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ARTICLE INFO ABSTRACT
Keywords: Study region: Water resource management relies fundamentally on our ability to monitor climate
Water resource forcing variability, especially in tropical mountainous environment where the temporal and

Volcanic Island

spatial variability of rainfall strongly controls the dynamics of the water resource. In West Java
Tropical climate

. X . Island, rainfall temporal and spatial distribution significantly varies in function of regional
High resolution rainfall product . . et s . . .
Climatic reanalysis climatology and volcanoes morphology while accessibility issues and the complexity of climatic
Remote sensing phenomena notably are limitations for reliable rainfall ground instrumentation.

Study focus: Here, we assess the ability of climate reanalyses (CHELSA and TerraClimate) and
satellite products (CHIRPS) in capturing rainfall high resolution spatial variability. The accuracy
of rainfall amounts, variability and dynamics of each global product is estimated using the three
component of Kling-Gupta efficiency score. As direct statistical comparison is influenced by
resolution issues, our approach is completed by a process-based one. The spatial and orographic
rainfall patterns of the global products are analyzed according to known climatic phenomena.
Hydrological Insights: It appears that, TerraClimate provides the most accurate and stable esti-
mation for temporal monitoring. CHIRPS shows consistent rainfall patterns with atmospheric
circulation and volcanoes morphology but overestimates overall rainfall amounts. This study
presents a methodology for assessing global climatic products over poorly instrumented areas.
The results demonstrate that high resolution global products are somewhat interesting for water
resources management. However, several temporal and spatial biases still limit their integration
for operational purposes.

1. Introduction

In volcanic islands, water demand (for irrigation, drinking water, industry, etc.) is more and more satisfied by groundwater, as
surface water may not be available during the dry season, and may also be of poor quality (Charlier et al., 2011; Lachassagne et al.,
2014; Vittecoq et al., 2019). On such geological settings, volcanic aquifers are usually considered as highly productive which means

* Corresponding author.
E-mail address: marc.dumont@sorbonne-universite.fr (M. Dumont).

https://doi.org/10.1016/j.ejrh.2022.101037
Received 2 August 2021; Received in revised form 19 December 2021; Accepted 9 February 2022
2214-5818/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


mailto:marc.dumont@sorbonne-universite.fr
www.sciencedirect.com/science/journal/22145818
https://www.elsevier.com/locate/ejrh
https://doi.org/10.1016/j.ejrh.2022.101037
https://doi.org/10.1016/j.ejrh.2022.101037
https://doi.org/10.1016/j.ejrh.2022.101037
http://creativecommons.org/licenses/by/4.0/

M. Dumont et al. Journal of Hydrology: Regional Studies 40 (2022) 101037

that the volcanic rocks have a high hydraulic conductivity, that allows a high discharge to be pumped, often more than 100 m®/h per
borewell (Charlier et al., 2011; Lachassagne et al., 2014; Vittecoq et al., 2019). Due to its utmost importance, such groundwater
resource must be sustainably managed, which means that the groundwater abstraction should not, on average, exceed the average

95.0°E 100.0°E 105.0°E 110.0°€ 115.0°E 120.0°E 1320.0°E

125.0°

Sulawesi

Sumatra
S.0"S

10.0°S -

GPS Area

106.5°E 106.6°¢ 1C6.7°E 106.8°E 106.9°E 107.0°t 107.1°€

: Ay 4 EREIR Rainfall ground stations
6.5°5 B i T R P (R [ ‘ # © BMKG  © PUSAIR

6.6"S
8.7°S

B.8°S 3

7.0"8

I }
Sea 0 6C0 1200

Fig. 1. (A) Map of Java island and surrounding islands. The study area, Gede, Pangrango and Salak (GPS) volcanoes, is delineated in red. The blue
and orange arrows correspond to major wind directions during wet and dry seasons, respectively. These main wind direction have been estimated
from wind monthly regimes defined using u and v component of ERA5 monthly averaged wind data on single levels from 1979 to present (Hersbach
et al., 2020). The wind regime maps are presented in supplementary material A. (B) Study area with the three volcanoes: S for Salak, P for Pan-
grango and G for Gede. The 15 ground rain gauges are located with blue and orange dots for BMKG and PUSAIR meteorological services,
respectively. The digital elevation model is extracted from the Shuttle Radar Topography Mission (SRTM) dataset with a 90-m lateral resolution.
Coordinates are given in WGS84 - World Geodetic System 1984 - EPSG 4326.(For interpretation of the references to colour in this figure, the reader
is referred to the web version of this article.)
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recharge rate of the considered aquifer. Thus, groundwater resource sustainability is highly dependent on the variability of climatic
forcing. In Indonesia, especially in Java Island, the exponential raise of water demand for agriculture, industry, and domestic water use
gradually increases the stress on the available groundwater resource. Previous studies demonstrated that aquifer recharge may occur
along all the volcano slopes (Dumont et al., 2021; Toulier et al., 2019), and that aquifer recharge is thus highly dependent on the spatial
and temporal patterns of rainfall and evapotranspiration. These patterns highly depend on the altitudinal climatic variability which
can be very high in such a tropical humid and mountainous setting, and can hardly be characterized with sparse ground rain gauges,
notably for cost and accessibility reasons.

In Indonesia, the climate is characterized by a tropical seasonality with a dry season from April to October and a wet period from
November to March (Aldrian and Susanto, 2003). In addition, the climatic variability is impacted by several factors. Java Island is
located nearby the equator and surrounded by the Indo-Pacific Warm Pool (IPWP) where the Hadley cell and the Walker circulations
converge yielding several specific rainfall regimes over Indonesia (Aldrian and Susanto, 2003). The first climatic driver is induced by
the Asian-Australian monsoon affecting the Indonesian climate with circulations originating from the Northwest during the wet season
(December to February), while Southwest winds occur during the dry season (June to July; Fig. 1; Aldrian and Susanto, 2003;
As-syakur et al., 2013; Chang et al., 2005). The second climatic driver comes from steep topography of young volcanoes which impacts
the circulation of the hot and humid air masses generated by the IPWP leading to strong spatial and temporal rainfall variability
(Houze, 2012; Qian, 2008; Sobel et al., 2011). This orographic influence varies according to the seasons and the evolution of the
inversion layer creating strong rainfall heterogeneity between windward, leeward and even on the same slope (Réchou et al., 2019).
The third climatic driver controlling the climatic variability of Java Island is composed by El Nino-Southern Oscillation (ENSO) and the
Indian Ocean Dipole (IOD) (As-syakur et al., 2014; Lestari et al., 2018; Qian et al., 2010). These two interconnected regional phe-
nomena create high interannual climatic variability over Indonesia impacting both monsoon and orographic processes.

