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 Abstract 
Understanding large-scale eco-hydrological processes in tropical regions across 
Latin America has been a challenge due to climate variability and the lack of 
long temporal data series. As an alternative, remote sensing data and global 
products have been widely used in ungauged basins to get insights into key 
hydro-climatic patterns. Here, we study eco-hydrological processes in 27 tropical 
catchments across Colombia, Costa Rica and Mexico through the vegetation 
water use efficiency described by the Horton Index (HI) and the long-term water-
energy balance described by the Budyko curve. Streamflow records from 2000 to 
2014 were correlated with vegetation and climate indexes derived from MODIS, 
TRMM and CHIRPS at long-term and annual scales in order to find which factors 
presented more influence on the catchment’s response. Most of the Colombian 
and Costa Rican catchments were classified as energy-limited according to the 
dryness index (AI>1) and low water efficiency (HI ~ 0.48), meanwhile, Mexican 
catchments tended to be water-limited (AI>1) and more water efficient (HI ~ 0.52). 
Results suggested that climate is the strongest driver of water partitioning, where 
mean annual precipitation presented a strong linear relationship (ρ=0.93) with 
mean annual and intra-annual streamflow. Furthermore, the dryness index was 
a good predictor (r2=0.83 and 0.86, respectively) of the annual and long-term 
streamflow through a non-linear relationship similar to Budyko theory. Vegetation 
water use efficiency plays a secondary role in water partitioning, where HI was 
linearly negatively correlated with streamflow and baseflow (ρ=-0.78 and 0.82).

 Research article 
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 1. Introduction 

Eco-hydrology examines interactions between the structure and function of ecological systems and hydrological 
processes, including water partitioning, storage, and freshwater connectivity (Guswa et al., 2020), which are 
critical concerns for water security in the face of anthropogenic alterations and future climate change. This is 
especially important in tropical climates, where eco-hydrological processes differ compared to extra-tropical 
regions, mainly due to higher rates of precipitation P than potential evapotranspiration PET (Moore et al., 2015; 
Koppa et al., 2021; Zomer et al., 2022). The often-resulting high runoff R with respect to the catchment area is 
affected by the inter-annual variation of the Inter-tropical Convergence Zone (ITZC), that leads to more days per 
year of thunderstorms and tropical cyclones (Syvitski et al., 2014). Tropical land areas only cover 19% of the 
total land surface (Peel et al., 2007) and tropical forests ~50% of tropical climates. Nevertheless, these forests 
represent an important storage of terrestrial biomass and carbon (~17-25%) and globally the highest annual net 
primary productivity ANPP (~22-35%) (Prentice et al., 2001).

For comparison purposes of large-scale eco-hydrological processes, identifying similar drivers of catchment 
functioning proved to be a fruitful endeavor (Wagener et al., 2007; Chen et al., 2023). Long-term climate has been 
identified as the first order driver for water availability and ecosystem conditions, controlling many functions at the 
catchment scale (Sawicz et al., 2011; Zhang et al., 2017).

Catchment characteristics are further second order drivers, as topography, geology and land cover (Peña-
Arancibia et al., 2010; Sawicz et al., 2011; Birkel et al., 2012; Beck et al., 2015; Gnann et al., 2025). Indeed, 
vegetation plays an important role in tropical water budgets, where forested areas show a negative correlation 
with runoff generation at the annual scale (Bruijnzeel, 2004; Zhang et al., 2017; Xiong et al., 2023). The latter 
is particularly important in the seasonally dry tropics where forest cover was reported to sustain higher dry 
season streamflow (Krishnaswamy et al., 2018). In comparison with other climates, tropical vegetation evolved 
to capture nutrients and light more efficiently than water (Nemani et al., 2003; Yang et al., 2015), leading to a 
mostly unchanged hydrological partitioning under increased CO2 emission scenarios (Yang et al., 2016). At the 
same time, water availability in tropical catchments is correlated with vegetation root depth, where deeper roots 
are linked to large evapotranspiration rates (Gan et al., 2021).

This co-evolution between biophysical factors, geological properties and climate drivers controls the annual 
hydrological behavior of catchments (Brooks et al., 2011; Troch et al., 2009; Voepel et al., 2011). Budyko’s (1974) 
framework links the long-term water and energy balances through a relationship between evapotranspiration 
(related to vegetation), precipitation and net radiation and its relationship to runoff generation mechanisms 
(Trancoso et al., 2016). The Budyko’s theory represents a tool to evaluate the water balance sensitivity to changes 
in climate and land use at catchment-scales (Thompson et al., 2011; Peña-Arancibia et al., 2012; Esquivel-
Hernández et al., 2017; Gan et al., 2021; Collignan et al., 2023).

