elevation
min elevation mean slope
geological 1st class fraction geological 2nd class fraction
carbonate sedimentary rocks fraction cropland coverage fraction
natural broadleaf forest fraction forest plantation coverage fraction
grassland coverage fraction shrubland coverage fraction
wetlands coverage fraction impervious areas fraction
barrenlands coverage fraction snow and ice coverage fraction
glaciers coverage fraction forest plantation index
forests covered fraction dominant land cover fraction
missing land cover fraction mean precipitation cr2met
mean precipitation chirps mean precipitation mswep
mean potential evapotranspiration aridity index
aridity chirps aridity mswep
precipitation seasonality and timing cr2met precipitation seasonality and timing chirps
precipitation seasonality and timing mswep snow precipitation fraction cr2met
snow precipitation fraction chirps snow precipitation fraction mswep
high-precipitation days frequency cr2met high-precipitation days frequency chirps
high-precipitation days frequency mswep average high-precipitation duration cr2met
average high-precipitation duration chirps average high-precipitation duration mswep
16
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Table A.6
CAMELS and additional variables for models 2.

high-precipitation season cr2met high-precipitation season mswep
dry days frequency cr2met dry days frequency chirps
dry days frequency mswep average dry periods duration cr2met
average dry periods duration chirps average dry periods mswep
dry period season cr2met dry period season mswep
annual precipitation variation mean discharge
runoff ratio cr2met runoff ratio chirps
runoff ratio mswep streamflow precipitation elasticity cr2met
streamflow precipitation elasticity chirps streamflow precipitation elasticity mswep
flow duration curve duration baseflow index
mean half-flow date 95% flow quantile
5% flow quantile frequency of high-flow days
high-flow duration low-flow duration
low discharge duration days without discharge
swe_ratio Number of surface water rights
surface water rights flow surface water rights annual flow

groundwater rights annual flow
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