In hydrogeological studies with a perspective of water resource management, the characterization of such variability is usually
addressed with the help of dense ground rain gauge networks (Charlier et al., 2011; Toulier et al., 2019; Vittecoq et al., 2020).
However, recent andesitic volcanoes are characterized by steep slopes limiting access at medium to high elevation. Thus rain gauge
monitoring is generally concentrated in the valleys between the volcanoes, limiting the understanding of orographic effects induced by
volcano slopes and dominant wind orientations (Satge et al., 2019). In order to complete or replace ground rain gauge data, global
products are targeted to provide spatially and temporally continuous climatic dataset (Sun et al., 2018). These datasets are generally
characterized by large grids with sizes ranging from 0.5° to 2.5°. Such resolutions are not suited to monitor orographic effects on
volcano slopes. Nevertheless, recent development of high resolution downscaling methodologies is opening up new opportunities at
local scale (Fick and Hijmans, 2017; Hersbach et al., 2020).

Global products are generally derived from the interpolation of ground rain gauges data (Becker et al., 2013; Dee et al., 2011), or
from the processing of remote sensing data (Huffman et al., 2007). Both approaches lead to uncertainties in the estimation of rainfall
volumes and variability. Climatic reanalysis relies on ground data availability and the accuracy of interpolation methods.
Satellite-based rainfall products are indirect measurements (microwaves or infrared) of low earth orbital. The rainfall monitoring of
short precipitation events is inaccurate due to the sampling rates of the satellites. In mountainous settings, the presence of warm clouds
could create similar signals as rainy clouds, hence biasing the satellite estimates (Satgé et al., 2019).

In order to assess the validity of global products, several methodologies have been developed. The first one consists in direct
comparisons of ground rain gauge data with global products. This approach faces several limits such as the quality of ground
monitoring and the difference of resolution. The point-scale monitoring of rain gauge station may not represent areal precipitation
captured by global products. Tang et al. (2018) demonstrated that the smaller the number of stations, the more the comparison will
underestimate the quality of the overall products. This resolution bias can be solved by using ground radar signals that monitor rainfall
over large areas in a distributed way (Satgé et al., 2019). Nevertheless, the estimation of rainfall from ground radar is complex and it is
biased in mountainous areas (Zeng et al., 2018). The second approach consists in analyzing the sensitivity of hydrological modelling to
global products (Maggioni and Massari, 2018; Satgé et al., 2019). Several studies analyzed global products performance over
mountainous area in Andean Plateau (Elgamal et al., 2017; Satgé et al., 2019), African Eastern Plateau (Dinku et al., 2008; Gebremicael
et al.,, 2017; Goshime et al., 2019), Tibetan Plateau (Alazzy et al., 2017; Shrestha et al., 2017), and even recently over tropical islands
(Bathelemy et al., In review). Nevertheless, these studies evaluated global products at regional scales, from few to dozen earth degrees,
which does not provide specific guidance for the management of local groundwater resources at a scale from 10 to a few 1000 km?.

Our study takes part of a multidisciplinary project for groundwater management on headwater catchment of Jakarta on Java Island.
The studied area of about 4000 km? includes three Indonesian stratovolcanoes (Fig. 1.B): Salak (2200 m a.s.l.), Gede (2958 m a.s.1.),
and Pangrango (3019 m a.s.l.). Aligned from North to South, a large valley separates the Salak from the Gede-Pangrango that are
embedded together forming a single more massive edifice. These three volcanoes are a portion of the Indonesian volcanic arc extending
from Sumatra to East Java, and to the eastern chain of islands including Bali, Lombok and Flores. Orographic effects induced by the
combination of the volcanic chain and regional winds direction, might differ spatially and evolve during the year (Fig. 1.A). According
to the maps of monthly wind (see supplementary material A), the climate of the northern slopes should be mainly impacted by at-
mospheric circulations from Asia, while the southern part might be more impacted by Australian climatic conditions. Finally, climatic
conditions in the valley might be largely influenced by local processes induced by topographic irregularities.

In order to understand rainfall patterns in a such limited area impacted by local climatic phenomenon, we compare scarce ground
rain gauge data with three global products: CHELSA, a 1-km grid length product from ERA-Interim reanalysis downscaling; TERRA, a
4-km grid length dataset from WorldClim and CRU reanalysis downscaling; and CHIRPS, a 5-km lateral resolution downscaling of
TMPA 3B42 remote sensing dataset (Abatzoglou et al., 2018; Funk et al., 2015; Karger et al., 2017). The temporal resolution of the
global products is relatively coarse (up to one month) but still interesting for water resource management applications. The first
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objective of this study is to estimate the accuracy of these three global products over tropical mountainous areas using scarce ground
rain gauge data. Given that there is no rainfall amount monitoring derived from ground radar data available and that river discharge
monitoring dataset in the sector are too short and incomplete, the quantitative evaluation of global product relies only on ground
gauge data. As such comparison is biased by resolution issue, the second objective is to provide a process-based analysis of spatial
rainfall patterns and orographic effects. This analysis relies on the comparison of global and ground rainfall patterns with local spatial
trends and orographic effects from previous studies in tropical Island. Finally, these results will help to evaluate whether global
products are accurate enough to be used for the sustainable management of groundwater resources. The combination of quantitative
and qualitative analyses will provide an overview of the strengths and limits of ground and global monitoring products to quantify
rainfall over tropical volcanoes for operational groundwater resource management.

2. Material and method
2.1. Ground rain gauges

In the area, the daily monitoring dataset from 34 ground rain gauge was collected. A quality check was performed for each station
using cumulative and double-mass curves. The purpose of this procedure is to ensure that each station temporal dynamics is consistent
with neighboring gauges as well as with climatological knowledge. After this quality check, 15 stations from two providers have been
conserved: 4 stations from BMKG' and 11 from PUSAIR? (Fig. 1.B; Table 1). In order to compare these data to global products, monthly
total rainfall have been calculated when less than 10% of the month data is missing. These stations are mainly located in the valleys at
low elevation (between 133 and 1134 m, average 510 m). In addition, the spatial distribution of ground stations is highly hetero-
geneous with a concentration in the valley between Mt. Salak and Mt. Pangrango, as well as in the northern slope of Mt. Salak and
southern part of Mt. Gede (Fig. 1.B).

2.2. Global products

In this study, we do not intend to provide an exhaustive overview of all available products. The objective is to provide a detailed
assessment of the strengths and weaknesses of the different high resolution global products in such tropical orographic settings. The
global rainfall products have been selected according to three requirements: (i) a lateral resolution below 10 km to analyze spatial
variability, (ii) a time series long enough to analyze temporal variability, and (iii) several reanalysis and remote sensing protocols to
discuss the relative merits of each method. Three global products have been selected (Table 2): CHELSA (Climatologies at High res-
olution for the Earth’s Land Surface Areas), TERRA (TerraClimate), and CHIRPS (Climate Hazards Group InfraRed Precipitation with
Station data).

