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An Improved Water Budget for the El Yunque 
National Forest, Puerto Rico, as Determined by the 
Water Supply Stress Index Model
Liangxia Zhang, Ge Sun, Erika Cohen, Steven G. McNulty, Peter V. Caldwell,  
Suzanne Krieger, Jason Christian, Decheng Zhou, Kai Duan, and Keren J. Cepero-Pérez

Quantifying the forest water budget is fundamental to making science-based forest management decisions. This study aimed at developing an improved water budget for 
the El Yunque National Forest (ENF) in Puerto Rico, one of the wettest forests in the United States. We modified an existing monthly scale water balance model, Water Supply 
Stress Index (WaSSI), to reflect location watershed conditions, by incorporating a new empirical evapotranspiration (ET) equation derived from global eddy covariance data for 
rainforests. Modeling results indicated that the mean water yield was about 1795 mm yr-1 for the ENF region, representing approximately 63% of the annual precipitation. We 
found a wide range of the estimates for all key hydrological fluxes, particularly ET, among those reported in the literature. The large differences in both the magnitude and 
seasonality of fluxes are a result of differences in estimation methods and physical watershed boundaries used among these studies. The present modeling study that used the 
updated data products and modeling techniques provided an improved annual water budget with a smaller uncertainty compared to previous studies. Future studies should 
focus on quantifying water budgets, especially ET and precipitation, across a topographic gradient at a fine spatiotemporal scale.
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Tropical rainforests cover about 12% of the earth’s land area 
and play an important role in global hydrological and energy 
cycling, biodiversity conservation, and mitigating global 

climate change (FAO 1993, Choudhury and DiGirolamo 1998, 
Kumagai et  al. 2005, Hansen et  al. 2013). Forests provide a sta-
ble supply of high-quality water for irrigation, hydro-electric power 
generation, and domestic drinking (Bruijnzeel and Scatena 2011). 
Studies indicated that the hydrological cycle in tropical rainforests 
has been greatly altered by increasing human activities (i.e., land use 
change and water withdrawal) and climate change (Kumagai et al. 
2004, Bruijnzeel and Scatena 2011, Wohl et al. 2012). Many studies 

(Wohl et al. 2012, Van Beusekom et al. 2015, Khalyani et al. 2016) 
have projected that continued rapid hydrological change would 
seriously threaten drinking water supply and the health of aquatic 
ecosystems (Caldwell et al. 2012). An accurate quantification of the 
water budgets is a prerequisite for land managers to develop effective 
climate change adaptation and mitigation strategies in the tropical 
rainforest region (Wohl et al. 2012, Clark et al. 2014).

As the only tropical rainforest in the National Forest System 
(NFS) of the United States, El Yunque National Forest (ENF) 
in Puerto Rico, also known as the Luquillo Experimental Forest 
and previously known as the Caribbean National Forest, offers 
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an ideal location for managing rainforests for multiple ecosystem 
services. Although ENF constitutes one of the smallest forests in 
the US NFS, it is a source of fresh water for 780,000 residents, 
or about 20% of the population of Puerto Rico (Crook et  al. 
2007). In recent years, the watershed hydrology of ENF has been 
affected by increasing anthropogenic water use pressure associated 
with the population growth and economic development (del Mar 
López et al. 2001, Crook et al. 2007, Martinuzzi et al. 2007). For 
example, the population in and around ENF has doubled and urban 
area has increased more than 25 times during the past 60  years 
(Thomlinson et  al. 1996, Thomlinson and Rivera 2000, Gould 
et al. 2012). In turn, the number of water intakes in and around 
the ENF region has increased to meet the needs of the growing 
population and industry. For some of the forested watersheds, these 
intakes diverted up to 35% of the streamflow in drought months 
(Crook et al. 2007). Previous studies have predicted that water sup-
ply in this region would likely continue to decline in the future as 
a result of decreased precipitation and increased temperature (Van 
Beusekom et al. 2015, Khalyani et al. 2016). Hydrologic changes 
will not only seriously impact the domestic, industrial, agricultural, 
and energy water uses but could also threaten aquatic ecosystem 
functions (Van Beusekom et al. 2015). Therefore, a comprehensive 
assessment of water budgets in the ENF region can provide useful 
information for the communities depending on the water supply 
from the ENF, and government agencies in charge of administering 
water resources (Harris et al. 2012).