In more detail, inter-annual hydrological partitioning can be assessed using the Horton Index HI similar to Troch et 
al. (2009) based on work by Horton (1933) and Huxman et al. (2004). The latter authors showed how vegetation 
biomes are adapted to a common maximum water use efficiency (WUE=ANPP/P) under drought conditions. The 
HI tends to be constant from year to year despite inter-annual precipitation seasonality. The HI is derived as the 
ratio between vaporization (evapotranspiration) and wetting of a catchment-scale and was related with catchment 
mean slope and elevation (Voepel et al., 2011), and more recently to deep storage dynamics in dry environments 
(Arciniega-Esparza et al., 2017).
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However, eco-hydrological partitioning approaches are data dependent, and tropical catchments have been 
poorly studied mostly due to the scarce climate and streamflow monitoring compared to e.g. temperate regions 
(Esquivel-Hernández et al., 2017; Montanari et al., 2006). Hence remote sensing data and global products are 
needed to better understand spatial and temporal hydrological patterns across tropical regions such as, for 
example, climatic effects on riverine fluxes (Syvitski et al., 2014), droughts and water availability (Muñoz-Jiménez 
et al., 2018), patterns of groundwater storage and discharge (Peña-Arancibia et al., 2010a) and the influence of 
groundwater on the Amazon water cycle (Pokhrel et al., 2013).

Critical issues in using gridded precipitation products remain, as remotely sensed data require ground-truthing with 
local station observations (Zambrano-Bigiarini et al., 2017). Nevertheless, using remote sensing data and global 
products together with station observations of precipitation and streamflow can advance our knowledge of poorly 
understood eco-hydrological processes with limited data in tropical catchments. Our objectives therefore are to
a) understand large-scale vegetation water use efficiency across tropical biomes of Latin America and
b) analyze spatio-temporal patterns of water use efficiency using the Budyko theory and the Horton Index in 27 

catchments across Central America and South America. 

Results obtained are of interest to understand the impacts of climate and vegetation changes on water availability 
in tropical catchments under future scenarios.

 2. Data and Methods 

2.1 Study region
The study area comprises 27 catchments with daily streamflow records between 1980-2003, some more recent 
until 2010 across the Latin American tropics. The catchments are located between 3.0° to 19.5°N and 72° to 
100°W from Mexico, Costa Rica to Colombia (8, 10 and 9 catchments, respectively), as shown in Figure 1 A. The 
study area exhibits tropical climates (Peel et al., 2007) and is covered mainly by evergreen broadleaf forest and 
savanna trees (Figure 1 B).

A topographical barrier is formed by the “Pacific ring of fire” as tectonic plates divide the catchments into the 
Pacific Ocean and the Caribbean Sea continental basins. The Pacific catchments exhibit a more pronounced 
precipitation seasonality shown as dark blue regions in Figure 1 C, meanwhile; Caribbean catchments show a 
more uniform monthly precipitation distribution.

Table 1 shows the topography and geomorphological catchment properties that were derived from the Shuttle 
Radar Topography Mission (STRM) at 90 m resolution (Farr et al., 2007) using SAGA GIS terrain analysis tools 
(Conrad et al., 2015). The total catchment area covers ~98,000 km2 and spans an elevation range from 200 to 
2,500 m.a.s.l., with a median of 1,100 m.a.s.l. Catchments’ slopes vary from 1.3 to 19.2 degrees and a preferred 
south-facing aspect (~180 degrees). The topographic wetness index (TWI) varies from 7.2 to 9.7, where 
Colombian catchments tend to be topographically wetter than others. Catchments’ climatology and vegetation 
properties are described in the following sections.
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Figure 1: A) Spatial distribution of the 27 analyzed catchments and land cover derived from MODIS, B) the seasonal precipitation index 
that explains the monthly distribution of precipitation. 
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Country ID Name Climate 
class* Area [km2] Perimeter 

[km] Kc Elevation 
[masl]

Slope 
[deg]

Aspect 
[deg] TWI

1 30158 Cfb-Cwb 3663.13 464.58 2.17 1710.46 13.53 190.4 7.87
2 20022 Aw 225.32 90.72 1.7 1829.32 18.06 159.97 7.23
3 20037 Aw 3978.49 524.7 2.35 1312.16 16.72 179.72 7.38
4 28001 Am 5684.33 612 2.29 480.15 8.83 168.45 8.27

Mexico 5 28013 Am-Cwb 4592.98 601.38 2.5 981.7 14.12 173.62 7.76
6 28015 Cfb-Cwb 11981.76 1097.82 2.83 1868.63 14.07 176.36 7.82
7 28125 Aw-Cfb 1525.55 262.26 1.89 1731.4 12.06 141.12 7.91
8 28136 Am 5612.1 744.12 2.8 814.34 11.77 176.66 8.1
9 Oriente Cfb 229.17 71.14 1.33 1415.78 17 169.46 7.52
10 Palmar Am 4771.38 412.89 1.69 1069.38 12.58 185.86 8.06
11 Rancho Rey Am 320.27 102.81 1.62 495.05 6.47 223.09 8.61
12 Tacares Af 200.62 73.11 1.46 1414.54 7.36 211.89 8.64