2.2.1. CHELSA - Climatologies at High resolution for the Earth’s Land Surface Areas

CHELSA climate reanalysis at monthly basis originates from the downscaling of ERA-Interim climatic reanalysis to a 1-km reso-
lution (Dee et al., 2011; Karger et al., 2017).° In order to improve precipitation resolution and accuracy, the downscaling algorithm
incorporates orographic predictors including wind fields, valley exposition, and boundary layer height, with a subsequent bias
correction. The resulting data consist of monthly temperature and precipitation time series over the 1979-2018 time period. This
dataset was compared with other standard gridded products and stations data from the Global Historical Climate Network (GHCN) by
Karger et al. (2017) who showed that CHELSA product provides a better accuracy of rainfall range predictions compared to other
global climate modelling products such as CRU and ERA-Interim.

2.2.2. TERRA - TerraClimate

TERRA is a 4-km gridded dataset at monthly time step that combines several climate reanalyses (Abatzoglou et al., 2018)":
WorldClim v1.4 and v2 (Fick and Hijmans, 2017; Hijmans et al., 2005), CRU Ts4.0 (Harris et al., 2020), and JRA-55 (Kobayashi et al.,
2015). The compilation of the original data is done in four steps. In the first step, high resolution monthly climate averages are derived
from WorldClim v2 integrating average mean temperature, vapor pressure, precipitation, solar radiation at the surface, and wind
speed. As WorldClim v2 presents several biases in diurnal temperature range, WorldClim v1.4 is used to calculate maximum and
minimum temperature during the second step. The third step consists in creating climate anomaly time series with lower spatial
resolution products, namely CRU Ts4.0 and JRA-55. Then, TERRA rainfall dataset is created by superimposing monthly climate
anomalies from step 3 to monthly climate normal from steps 1 and 2. This is carried out using a climatologically aided interpolation
consisting of a simple spatial downscaling with bilinear interpolation of temporal anomalies from a higher-temporal, lower-spatial
resolution dataset to a lower-temporal, higher-spatial resolution dataset (Mosier et al., 2014; Willmott and Robeson, 1995).

1 Badan Meteorologi, Klimatologi, dan Geofisika - www.bmkg.go.id

2 pusat Penelitan Dan Pengenbangan Sumber Daya Air - http://www.pusair-pu.go.id/

% https://envicloud.wsl.ch/#/?prefix=chelsa%2Fchelsa_V2%2FGLOBAL%2Fmonthly%2Fpr%2F.

4 http://thredds.northwestknowledge.net:8080,/thredds/terraclimate_aggregated.html?dataset=agg_terraclimate_ppt_1958_CurrentYear GLOBE.
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Table 1
List of rainfall ground stations. Data availability is expressed in number of months over the period January 2001 — December 2018 (216 months).
Coordinates are given in WGS84 - World Geodetic System 1984 - EPSG 4326.

1d Provider Name Longitude (°) Latitude (°) Elevation (m) Data availability
(months) (%)
1 BMKG Staklim-Bogor 106.75000 -6.50000 133 135/ 216 62.5%
2 PUSAIR Cihideung-Udik 106.69583 -6.53722 141 180 / 216 83.3%
3 BMKG Darmaga 106.83580 -6.58500 222 73/ 216 33.8%
4 PUSAIR Empang 106.79167 -6.60722 258 99 / 216 45.8%
5 PUSAIR Katulampa 106.83528 -6.63333 342 144 / 216 66.7%
6 BMKG Stamet-Citeko 106.85000 -6.70000 492 216 / 216 100%
7 PUSAIR Gunung-Mas 106.96750 -6.70944 1134 192/ 216 88.9%
8 PUSAIR Pasir-Jaya 106.79528 -6.72833 517 180 / 216 83.3%
9 PUSAIR Manggis 106.81833 -6.76583 583 48 / 216 22.2%
10 PUSAIR Cicurug-Ciutara 106.77417 -6.79917 465 108 / 216 50%
11 PUSAIR Sinagar 106.83194 -6.83972 581 132/ 216 61.1%
12 BMKG KbSalak 106.61670 -6.86700 507 111/ 216 51.4%
13 PUSAIR Cisalada 106.96028 -6.87167 944 84 /216 38.8%
14 PUSAIR Ciraden 106.87250 -6.91139 567 180 / 216 83.3%
15 PUSAIR Cibadak-Cisekarwangi 106.83250 -6.91417 630 108 / 216 50%
Table 2
Presentation of the three global products used in this study.
Name Version Type Initial products Spatial resolution Time period
CHELSA® Va2l Climatic reanalysis ERA-Interim 1/125° 1979 - 2018
TERRA* V1.0 Climatic reanalysis WorldClim v1.4 CRU Ts4.0 1/24° 1958 — 2020
CHIRPS® V2.0 Remote sensing TMPA 2B31 1/20° 1981-2020

2.2.3. CHIRPS - climate hazards group infrared precipitation with station data

CHIRPS (Funk et al., 2015)° comprises gauge stations analysis, infrared Cold Cloud Duration (CCD) observations and bias
correction in a 3-step algorithm. The first step is the creation of a monthly precipitation climatology model, CHPclim, that incorporates
FAO (Food and Agriculture Organization) and GHCN (Global Historical Climatology Network) station monthly averages, typical
physiographic indicators (elevation, latitude, and longitude) and monthly long-term mean rainfall from four satellite products: TMPA
2B31 (Huffman et al., 2007), CMORPH (Joyce et al., 2004), Global infrared data (Janowiak et al., 2001), and MODIS (Wan, 2008). As a
result, CHPclim produces monthly, pentadal (10 days), and daily climate averages. The second part of the computation consists in
using central composite design CCD regression slopes to estimate rainfall from satellite imagery and compare it with CHPclim climate
normal. The third step is the combination of extensive ground gauge datasets and CHIRP precipitation to compile CHIRPS estimates of
monthly precipitation monitoring. Only one of the six stations used to correct for CHIRPS in West Java is located in a mountainous
area.

2.3. Objective 1: Temporal ground — global products quantitative evaluation

The first objective of the analysis consists of providing a quantitative evaluation of the three global products by means of statistical
metrics. We compare global products with ground rain gauge data from its corresponding cell (Fig. 2). This analysis aims to assess the
differences between ground-based and gridded datasets in terms of (1) precipitation amounts, (2) seasonal variability, and (3) dynamic
consistency. To do so, we present three statistical criteria where ground rain gauge are considered as reference named R, and evaluated
global products are named E. These criteria are components of the Kling-Gupta efficiency (KGE) criterion (Gupta et al., 2009) in order
to analyze separately volume, variability and dynamic bias rather analyzing an overall score. Taylor diagrams that use Root Main
Square (RMS) criterion are presented in the Supplementary material B.

First, mean and standard deviation (STD) ratios, named p and « respectively, are calculated to quantify differences in terms of
volumes and variability between the references and evaluated monthly data:

2

R 1 al
ke =% ;Ei 0r =4y 7 ;\Ei* I

gt o

Hr Or

5 https://data.chc.ucsb.edu/products/CHIRPS-2.0/global_monthly/.
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Fig. 2. Location of all ground stations and corresponding cells of global products CHELSA, CHIRPS and TERRA.

with p the mean and ¢ the standard deviation of the monthly data calculated over the period N. In this case, p assesses the volumes bias
between the two time series, whereas « estimates the variance bias. For both criteria, the ideal value is then 1, indicating a perfect fit
between rain gauge data and global product in terms of mean amounts and standard deviation.