Costa 13 El Rey Am 656.48 149.21 1.64 1144.47 15.94 189.59 7.6
Rica 14 Caracucho Af 1133.29 184.67 1.55 1253.98 10.33 204.53 8.14

15 Pandora Af 637.35 133.49 1.49 599.16 13.34 156.58 7.94
16 Providencia Cfb 122.15 54.02 1.38 2575.82 19.22 196.7 7.41
17 Terron Colorado Am 2061.27 259.2 1.61 737.51 8.72 175.99 8.62
18 Guardia Am 960.67 154.73 1.41 340.41 4.47 200.51 9.33
19 35017040 Am 2352.44 431.64 2.51 469.05 3.18 144.5 9.68
20 35107030 Am 14541.48 882.72 2.06 958.03 7.3 155.82 9.26
21 26127040 Af-Cfb 2826.45 367.56 1.95 1796.81 12.13 213.09 8.08
22 32077070 Am 2152.14 353.34 2.15 771.25 9.02 156.73 8.58

Colombia 23 35127010 Am 9846.17 853.38 2.43 205.98 1.29 172.4 9.44
24 32077080 Am 5866.69 669.6 2.47 1102.9 8.93 159.13 8.98
25 24017570 Cfb 5374.88 567.9 2.19 2490.5 10.3 190.28 8.4
26 24027010 Af 2098.85 319.68 1.97 2251.68 16.67 195.84 7.77
27 23127060 Af 4954.62 560.7 2.25 1295.82 14.19 201.22 7.86

Table 1: Physiographic properties of catchments used in this study with assigned ID, Kc is the Gravelius shape index, TWI is the topo-
graphic wetness index. Climate classification used the Köppen-Geiger system.
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2.2 Data
The time series of daily streamflow were obtained from different sources, shown in Table 2. The study period was 
established from 2000 to 2015; only near-natural streamflow regimes were selected, and a minimum period of 
three years (after 2000) was needed to overlap with the period of some remote sensing datasets (as described 
below). Years of streamflow records were ignored when more than 10% of missing data was found.

Table 2: Streamflow records and sources.

The catchments’ eco-hydrological conditions were derived from four datasets and detailed information of the 
datasets is given in Table 3. Precipitation (P) was obtained from two global products: the Climate Hazards Group 
InfraRed Precipitation with Satellite data (CHIRPS version 2, Funk et al., 2015), a global daily precipitation 
product that combines remote sensed precipitation from five different satellite products and includes a calibration 
procedure using more than 200 ground stations; and the Tropical Rainfall Measuring Mission (TRMM product 
3B43), a global monthly precipitation product that was created using TRMM-adjusted merged microwave-infrared 
precipitation rate and corrections with rain gauges. Evapotranspiration and potential evapotranspiration were 
obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS 16A3), distributed by the Numerical 
Terradynamic Simulation Group at the University of Montana and comprises a global yearly and monthly dataset 
of evapotranspiration/latent heat flux product based on the Penman-Monteith equation, which includes inputs of 
other MODIS products (Mu et al., 2011). Finally, vegetation indexes were obtained from MODIS13Q1 (Didan, 
2015), a global 16-day product that incorporates an 8-day composite of surface reflectance granules and derives 
the Normalized Vegetation Index (NDVI) and the Enhanced Vegetation Index (EVI).

ID Country Institution Source Station Name Start date End date
1

Mexico
National Water 
Commission 
(CONAGUA)

Surface water database 
(BANDAS) available at 

https://app.conagua.gob.
mx/bandas/

30158 1980-01 2008-12
2 20022 1980-01 2003-10
3 20037 1980-01 2007-12
4 28001 1982-01 2011-12
5 28013 1980-01 2011-12
6 28015 1982-01 2011-12
7 28125 1980-01 2011-12
8 28136 1982-01 2011-12
9

Costa Rica Costa Rican Electricity 
Institute (ICE)

Oriente 1990-01 2003-12
10 Palmar 1990-01 2003-12
11 Rancho Rey 1990-01 2003-12
12 Tacares 1990-01 2003-12
13 El Rey 1990-01 2003-12
14 Caracucho 1990-01 2003-12
15 Pandora 1990-01 2003-12
16 Providencia 1990-01 2003-12
17 Terron Colorado 1990-01 2003-12
18 Guardia 1990-01 2003-12
19

Colombia

Institute of Hydrology 
Meteorology and 

Environmental Studies 
(IDEAM)