Second, the Pearson correlation coefficient (CC) evaluates the error in dynamics and timing between the reference and evaluated
time series. The ideal value for CC is 1. The CC calculation is combined with an estimation of its p-value in order to assess the CC
validity.
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These three criteria are first calculated for the three global products over the entire time series (N range from48t0216 in function of

Table 3

Annual rainfall, in meter, between 2001 and 2018 for the fifteen ground rain gauge.
1d 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18
1 3.5 2.0 2.6 1.7 3.0 2.5 4.2
2 3.2 2.7 3.5 2.1 3.9 3.7 3.5 4.2 3.0 4.2 4.7 2.8 2.1 4.0 2.6
3 4.0 3.5 4.0 2.9 3.6
4 2.8 3.9 4.3 2.5 2.8 3.9 3.5 5.4 3.0
5 2.6 4.8 4.5 2.9 3.4 4.2 3.8 5.2 2.8 2.6 3.1 3.5
6 3.7 3.0 2.8 2.8 3.1 2.6 3.5 3.2 3.3 3.6 2.4 2.7 2.5 2.5 0.0 1.4 2.9 2.1
7 1.6 2.8 3.7 2.3 2.7 3.5 4.0 4.6 2.5 2.3 4.1 3.6 2.8 2.5 3.6 3.4
8 3.4 3.1 4.4 3.3 2.7 3.2 3.7 4.4 6.1 2.7 3.8 5.2 3.0 2.6
9 3.2 3.1 2.7 2.8 2.4
10 4.5 2.8 2.6 3.1 3.5 2.3 4.1 3.1 2.9
11 1.9 1.9 2.2 2.9 2.2 2.9 2.6 1.9 3.5 2.4 2.1
12 3.0 2.3 2.8 1.8 1.9 1.8 2.2 2.2 2.2
13 2.7 2.5 2.4 1.8 2.6 3.0 2.7
14 2.1 2.9 2.2 2.3 2.7 2.6 3.9 2.3 2.3 2.5 2.1 1.9 3.0 2.3 2.0
15 3.7 1.3 2.4 2.2 2.4 2.2 3.2 2.6 2.3
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the ground rain gauge). Then, they are averaged for each station, giving 15 scores for each global product, one for each station. This
first standard approach aims at providing an overview of the accuracy of global product relative to ground stations. Nevertheless,
global product accuracy could vary temporally requiring to work on different temporal scales (Satgé et al., 2019). Water management
at watershed scale needs accurate monitoring of both seasonal and interannual variability of the rainfall in order to set up short- and
long-term sustainable management. In order to evaluate interannual bias, statistical criteria are thus calculated for each year only (N =
12). For this step, only complete years of ground rain gauge time series are used (Table 3). The 15 scores for each station are then
presented using a box plot. Finally, a third calculation is made for each month separately (i.e., January, February, etc., N = 18). This
allows the evaluation of global products ability to capture the seasonality over the entire period. All the statistical results are showed in
the Supplementary material D and E.

2.4. Objective 2: Spatial analysis of the consistency of rainfall products in capturing orographic effects

The second objective consists in analyzing the spatial distribution of ground-based and global rainfall products in order to examine
their relative consistency with regards to orographic effects. Given the specific context of the three studied tropical volcanoes, this
investigation is of high interest by evaluating the products ability to describe orographic effects at kilometric scale.

Indeed, the variability of orographic phenomena is a function of the type of atmospheric circulation, season, organization of slopes
as well as the altitude of the inversion layer (Houze, 2012). The orographic gradient is regularly used to understand these phenomena
and approximate the evolution of rainfall as a function of altitude. Korner (2007) defined different altitudinal gradients according to
the climates defined by the latitude of the area. As Java Island is located around 6°S latitude, the gradient should correspond to the
equatorial pattern (0-10° latitude) characterized by a rainfall decrease as a function of altitude, accentuated above 1500 m altitude
(Korner, 2007). However, Toulier et al. (2019) rather found a sub-tropical pattern (like the 10-30° latitude one) on the northern slope
of the Bromo-Tengger (East of Java Island). In their study, a network of ground stations showed a rainfall increase with the elevation up
to 1000-1400 m a.s.1., above which the annual rainfall decreased up to the 3000 m a.s.l. at the summit. Finally, recent studies showed
the strong seasonal variability of this orographic gradient. In the Indian Ocean, the influence of the position of the Intertropical
Convergence Zone on La Réunion Island’s local climate as well as on atmospheric circulations (e.g. trade winds or cyclones) induces a
strong temporal variability of the orographic gradients (Réchou et al., 2019).

In this study, orographic effects were analyzed on homogenous geo-climatic areas defined according to volcanoes morphology and
monthly wind regional and local atmospheric circulations (see supplementary material C). As presented by blue and orange arrows in
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Fig. 3. Definition of the four geo-climatic areas on the study area.
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Fig. 1.A, atmospheric circulations are mainly influenced by the Asian-Australian monsoon. During the wet season, the Australian
monsoon induces atmospheric circulations from north-west to south-east over the study site (blue arrows). Dominant winds present
inverse directions during the dry season (orange arrows) with the Asian monsoon (Aldrian and Susanto, 2003). Consequently, four
geo-climatic areas were defined on the studied area (Fig. 3). Each areas are defined in order to gather at least 2 ground rain gauges in
distinct geomorphological region:

1. Salak North (stations 1-5): directly facing Java Sea, rainfall regimes and orographic effects on this slope are assumed to be directly
controlled by northern atmospheric circulations during the Australian Monsoon.

2. Salak East (stations 8 and 10): oriented towards the east in the valley between Salak and Pangrango, this slope should be affected by
both north and south atmospheric circulations as well as local orographic effects.

3. Pangrango North (stations 6, 7 and 9): this slope of Pangrango is surrounded by the Salak volcano at the West and by an old volcano
at the North. Mainly impacted by northern conditions, rainfall regimes should also be impacted by local orographic effects.

4. Pangrango South (stations 11, 13-15): This slope in the southern part of the study faces the Indian Ocean. Rainfall regime in this
area is assumed to be directly impsacted by southern climatic conditions.

In these conditions, station number 12 was not attributed to any region. Two analyses have been carried out for each zone. The
average rainfall patterns of the three climate reanalyses were compared according to the four main seasons: the wet season (December
to February - DJF), the transition to the dry season (March to May - MAM), the dry season (June to August - JJA), and the transition to
the wet season (September to November - SON). Then, the altitudinal rainfall gradients were analyzed.

3. Results
3.1. Objective 1: Temporal ground — global products quantitative evaluation

In order to examine the overall accuracy of the three global products, we conducted a straightforward statistical comparison be-
tween global products and ground rainfall data. To do so, statistical criteria for the three global products are calculated in relation to
each station and their distributions are shown in Fig. 4. Since ground rain gauges are distributed across the different geo-climatic areas
defined previously, the variability of statistical scores, i.e. the box height, would reflect the relative ability of global products to capture
the spatial variability of ground-based precipitation amount, temporal variability, and dynamics. In order to understand spatial
variability, a map of each criterion is presented below in Fig. 5).