Consultation and Download 
of Hydrometeorological 

Data http://dhime.ideam.
gov.co/atencionciudadano/

35017040 1983-01 2011-12
20 35107030 1986-03 2015-12
21 26127040 1980-01 2015-12
22 32077070 1986-01 2015-12
23 35127010 1980-01 2010-12
24 32077080 1980-01 2017-12
25 24017570 1980-01 2014-12
26 24027010 1984-01 2014-12
27 23127060 1980-01 2005-12
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For the purposes of this study, CHIRPS was used as the main precipitation source for catchment-scale analysis 
due to the higher spatial resolution in comparison to TRMM and because it showed a good performance across 
Central America and South American regions (Muñoz-Jiménez et al., 2018; Zambrano-Bigiarini et al., 2017). 
Whereas, the TRMM dataset was used in combination with MODIS to derive maps that describe the spatial 
variation of climatic indices across the study area.

For the catchment scale analysis, the study period covers from 2000 to the most recent period for each streamflow 
gauge (2003 to 2010), and from 2000 to 2014 for the spatial analysis using climatological indices.

Table 3: Remote sensing data source and brief description of each global product used.

2.3 Methods

We computed different metrics to characterize the long-term eco-hydrological behavior of catchments. Such 
indicators include the mean annual precipitation P, evapotranspiration AET, potential evapotranspiration PET, 
streamflow Q and vegetation indexes (NDVI and EVI). The Budyko framework (Budyko, 1974) was implemented 
to relate the long-term water and energy balances, where AET can be derived from P and PET as follows:
             (1)

where EI is the evaporative index (AET/P) and AI is the dryness index (PET/P). Eq. 1 assumes that AET is 
limited by water availability and energy, thus, the catchment eco-hydrological behavior can be affected by climate 
change (P or PET) or modifications of land use and vegetation (AET).

The Horton index HI proposed by Troch et al. (2009) was chosen as the ecosystems’ rainwater use efficiency 
indicator, which is computed as the vaporization-to-wetting ratio:

             (2)

where V is the annual vaporization, W is the wetting derived from the portion of precipitation retained by the 
catchment at storm time scales, P is the annual precipitation, Q is the annual streamflow, Qd is the annual runoff.

The HI was computed annually, and the mean value was estimated in order to find long-term controls on water 
use efficiency. On the other hand, at annual scales, if V is comparable to AET, then we can rewrite Eq. 2 as:

             (3)

Equations 1 and 2 were compared using different global products and in-situ data to evaluate the impact of data 
sources on catchments’ eco-hydrological behavior.

Dataset Variable Label Resolution Period Scale Data type Source

CHIRPSv2.0 Precipitation P 0.05º 1981-present daily
Merged remote 

sensing interpolated 
and calibrated

Funk et al. (2015)

TRMM3B43 Precipitation P 0.25° 1998-present monthly Remote sensing 
calibrated

Bolvin and Huffman 
(2015)

MODIS16A3
Evapotranspiration, 

Potential 
Evapotranspiration

ET, PET 500m 2000-2014 monthly Remote sensing Mu et al. (2011)

MODIS13Q1 Vegetation Indices NDVI, EVI 250m 2000-present 16 days Remote sensing Didan (2015)



Journal of Natural Resources and Development 2025; 01: 1-21DOI: 10.18716/ojs/jnrd/2025.15.01 8

Daily streamflow Qt was separated into baseflow Qbt and direct runoff Qdt using the one parameter recursive 
filter (Lyne and Hollick, 1979):
             (4)

             (5)

where 0≤Qdt≤Qt and α is a filter parameter that ranges between 0.9-0.95. For this analysis, α was set to 0.9. This 
filter is applied three times (forward, backward and forward in time) to obtain a smoothed signal of Qb.

In order to compute an indicator of the contribution of groundwater to river flow at catchment-scales, we used 
the baseflow index BFI as the ratio between the annual baseflow volume Qb and the annual streamflow volume 
Q (Smakhtin, 2001):
             (6)

The long-term mean BFI was computed for each catchment.

To evaluate the effect of inter-annual climatology on long-term catchment responses, we calculated the seasonal 
index proposed by Walsh and Lawler (1981):
             (7)

where Xa is the mean annual variable and Xm is the mean value of month m. A high SI value means that the 
climate is seasonal, and a low value indicates a more uniformly distributed climatology throughout the year. The 
SI was computed for P, AET, PET, Q and Qb.

 3. Results 

3.1 Budyko water-energy balance across tropical climates

The spatial distribution of the long-term Budyko water-energy indexes (EI and AI) for the period 2000-2014 
across America (50°S-45°N) are shown in Figure 2. The AI and EI showed spatial similarities between latitude 
0-30°S, where high AI and EI values (>3 and ≥11, respectively) overlapped in low density forest areas. For 
latitude 0-30°N, Budyko’s indexes did not show a spatial correlation as some arid regions exhibited AI greater 
than 5 and EI around 0.4, whereas wetter regions presented AI values around 1.5 and EI close to 1.