This first broad analysis provides an interesting overall evaluation. The ratio of means p highlights a good consistency for TERRA
(median scores: 1.01), while CHELSA and CHIRPS generally overestimate rainfall amounts (median score: 1.37 and 1.21). The dis-
tribution of the ratio of means is rather tight for TERRA and CHIRPS (interquartile range: 0.98-1.12 and 1.13-1.33, respectively),
which is consistent with the spatial distribution of p (Fig. 5). In comparison CHELSA is characterized by a wider distributions
(interquartile range: 1.04-1.65; Fig. 4.A). The spatial distribution of the ratio of means § demonstrate a rainfall overestimation in the
southern part -for each global products (Fig. 5). In contrast, rainfall amounts estimation is more accurate in the northern and center

(A) (B) (C)

20 2.0 1.0-
0.8-
3
o 15 3 1.5- A
c [72] uq-,
© [m] o 0.6
7} = o
£ » c
Y "6 (=}
5 =
.2 - .g % 0.4-
© 2 =
& 1.0 o 1.0 - s
(8] L4 °
0.2- °
05- 0.5- 0.0-
CHELSA CHIRPS TERRA CHELSA CHIRPS TERRA CHELSA CHIRPS TERRA

Fig. 4. Distributions of (A) Ratio of means f, (B) ratio of STDs a, and (C) Correlation coefficient CC. For all global products, the box plots are
constructed with the value of the 15 global stations from Fig. 2 estimated over the entire time period. The boxes are delimited by the first and third
quartiles. Values indicate the median of each distribution. Statistical tests suggest that 100% of the CC values were significant for CHELSA, as well as
87% for CHIRPS and TERRA. All the statistical results for each stations are presented in supplementary material D tables.
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Fig. 5. Spatial ratio of means p (1st line), ratio of STDs « (2nd line), and Correlation coefficient CC (3rd line) between global rainfall products and
ground rain gauges. CHELSA results are presented in the left column, CHIRPS in the center and TERRA in the right column.

part. The average variability of CHELSA and TERRA product are closed to the ground dataset (median a: 0.98 and 0.99), while CHIRPS
is slightly higher (median values of « 1.14). The wider distribution of a ratios highlights the low consistency of CHELSA in estimating
the spread of ground rain gauge data (interquartile range: 0.9-1.33). CHELSA underestimated the rainfall variability in the northern
part of the site while it is overestimated in the south. TERRA and CHIRPS ratio of STDs are more consistent (interquartile ranges:
0.89-1.04 and 1-1.2 respectively; Fig. 4.B). Their spatial distribution is more homogeneous, with a slight STD underestimation in the
valley and an STD overestimation in the northern and southern rain gauges (Fig. 5). The Pearson correlation coefficients CC of all
global products appear consistent with ground rain gauge, with median values between 0.6 and 0.7 (Fig. 4.C). For each products, the
CC variability in both the box plot and maps is relatively tight highlighting that global products accurately caught of the rainfall
dynamics.

As monthly criteria are estimated (at this stage) over the whole time series, this calculation does not allow to analyze the temporal
component of the analysis, and mixes it with spatial variability. In order to evaluate the interannual bias of the products, Fig. 6 presents
the scores calculated and averaged over 12 months for each year. Fig. 6.A shows the median annual average rainfall amount in order to
evaluate global product in wet years (above the median annual rainfall amount, 2008-2010 and 2013-2014) and drier ones (below the
median annual rainfall amount, 2006-2007, 2011-2012 and 2015). In Fig. 6.B to D, ratio of means, STDs and CC provide information
on rainfall amount bias, the seasonality contrast, and the product ability to represent the transition between seasons respectively.

The ratios of means and STDs of the CHELSA product, available up to 2018, are characterized by a wide dispersity highlighting the
product limitations to reproduce the spatial variability of rainfall. CHELSA overestimates rainfall amounts most of the time especially
during the last years. The median p becomes closer to 1 2008-2010. CHELSA rainfall variability varies around 1 until 2013 where it
increases until 2018 demonstrating an overestimation of seasonal variability. Concerning the dynamic, the interquartiles of CHELSA’s
CC score are mainly above 0.5 except for years 2003, 20148, and 2016. The evolution of CHELSA’s scores indicated no relationship
between bias types, nor a relationship with year typology.

Concerning CHIRPS performance, the product mainly overestimates annual rainfall amounts, particularly in 2014 and 2016 (Ratio
of means above 1.4). Median CHIRPS ratios of STDs mainly vary between 0.75 and 1.25. While in 2007 and 2011 this criterion stays
below 1.5, it exceeds 2 in 2016. Concerning the dynamics, CC criteria is mainly above 0.6 for CHIRPS except in 2005, 2010, 2013, and
2014. It decreases even more in 2003 and 2016.

TERRA demonstrates a good consistency all over the period. Its median ratio of means f is close to 1 except for the years 2007,
2016, and 2017. The interquartiles of STD ratios are also stable between 0.75 and 1.25 except in 2007 and 2014. While the TERRA
dynamics are mainly consistent with ground rain gauge (CC above 0.6), TERRA scores decrease in 2003, 2005, 2010, 2014 and 2016.
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represent the number of ground rain gauge available. The data before 2002 were not represented because there were not enough ground rain gauge
data available. Statistical tests suggest that 83% of the CC values were significant for CHELSA, 78% for CHIRPS and 67% for TERRA. All the annual
statistical results for each stations are presented in Supplementary material D tables.(For interpretation of the references to colour in this figure, the
reader is referred to the web version of this article.)

As for global calculation, CHIRPS and TERRA obtain overall better scores than CHELSA. These two global products from satellite
data or climate reanalyses respectively, share some common biases: (i) errors in the dynamics in 2003, 2010 and 2013-2014; (ii) strong
deviations for the three scores in 2016; (iii) and somewhat comparable correlation coefficients over the entire period. While some
interannual variability in dynamics is expected, the degradation of the three criteria for all products in specific years is surprising.
Finally, this interannual analysis highlights the non-linearity of global products bias limiting the possibility of debiasing them with
ground rain gauge data.

The interannual analysis of global product does not provide information on their accuracy to reproduce seasonality. For this
purpose, the three criteria are estimated for each month across all years (Fig. 7). It is important to remember that during the dry season,
low rainfall amounts induce high bias with low volume error.