Tropical climates exhibited dryness index values that ranged from 0.15 to 2 (green to orange) and evaporative 
index values from 0.13 to 0.9 (dark blue to green). The lowest energy and evaporative values were observed at 
the Pacific Ocean coast in Colombia and were associated to high cloud density over much of the year.

Figure 3.A shows the comparison of the long-term water-energy budget across climate classes in America through 
the Budyko curve. Results suggested that the water budget in tropical climates follows the Budyko theory (dots 
with black contour in Figure 3.A), meanwhile, the majority of extra tropical regions showed strong deviations with 
respect to the long-term water balance, where a higher radiation (AI) with respect to the evaporative ratio (EI) was 
observed.
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At annual scales, energy and evaporative indexes (AI and EI) across tropical climates were relatively constant 
over the period 2000-2014 (std<0.15 and std<0.06, respectively), such as shown in Figure 3.B and Figure 3.C.
Nevertheless, more water-limited climates were subject to more abrupt changes in climatological conditions, e.g. 
savanna regions (As, light-green lines) exhibited an increase of ~100% in dryness index (AI) from 2011 to 2012, 
associated to a decrease in precipitation from ~1,290 to 760 mm/year likely due to El Niño conditions.

Figure 2: Mean annual Evaporative Index (a and c) and Dryness Index (b and d) across the tropics (18°S to 18°N) in America. c) and d) 
corresponds to que purple square in a) and b). 
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Figure 3: Water-energy budget across climates from the Köppen-Geiger classification explained by A) Budyko curve, B) annual variation 
of Dryness Index in tropical regions and C) annual variation of Evaporative Index in tropical regions. In the Budyko curve, tropical climates 
are displayed as dots with black contours.
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3.2 Catchment-scale eco-hydrological controls

Table 4 summarizes the catchments’ eco-hydrological indicators for the common period from 2000 to 2014 
associated to each catchment. Precipitation ranged from 930 to 4,700 mm/year with a median of 2,550 mm/year, 
with the wettest catchments being located in Costa Rica and the driest in Mexico. Actual evapotranspiration ranges 
from 900 to 1,350 mm/year and potential evapotranspiration from 1,580 to 2,080 mm/year. The dryness index (AI) 
varied from 0.35 to 2 and BFI ranged between 0.36 and 0.7. Mean annual streamflow reached 1,597 mm/year with 
a standard deviation of 850 mm/year, whereas, the Horton index averaged 0.50 with a standard deviation of 0.15.

Table 4: Mean annual climatology and eco-hydrology indicators for the study catchments. Q is the streamflow, BFI is the baseflow index, 
PSI is the seasonal precipitation index, HI1 and HI2 are the Horton Index derived from eq. (2) and (3).

The degree of dependence between the topographical, climatological and ecological indicators is shown as 
a correlation matrix in Figure 4. Topographic parameters were found to be more associated with climate and 
vegetation than streamflow generation. Mean elevation had a positive correlation with dryness and evaporative 
indexes (0.41 and 0.37, respectively) and with vegetation water use efficiency described by equation 3 (HI2) 
(p=0.49). Slope was positively correlated to evapotranspiration seasonality (ETSI) and HI2 (0.41 and 0.3). Aspect 
was mainly correlated to the Horton index computed with equation 2 (HI1) and was negatively correlated with 
mean annual streamflow (p=-0.31). Surprisingly, the topographic wetness index (TWI) was strongly negatively 
correlated (-0.5<p<-0.3) with several climate and vegetation attributes (NDVI, HI2, PSI, ETSI), but had little 
control on the spatial distribution of mean annual streamflow (p=0.08).

Country ID P
[mm/year]

AET
[mm/year]

PET
[mm/year] EI AI Q

[mm/year] BFI PSI HI1 HI2

Mexico

1 1350.38 1077.09 1897.15 0.82 1.44 605.99 0.61 0.88 0.66 1.02
2 1656.03 1165.79 2073.91 0.72 1.27 1368.72 0.56 1.01 0.25 1.16
3 1527.82 958.62 2078.55 0.64 1.38 676.71 0.59 1.02 0.71 0.71
4 2129.67 1215.87 1864.26 0.58 0.89 1133.33 0.54 0.88 0.63 0.77
5 1973.55 1221.71 1900.64 0.63 0.98 1143.48 0.57 0.85 0.56 0.84
6 930.52 901.63 1892.44 0.98 2.06 600.88 0.57 0.82 0.45 1.42
7 1594.85 1143.95 1971.71 0.72 1.24 1042.9 0.61 0.75 0.45 0.99
8 1879.04 1173.12 1892.76 0.63 1.02 991.19 0.58 0.85 0.6 0.83

Costa 
Rica

9 4703.67 1301.43 1658.57 0.28 0.36 4389.65 0.55 0.36 0.08 0.5
10 3182.74 1296.3 1721.96 0.41 0.55 2113.72 0.54 0.57 0.46 0.62
11 1997.66 1173.63 1793.07 0.6 0.92 940.81 0.68 0.68 0.64 0.65
12 2552.99 1296.88 1612.66 0.52 0.64 1832.57 0.71 0.67 0.35 0.66
13 2656.66 1351.83 1762.86 0.52 0.67 1246.21 0.52 0.63 0.67 0.71
14 3074.25 1309.73 1692.49 0.43 0.56 2071.44 0.53 0.52 0.44 0.66
15 3651.4 1295.44 1586.16 0.36 0.44 2889.84 0.37 0.28 0.46 0.64
16 2710.49 1338.07 1833.56 0.5 0.68 1704.43 0.63 0.63 0.47 0.67
17 3004.18 1325.87 1690.12 0.45 0.57 2743.54 0.57 0.54 0.21 0.65
18 1761.2 1194.77 1894.84 0.7 1.11 786.02 0.61 0.82 0.66 0.85

Colombia

19 3346.82 1259.99 1759.92 0.38 0.53 2123.81 0.53 0.39 0.51 0.56
20 3011.91 1243.27 1787.39 0.42 0.6 1848.43 0.59 0.4 0.5 0.57
21 2007.72 1136.66 1615.74 0.57 0.82 1165.13 0.58 0.32 0.53 0.8
22 3053.13 1299.9 1755.26 0.43 0.58 2482.04 0.51 0.36 0.31 0.71
23 2844.18 1238.4 1800.73 0.44 0.63 1625.32 0.61 0.43 0.55 0.57
24 3074.17 1253.19 1706.81 0.41 0.56 2132.49 0.57 0.37 0.42 0.6
25 1517.83 1177.35 1858.89 0.79 1.24 786.68 0.4 0.34 0.7 1.13
26 2135.67 1216.84 1852.2 0.57 0.87 1346.48 0.54 0.31 0.54 0.79
27 2710.93 1280.66 1753.97 0.48 0.65 1327.35 0.45 0.29 0.67 0.73
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Figure 4: Correlation matrix of the eco-hydrology indicators of the 27 catchments. P is precipitation; ET is actual evapotranspiration; PET 
is potential evapotranspiration; EI is evaporative index; AI is dryness index; Q is streamflow; Qb is baseflow; BFI is baseflow index; PSI, 
ETSI, PETSI, QSI and 0QbSI are the seasonal index of P, ET, PET, Q and Qb, respectively; HI1 and HI2 are the Horton index derived with 
equations 2 and 3.

Mean annual streamflow and baseflow were found to be mainly controlled by the amount of precipitation (p=0.93 
and 0.88, respectively). Moreover, evaporative and dryness indexes were identified as second order factors, not 
surprising since tropical climates were found to agree with Budyko’s theory. Furthermore, vegetation water use 
(HI1) exhibited a higher control on catchment responses (with correlations of Q=-0.78 and Qb=-0.82, respectively) 
in comparison with climate drivers (e.g. AET, PET and seasonality).

On the other hand, vegetation water use efficiency (HI1 and HI2) was found negatively correlated to precipitation 
(p=-0.54 and -0.8, respectively) and positively correlated to EI and AI. Indeed, the Horton index HI1 and HI2 
seemed to be dependent on the data used to compute it. Therefore, HI1 presented higher a correlation to 
streamflow (p=-0.78) and HI2 to evaporative index (p=0.92). Nevertheless, HI1 and HI2 were poorly correlated 
(0.17), maybe due to the higher uncertainty in AET estimates (used to computed HI2).
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3.3 Water use efficiency across tropical catchments

The spatial variation of vegetation water use efficiency described by HI1 is shown in Figure 5. Variable patterns 
were not observed across latitude, but since HI1 was negatively correlated with precipitation (Figure 4), wetter 
catchments are less efficient in terms of vegetation water use. Such a lower water use efficiency is emphasized 
by the wet Costa Rican catchments exhibiting mean HI1 and HI2 of 0.44 and 0.66, respectively. Colombian 
catchments presented mean annual Horton indexes of 0.53 and 0.72, with the drier Mexican catchments showing 
the highest values of 0.54 and 0.97, respectively.

Selected annual temporal series in Figure 5 suggested that in spite of precipitation changes (blue line), 
contributions of subsurface reservoirs to total streamflow described by the BFI (red line) and vegetation growth 
described by NDVI (green line) remained relatively constant over time in several catchments (e.g. ID 1, 5, 17, 
20, 26). Furthermore, Horton indexes (black continuous and dashed line) were not obviously correlated with 
vegetation growth and no pattern with respect to precipitation was observed. However, some catchments (ID 1, 
8, 20) HI1 and HI2 increased during dry years since vegetation tends to be increasingly water efficient during 
droughts (Arciniega-Esparza et al., 2017; Troch et al., 2009). Nevertheless, other catchments (e.g. ID 15, 17, 
20) showed an opposite behavior, where water efficiency increased with water availability. In some Mexican 
catchments (e.g. ID 1) we found unrealistic HI2 values higher than 1 due to input data uncertainty.