On the monthly analysis (Fig. 7A), TERRA stands out as the most accurate product in the estimation of monthly rainfall amounts
(interquartile range: 1.03 — 1.18). It provide the more accurate rainfall estimation during the whole year despite a slight over-
estimation in June-July and September (1.2 and 1.45, respectively). CHIRPS overestimated rainfall amounts by 10-34% (25% and
75% quartiles respectively) most of the year with a higher bias in August-September (~ 75%), which is globally consistent with the
global results (Fig. 4). CHELSA is the most inaccurate product with a large rainfall overestimation (interquartile range: 1.16 — 1.42).
This seasonal analysis demonstrates that the three global products mainly overestimates rainfall amounts, especially during the
transition between the dry and the wet season (August to November - Fig. 7).
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Fig. 7. Polar plot of the median value of ratio of means (A), STDs (B), and CC criteria (C) estimated for each month over the whole period. The plot
represent the median value of each criterion averaged by month. It is important to remember that during the dry season, low rainfall amounts induce
high bias with low volume error. Statistical tests suggest that 50% of the CC values were significant for CHELSA, 42% for CHIRPS and 33% for
TERRA. All the monthly statistical results are presented in Supplementary material E tables.
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Regarding the variability (ratio of STDs - Fig. 7.B), the results are more homogeneous. TERRA and CHIRPS obtain fairly consistent
results when compared one to the other (interquartile range: 0.99-1.18 and 0.82 - 1.15 respectively). However, an STD overestimation
is observed on both product during September-October (from 25% to 50%). In November, February and Marchboth products
importantly underestimate the variability. CHELSA obtains close scores (interquartile range: 0.81 — 1.15). CHELSA underestimate
November, February and March STD but overestimate January one. It is more consistent during the year demonstrating a better ca-
pacity to catch rainfall variability during the year. This results highlights two elements: (i) annual means may be misleading for water
resource management as dry season overestimation can compensate wet season underestimation, and (ii) global product tend to
misestimate rainfall amounts variability during both transitions between dry and wet seasons.

Finally, concerning the rainfall dynamics (CC scores - Fig. 7.C), the three products are rather efficient during dry season (median
range: 0.6-0.8), while during the wet and the transition seasons, their scores decrease (median range: 0.2-0.6). These weak scores
highlight the difficulty for the three global products to capture the variation at the start/end of the wet season from one year to
another. However, the decrease of p-value limits the interpretation of CC values. In supplementary material E, the statistical analysis of
CC criterion highlights a low sensitivity during the wet season.

3.2. Objective 2: Spatial analysis of the consistency of rainfall products in capturing orographic effects

The statistical analysis identified some strengths and weaknesses of the global products in representing the ground rain gauge data
of the study area. This analysis focused on seasonal and interannual temporally averaged spatial heterogeneities. Thus, this section first
aims to understand how the different data describe the spatial distribution of rainfall according to the morphology of the three vol-
canoes. Second, the global products spatial trends are evaluated in order to assess if these global products may complement point
ground rain gauge data to understand the spatial distribution of rainfall, especially in mountainous areas.

3.2.1. Spatial trend analysis

In order to understand seasonal patterns, the continuous gridded data from the three global products are shown in Fig. 8 along with
point ground data. For each map, the average rainfall for each season from 2008 to 2013 is represented for both ground rain gauges and
global products. In order to ease the comparison, a scatter plot comparing seasonal cumulative rainfall of global product with ground
rain gauge is shown for each season. This period corresponds to the maximum of available ground rain gauge stations before the end of
CHELSA time series (Fig. 6.B).

We define the beginning of the hydrological year at the end of the dry season from September to November (SON - Fig. 8, first row).
The ground data highlight a regional rainfall gradient ranging from 1200 mm/3months in the North to 600 mm/3months in the South.
The two eastern stations appear drier than the valley ones. Conversely, CHELSA does not highlight any regional gradient but mainly
orographic effects of south-facing slopes. This divergence in estimating regional gradient leads to important discrepancies between the
measured rainfall amounts and CHELSA estimates. CHIRPS satellite data show a regional gradient from Northwest to Southeast. A
slight orographic effect is visible on the northern slope of the Salak and on the entire Gede-Pangrango edifice. A drier zone emerges to
the South of the Salak volcano which is consistent with a windward side at the north of the volcanoes, and a leeward one at the south
Nevertheless, CHIRPS overestimates rainfall on the entire area (+50 to +400 mm/3months). TERRA shows mainly a west-east
gradient with a gradual increase in rainfall as a function of altitude. In terms of rainfall amounts, TERRA appears the most accu-
rate product with only slight differences (from 30 to 130 mm/3months). TERRA pattern slightly diverges from ground data but this
could be due to station scarcity in the eastern and western areas.

During the wet season from December to February (DJF - Fig. 8, second row), the rainfall spatial distribution of ground data is more
heterogeneous. The northern and southern parts of Salak and Gede-Pangrango volcanoes appear drier than the rest. In the valley, the
rainfall amounts increase with a clear orographic effect in higher ground rain gauge (> 1400 mm/3months). CHELSA shows an in-
crease in average rainfall mainly located on the slopes facing west, which might be due to orographic effects. This major orographic
effect appears inconsistent with the ground observations. Conversely, CHIRPS and TERRA patterns are more consistent with ground
data. CHIRPS highlights orographic effects concentrated in the highest area where its rainfall amounts are consistent with the few
highground rain gauge. With limited rain gauges at high altitudes, it is not possible to fully validate the CHIRPS orographic pattern. In
the lowest area, CHIRPS slightly overestimates rainfall amounts (from +100 mm/3months in the south to +400 mm/3months in the
northern part). TERRA is underestimating orographic effects providing a quite homogenous rainfall spatial pattern. While rainfall
amounts are underestimated in volcano slopes, it is overestimated in the valley and lower part.

From March to May (MAM - Fig. 8, third row), the transition season is slightly drier in the southern part and the valley. CHELSA
rainfall pattern is characterized by orographic effect on southern slopes inconsistent with ground data. TERRA highlights an East-West
gradient uncorrelated with the western ground station. CHIRPS provides more accurate patterns according to ground station with
similar regional gradient and a foehn effect in the southern part. Nevertheless, in lowest areas CHIRPS still overestimates rainfall
amounts.

Finally, during the dry season from June to August (JJA - Fig. 8, fourth row), ground data highlight a North-South regional pattern.
CHELSA gridded data are characterized by southeastern influence inconsistent with ground data while TERRA and even more CHIRPS
appear more reliable. In both MAM and JJA periods, it is interesting to note that CHIRPS shows a dry area in the southern part of the
valley (center at 6.90°S — 106.75°E). This area, possibly related to foehn effect, appears larger on the ground data but demonstrates the
ability of CHIRPS to capture such local effect.
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3.2.2. Rainfall orographic gradient

The analysis of rainfall patterns highlighted the local complexity induced by mountainous environments. In order to quantify
orographic effects, altitudinal gradients are determined for the 4 geo-climatic sectors. In Fig. 9, the seasons gradient for ground and
product dataset are presented by average rainfall amounts for each dry (JJA) and wet (DJF) season between 2008 and 2013. During the
wet season an increase in rainfall amounts in function of the elevation is visible, while during the dry season rainfall amounts and the
altitudinal gradients are low. Only CHELSA highlights a slight gradient on the eastern slope of the Salak volcano. During transition
periods (MAM and SON) the altitudinal gradients are in transitional states between the extremes of the dry and wet seasons.