Figure 5: Spatial distribution of mean annual Horton Index and annual time series of HI, NDVI, BFI and precipitation. The HI1 and HI2 were 
computed with eq. (2) and eq. (3), respectively.  
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3.4 Streamflow eco-hydrological controls

Long-term and annual streamflow partitioning was analyzed in terms of climate and vegetation variation. Figure 
6 suggested that long-term precipitation and Horton index grouped the shape of flow duration curves according 
to high water availability and lower vegetation water use reflected by higher flows over the interquartile range 
(frequency 0.25-0.75). To the contrary, higher water efficiency of terrestrial vegetation and lower amounts of 
precipitation tended to reduce the proportion of low flows.

At annual scales, streamflow for the 27 catchments was strongly controlled by the dryness index following a 
non-lineal regression model (r2=0.83, ρ<0.05) and to a second order by a lineal dependency with the Horton 
index (r2=0.53, ρ<0.05) as shown in Figure 7. Also, note that the fitted equation using AI as predictor showed 
a remarkable similarity with Budyko’s theory, where Q/P=AET/P-1. Therefore, the water-energy balance was 
preserved not only at long-term time scales but also on an annual scale. Vegetation control on streamflow was 
unclear for some wetter and the most arid catchments (ID 9, in Costa Rica and ID 6, in Mexico). Here, the scatter 
plot showed those catchments as outliers, and the AI model located catchments 6 and 9 on the boundaries.

Figure 6: Streamflow duration curve variation explained by mean annual precipitation (left) and mean Horton index computed with equation 
2 (right). 
 
 

 

Figure 7: Annual streamflow explained by dryness index (left) and Horton index (right).
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 4. Discussion 

4.1 Catchment-scale eco-hydrological patterns

Despite the complexity of soil-vegetation-climate interactions, long-term hydroclimatic conditions in tropical 
climates in America were well described by the Budyko curve (Figure 3), in comparison with extra-tropical climates 
that deviated with respect to the theory. Therefore, the Budyko theory may be used in tropical catchments to 
explore streamflow elasticity and catchment resilience to climate change (Esquivel-Hernández et al., 2017; 
Koppa et al., 2021; Peña-Arancibia et al., 2012; Renner and Bernhofer, 2012). Although precipitation is typically 
most strongly correlated with flow generation, a European regional study suggests that intra-annual variation 
in precipitation and increased PET due to rising temperatures from climate change may significantly impact 
streamflow (Collignan et al., 2023).

We also found that climate was the main driver of long-term water partitioning in line with previous work by 
e.g. Gan et al. (2021), Collignan et al. (2023), andZanardo et al. (2012). Mean annual precipitation exhibited 
the strongest linear control on the mean annual streamflow and baseflow (see correlation matrix in Figure 4). 
Furthermore, the dryness index (ratio of potential evapotranspiration and precipitation) improved such predictions 
through a non-linear relationship (Figure 7). Similar results were reported identifying the dryness index as a 
key indicator to classify annual and intra-annual hydrological catchment response over large climate gradients 
(Kuentz et al., 2017; Trancoso et al., 2016; Zhang et al., 2018).

Recent studies have linked the water-energy balance theory to vegetation indicators (Chen et al., 2023; Luo et al., 
2020), such as the water use, rooting depth, and fractional vegetation cover to further improve ecohydrological 
understanding (Chen et al., 2023; Donohue et al., 2012; Gan et al., 2021; Zhang et al., 2001).

However, vegetation rooting depths was observed to be shorter in regions with less precipitation seasonality and 
generally higher water availability (Gao et al., 2014). The tropical catchments presented a largely uniform climatology 
as opposed to extra-tropics and the Budyko theory pointed at vegetation that is less important for water partitioning. 
However, Budyko does not directly consider the partitioning into evaporation and transpiration, with the latter being 
likely the more important water flux and directly linked to the vegetation (Schlesinger & Jasechko, 2014). Tropical 
biomes showed an important role on water partitioning taking transpiration directly into account (Good et al., 2017).

Nonetheless, the vegetation dynamics were consistent with previous studies, where vegetation water use was 
found to contain information about climate and landscape interactions (Troch et al., 2009; Voepel et al., 2011).
Furthermore, vegetation water use showed higher negative correlations with baseflow than streamflow (ρ=-0.82 and 
-0.78, respectively). Such behavior can be explained since vegetation evolves to be more water efficient (deeper 
roots and higher water retention capacity) in dry environments and under water stress playing a more important role 
on the partitioning of flow generation and groundwater recharge (Arciniega-Esparza et al., 2017; Gao et al., 2014).

4.2 Can we learn about eco-hydrological processes from remote sensing?

The lack of in-situ data is one of the significant limitations in long-term water balance assessments and in 
understanding hydrological processes. Hydrometric data for Mexico and Colombia were filtered to consider good-
quality data with natural flow patterns, significantly limiting the number of stations available in tropical climate 
zones. On the other hand, data from Costa Rica are not publicly available, and only ICE data is available. This 



Journal of Natural Resources and Development 2025; 01: 1-21DOI: 10.18716/ojs/jnrd/2025.15.01 16

was reflected in a short standard period between hydrometric data and remote sensing climatological data, 
affecting the long-term balance synthesis. Other hydrometric data in Central American countries were discarded 
due to the lack of quality of information.

Sheffield et al. (2018) gives a good overview of remote sensing and global products for use in hydrology studies 
of data scare areas such as Latin America. Here, we already use some of the mentioned products in our eco-
hydrological assessment, which could be expanded towards including soil moisture data and remotely sensed 
water levels.

However, all remote sensors require calibration using station data and we found issues in this regard using actual 
evapotranspiration from MODIS16, were HI2 values higher than 1 were observed indicating that ET is higher than 
P-Q in some Mexican catchments. Overestimation of MODIS ET products was also reported from other regions 
around the world (Liu et al., 2015; Mu et al., 2007, 2011b), mainly associated to the complexity of the vegetation 
dynamics and the lack of station data for the algorithm calibration (Raoufi & Beighley, 2017). Previous studies 
have highlighted that evapotranspiration, mainly derived from remote sensing and global products, is one of the 
significant sources of uncertainty in water balances, increasing discrepancies with Budyko’s results (Koppa et 
al., 2021; Xiong et al., 2023).

Since we consider ET as our most uncertain variable compared to rainfall (CHIRPS undergoes a calibration 
procedure) and measured streamflow, the Horton Index estimated with equation 2 (HI1) was preferred for our 
interpretation of results.

Monthly precipitation from TRMM was widely used in the global tropics with good correlation compared to ground 
gauges (Erazo et al., 2018; Senent-Aparicio et al., 2018), but coarse spatial resolution of TRMM is a limitation for 
its application in Central America due to the relatively small size of some catchments (<900 km2). Therefore, the 
CHIRPS product with a higher spatial resolution seems to be a better option in complex topography with micro-
climates (Ullah et al., 2019; Zambrano-Bigiarini et al., 2017).

We found that the dryness index derived from MODIS and CHIRPS is able to explain the annual catchment 
response (Figure 7, r2=0.83). The fitted equation might be useful as a first-order estimation for water management 
since it can be directly used to predict annual streamflow in ungauged catchments and allows to evaluate effects 
of climate change on the water balance.
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 5. Conclusion 

Eco-hydrological patterns were analyzed in 27 tropical catchments across Colombia, Costa Rica and Mexico 
for the period 2000-2014 using measured streamflow records, remote sensing and merged databases for 
precipitation, evapotranspiration and vegetation dynamics. Most of the Colombian and Costa Rican catchments 
were classified as energy-limited (AI<1), whereas, Mexican catchments tended to be water-limited (AI>1).

Furthermore, tropical climates were observed to follow the theoretical water-energy curve described by Budyko, 
in comparison to most of the extra-tropical regions that presented high values of the dryness index (AI) with 
respect to their evaporative index (EI).

Vegetation water use efficiency in the study catchments was analyzed trough the Horton Index (HI), computed 
using the equation proposed by Troch et al. (2009), where vaporization (V) was considered as P-Q and as AET 
from MODIS16. We found poor correlation between both HI indexes (ρ=0.17). The MODIS ET accuracy was not 
the purpose of this research, but the ET overestimation could be associated to the lack of ground data used to 
calibrate the parameters of the ET algorithm in tropical biomes.

Results suggested that water use efficiency is linearly correlated with streamflow and baseflow, even at annual 
scales. Furthermore, the dryness index was found as the most important driver of catchment response. Such 
findings support the importance of climate and vegetation on hydrologic partitioning and how ecosystems evolve 
to be more water efficient under water stress and climate change.

Finally, global products and in-situ measurements improved the understanding of ecohydrological processes at 
catchment scales particularly in the data scarce tropical region of Latin America. Future work will focus on better 
calibration and subsequently bias-adjustments of global products using local station networks for use at higher 
temporal and spatial scales. Together with more widespread availability of field measurements allowing water 
partitioning of evapotranspiration into evaporation and transpiration, finer scale global products have the potential 
to revolutionize large-scale eco-hydrology particularly in the tropics.
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