In Pangrango’s southern and northern sectors, CHELSA describes steep gradient between 400 and 800 m a.s.l. (=77 and 60 mm/
100 m for southern and northern areas, respectively). It then gradually decreases by around -12 and —13 mm/100 m for southern and
northern areas. In Salak area, CHELSA gradient is more linear with variation from 13 mm/100 m in the southern part while the
western slope gradient is more consistent with Pangrango slope. With a steep increase around 500 m a.s.l. of 400 mm/100 m. CHIRPS
describes gradients mostly linear with an increase in orographic effects from North to South. Over the Pangrango it varies from 12 to
8 mm/100 m at southern and northern slopes respectively, while over the northern slope of the Salak it decreases to 5 mm/100 m. The
lack of data on the eastern slope of Salak does not allow for an accurate gradient estimation. TERRA’s data gives estimates of altitudinal
gradients close to CHIRPS ones with the same trend along the north-south axis. On Pangrango, TERRA gradients vary from 9 to 7 mm/
100 m between southern and northern slopes, while they decrease to 3-1 mm/100 m on northern and eastern Salak’s slopes,
respectively. On Salak’s southern slope, TERRA data are influenced by the overestimation of the east-west gradient, which induces
large rainfall amounts at low altitude.

Finally, the ground stations are represented in order to assess global product orographic effects. Unfortunately, ground rain gauges
are mainly located at the base of the volcano slopes (Fig. 9). This does not allow a clear appreciation of the altitudinal gradients. In
addition, these stations give local information that can be influenced by local processes such as station 6 in the center of the valley
which measures rainfall amounts above the other data during the wet season (Fig. 2 and Fig. 8). The ground data are mainly consistent
with the CHIRPS and TERRA data over the four sectors. CHIRPS and TERRA only overestimate rainfall on the Pangrango South area
during the wet season. For CHELSA, the ground data measure lower gradients on the Pangrango while it is consistent with CHELSA on
the Salak. These results once again confirm the better correlation of the ground data and CHIRPS and TERRA datasets compared to
CHELSA.

4. Discussion
This study aims to assess the interest and reliability of global climate products for water management in ungauged tropical

mountainous areas. The accuracy of these global products can vary spatially (Satgé et al., 2020), especially in complex areas such as
tropical volcanic islands. To assess the validity of global products, we compared their rainfall estimates with ground rain gauge data,
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by analyzing both temporal and spatial patterns (Gao and Liu, 2013; Satgé et al., 2019). The direct comparison of ground data and
global products is known to integrate scales effects underestimating global product scores (Tang et al., 2018).

In order to overcome such data limitation, we complete the statistical analysis with a process-based interpretation to estimate if
these products are consistent according to known climatic processes in tropical mountainous contexts and with other climatic studies.
These two steps provide a more exhaustive view of the strengths and weaknesses of the global products in order to properly identify
whether they can be appropriate for the study area as well as their application limits. The different results are summarized in Table 4 in
order to define the range of local applicability of each product for local water management.

4.1. Temporal statistical analysis

Our temporal analysis starts with a general overview of global product’s performances and their spatial distribution (Figs. 4, 5).
However, both climatic reanalyse and satellite data demonstrate an overestimation of rainfall amounts which is consistent with
previous studies in mountaineous area (Hu et al., 2016; Hussain et al., 2018; Zeng et al., 2018). In order to assess temporal consistency,
annual statistical scores are estimated. CHELSA performance decrease significantly over time, especially after 2013. However, CHIRPS
and TERRA scores did not show any deteriorated nor improved temporal trends between 2002 and 2018 (Fig. 6). This result is
consistent with previous studies in mountainous areas of CHIRPS dataset (e.g. Satgé et al., 2019). The variation in global product scores
does not seem to be influenced by wet/dry years. Furthermore, the Indonesian climate is strongly influenced by regional climate
phenomena ENSO (As-syakur et al., 2014). During the study period, El Nino events occurred in 2002, 2006, 2010, and 2015. In
contrast, La Nina conditions occurred in 2007-2008 and 2011-2012 (http://www.bom.gov.au/climate/about/australian-climate-
influences.shtml?bookmark=enso). The pluriannual analysis did not highlight specific patterns during these specific years. At this
step, global products performance are rather constant over time demonstrating an interannual robustness.

Nevertheless, in order to set up annual water management plan, we need to correctly catch the seasonality. For short-term water
management, it is mandatory to estimate the annual distribution of the recharge (mostly during the rainy season) and the importance
of the drought (mostly during the dry season). These signals are generally poorly studied but are of primary importance for short-term
water resource management (D’Arrigo and Wilson, 2008). Our analysis highlights a common annual pattern of global products per-
formance (Fig. 7). During the wet season, the global products are efficient to catch rainfall amounts but underestimate the interannual
variability and dynamic. During the dry season, global products tend to overestimate the rainfall while they catch the interannual
variability and dynamic. Their performance decreases for transition periods and more especially between the dry and wet season.
During this period, rainfall amounts and dynamics is controlled by the start of the Australian monsoon (Aldrian and Susanto, 2003).
Our study highlights the issue encountered by the global products to represent efficiently this dynamics. These limitations during the
dry and transition periods limit the efficiency of global products for accurate annual water management.

4.2. Spatial process-based analysis

In terms of process analysis, Fig. 9 show the variability of regional patterns and orographic effects as a function of seasonality. The
ground rain gauge data shows a strong north-south regional pattern during the wet season (DFJ) and dry season (JJA). However, the
distribution of ground rain gauges prevents from highlighting east-west ones. The CHELSA rainfall spatial distribution is mostly

Table 4

Summary of global product evaluation over the studied area. For the interannual and seasonal analysis, the 25% and 75% quartiles of the three
statistical criteria are indicated in blue (suitable: 0.8 < p/a < 1.2, and CC > 0.7), green (average: 0.6 < p/a < 1.4, and CC > 0.5), and orange
(unsuitable: poorest scores). Interannual analysis assesses the ability of global products to reproduce year-to-year variations, while seasonal analysis
focuses on month-to-month variations.

CHELSA CHIRPS TERRA
Interannual B 1.27-1.46 1.17-1.31 1-1.15
. a 0.90-1.33 0.94-1.15 0.88-1.12
variability cc 0.67-0.83 0.60-0.77 0.49-0.79
B 1.16-1.42 1.10-1.34 1.03-1.18
Seasonality a 0.81-1.15 0.82-1.15 0.99-1.15
cc 0.59-0.8 0.40 - 0.66 0.22-0.62
. . . Northwest-Southeast West-East regional slightly
N |
Regional spatial patterns o regional pattern accurate pattern biased pattern
Overestimated and . . .
. . . . Consistent with regional
Foehn effect inconsistent with regional . . None
. . circulation
circulation
. . Orographic gradient Coarse orographic Coarse orographic
Orographic gradients A L i
overestimated gradients gradients
Global product strength Unsuitable Spatial variability Temporal stability
Color code: —average —suitable results
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controlled by topography, while for TERRA, it is driven by a regional east-west pattern (Fig. 8; Table 4). These two distributions are
significantly inconsistent with the ground rain gauge. In the first case, CHELSA uses the elevation and dominant winds as a proxy for
rainfall interpolation (Karger et al., 2017). Our results demonstrate that the elevation is not the only factor controlling rainfall patterns
as regional rainfall patterns have to be take into account. In the meantime, orographic effects strongly depends on local climate forcing
and morphology limiting the accuracy of using a single rainfall-elevation relationship. In the second case, TERRA’s ground data
interpolation is mostly controlled by regional rainfall patterns. Orographic effects are only slightly represented with TERRA, which
limits its interest for the estimation of spatial rainfall patterns (Fig. 8; Table 4). This bias could come from an insufficient consideration
of orographic effects in the interpolation technique. Finally, CHIRPS relies on remote sensing data and, despite a general over-
estimation of rainfall amounts, the spatial distribution appears consistent with orographic processes. CHIRPS define a north-south
rainfall pattern consistent with ground data, especially with the drier area in the leeward plain at the south of the study area
(Fig. 8; Table 4). Nevertheless, according to its spatial resolution, it remains impossible to assess whether CHIRPS represents correctly
windward/leeward rainfall contrast.

Concerning orographic gradients, they appear to be low during most of the year over all sectors and increase during the wet season.
To evaluate their accuracy, our results can be compared with two recent studies in tropical mountains. First, Toulier et al. (2019)
measured an orographic gradient on the northern slope of Bromo-Tenger volcano (Java Island). At the bottom of the volcano, annual
rainfall amounts quickly increase from the shore to 500-600 m a.s.l. with an altitudinal gradient around 290 mm/100 m. Between 500
and 1100 m a.s.l.,, the altitudinal gradient decreases nearby 100 mm/100 m. Above 1100 m a.s.l., the dynamics of the gradient is
reversed, with an annual rainfall decrease between -140 to —230 mm/100 m. Second, Réchou et al. (2019) presented a detailed study
of orographic effects over La Réunion Island. In tropical area, La Réunion Island climatic regime is not impacted by monsoon phe-
nomena. Nevertheless, the study highlights strong annual altitudinal gradients between the shore and 500-700 m a.s.l. ranging from
300 to 700 mm/100 m. Above the negative altitudinal gradient induces a significant annual rainfall decrease. Finally, we estimated an
increase of the altitudinal gradient in DJF season which is consistent with Réchou et al. (2019). They highlighted an altitudinal
gradient increase during the wet season.

The altitudinal gradients defined by both ground and global products do not match previous studies at La Réunion Island (Réchou
etal., 2019), and at Bromo-Tenger (Toulier et al., 2019), that notably show a decrease of rainfall above a given elevation (from 500 to
1100 m above the sea level). While ground rain gauges are packed at the bottom of volcano slopes, TERRA and CHIRPS present
altitudinal gradients increasing with the elevation (Table 4). This bias may come from the resolution of these products (5- and 4-km
pixel length, respectively), which is not fine enough to determine rainfall gradients over a 15- to 30-km long volcano. Thanks to its fine
resolution, CHELSA should be able to catch such orographic effects. Nevertheless, its altitudinal gradients are too strong as they in-
crease until 1200 to 1500 m a.s.l.Global products assessment.

Through our statistical and process-based analysis, we are able to synthesize the strengths and limitations of each of the three
products. From this qualitative analysis, it is then possible to use the different global products according to their characteristics while
integrating in part their uncertainties.

The first product CHELSA, a very fine spatial resolution product (1 km?), gave limited results on both the spatial and temporal
evaluation on our study area (Table 4). At the interannual time scale and even more at seasonal scale, CHELSA overestimates rainfall
amounts and variability. From a spatial point of view, CHELSA is inconsistent with ground data since it relies on overestimated
orographic effects. Our study demonstrates the limited interest of this product in the tropical mountainous context of our study site.

TERRA, the second product, obtains suitable and stable temporal scores (Table 4). TERRA tends to overestimate rainfall amounts
during the dry season and seasonal variability during the end of the year. As this period is the driest, the related uncertainties remain
acceptable for water balance computation. The east-west direction is strongly marked in the TERRA rainfall patterns compared to the
ground data and orographic effects are concentrated on the summit areas limiting the interest of TERRA for spatial analysis. As it
stands, TERRA should be interesting for temporal rainfall dynamics and could be a solution to coarse estimation of water balance
computation. However, Terra is might be too coarse for numbers of operational water resources management applications.

The third product CHIRPS statistical scores highlights his global overestimation of rainfall, while it is mainly consistent in terms of
dynamics and variability (Table 4). This overestimation could be explained by CCD bias defining warm orographic clouds into rainfall
clouds (Gebregiorgis and Hossain, 2013). However, CHIRPS provides interesting results in terms of spatial patterns (Fig. 8). CHIRPS is
an interesting dataset to roughly integrate spatial rainfall patterns in water management studies especially when only scarce ground
rain gauges are available. Nevertheless, its resolution is too coarse to represent accurately altitudinal rainfall gradients on narrow
slopes (< 15 km). CHIRPS, thus lacks efficiency for water resources management of small watersheds (<1000 km?).

5. Conclusion

Our study aims to assess high-resolution global products accuracy for local water resources management. Their recent development
opens up new solutions for water management at local scale. This integration must be complemented by a significant effort of vali-
dation at the watershed scale, especially under complex climatic behaviors. In order to overcome the limitations of ground-based data
(low density of ground rain gauge, lack of river discharge data), we combined a quantitative statistical approach with a processes-
based spatial analysis. The former integrates three different temporalities including the analysis of seasonal biases rarely taken into
account. It allowed to discuss the general strengths and weaknesses of the global products in order to define their range of applicability
for regional long-term studies. The combination with the spatial approach allows to precise the limits of each product by integrating
the associated climatic processes (orientation of monsoons, orographic effect) and assess their validity for water resource management
over small watersheds.
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On the western part of Java, it appears difficult to select one product adapted for all the needs. Indeed, TERRA climatic reanalysis
appears accurate and stable in the long term allowing to use it for water balance trends evaluations. The products are still too uncertain
to effectively monitor seasonal rainfall. Nevertheless, in the absence of data, TERRA reanalysis appears the most reliable product
during the whole year. For spatial analysis, it appears that only CHIRPS remote sensing data enables, among the studied products, to
approach rainfall distribution. Such analysis should focus only on spatial variations due to CHIRPS overestimation, and with some
necessary ground calibration.

The global products can thus be interesting locally, nevertheless their use must be conditioned in view of their weaknesses. Their
temporal accuracy is interesting, but rainfall amounts bias are still too strong to be integrated in local water resources management
tools. The recurrent overestimation of rainfall during the dry period hinders the intensity of droughts and the assessment of their
consequences. This limitation is amplified by the difficulty of global products to capture transition period dynamics, particularly the
beginning of the wet season. Spatially, satellite data provide interesting information, but the bias caused by the higher altitudes and the
still coarse resolution do not allow to correctly estimate local altitudinal gradients.
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