There have been few efforts in developing a complete water 
budget for the ENF region due to the rugged terrain, and the con-
clusions have been highly inconsistent and even contradictory due 
to the differences among data sources, study methods, investiga-
tion periods, and spatial scales (van der Molen 2002, Holwerda 
et  al. 2006, Van Beusekom et  al. 2015). For example, estimated 
mean annual evapotranspiration (ET) ranged from 1006 mm yr-1 
for the ENF region (Figure 1) when using an energy balance model 
(Harmsen et al. 2009, 2010) to 2420 mm yr-1 for a small water-
shed (Bisley II) (Figure 1) derived from the watershed water balance 

method (Schellekens et al. 2000). Both the highest (Crook et al. 
2007) and lowest (Wu et al. 2006) ET rates have been reported to 
be in March. In some cases, observed annual runoff (Q) by USGS 
gage stations for Icacos Basin even exceeded annual precipitation 
(P) derived from a rainfall-elevation equation (Crook et al. 2007). 
There is a clear need to study the water balances in the ENF region 
using the best available data and hydrological modeling techniques. 
In addition, there is an urgent need to compare the uncertainties 
in estimating hydrological processes and fluxes for the ENF region 
across various studies so that future monitoring efforts can focus on 
these knowledge gaps (Juston et al. 2013).

We adopted a monthly water and carbon balance model (Water 
Supply Stress Index, WaSSI) (Sun et al. 2008, 2011b) in this study 

Figure 1. Locations of El Yunque National Forest, streamflow gaging stations, and 12-digit Hydrologic Unit Code (HUC12) watersheds.

El Yunque National Forest (ENF) provides water for over 20% of the entire pop-
ulation of Puerto Rico. Understanding of the magnitude and seasonal variation 
of the water budgets (i.e., precipitation, evapotranspiration, and streamflow) 
for ENF can provide useful information for land managers as they process 
water permits. This study provided an improved complete annual water budget 
with a smaller uncertainty and a more accurate estimate of seasonal varia-
bility than reported in the literature using the best available data products 
and modeling techniques. About 63% of annual precipitation (i.e., 1795 mm) 
becomes streamflow, representing the wettest forests within the US National 
Forest System. We also found strong seasonal variations in the water yield, 
with the highest value in May and the lowest value in March. These findings 
suggest that water resource managers need to consider both the volume and 
timing of the water extraction to maintain the ecological integrity of forest 
streams. In addition, we identified uncertainties and challenges in estimating 
forest water loss (i.e., evapotranspiration). Our study suggests that changes 
in forest composition and structure due to forest management and climate 
change are likely to increase the uncertainty of projections of future water 
balances for rainforests in the study region.

Management and Policy Implications
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to simulate watershed water budgets using limited input param-
eters and variables. The objective of the original WaSSI model 
was for quantitatively assessing the relative magnitude of water 
supply and human water demand. The WaSSI index was defined 
as the ratio between the sum of all water demand or withdrawal 
(m3) and total water supply volume (m3) for each watershed. 
The WaSSI model has been tested, validated, and applied at the 
8-digit Hydrologic Unit Code (HUC8) and 12-digit Hydrologic 
Unit Code (HUC12) watershed scale across the continental 
United States (Caldwell et al. 2012, Sun et al. 2015b, Duan et al. 
2016), the Yangtze River basin in China (Liu et  al. 2013a, Liu 
et al. 2013b), and Rwanda (McNulty et al. 2016). Compared to 
other hydrological models, such as SWAT and RHESSys (Tague 
and Band 2004, Arnold and Fohrer 2005), WaSSI can be easily 
implemented at a regional scale and a model comparison study 
suggests that WaSSI has a similar predictive capacity to more com-
plex models (Caldwell et  al. 2015) even though WaSSI requires 
fewer input climatic variables and no model calibration (Sun et al. 
2011b, Duan et al. 2016). Therefore, the WaSSI model provides a 
powerful tool for simulating the watershed hydrology in data-lim-
ited areas such as the ENF region.

The original evapotranspiration (ET) algorithm of the WaSSI 
model was intended to capture relationships among ET, climate, 
and vegetation across broad land cover types (e.g., deciduous for-
est, grassland, and cropland) (Sun et  al. 2011a). Previous studies 
demonstrated that the control mechanisms of ET in the tropical 
region are different from the temperate and arid region (Bruijnzeel 
and Scatena 2011). Thus, modifications of the ET model are neces-
sary before applying the WaSSI model in the ENF region.

The overall goal of this study was to develop a more accurate 
water budget for the ENF region than the previous studies by using 
updated meteorological data and a modified WaSSI model. Our 
specific objectives were to 1) modify the WaSSI model by incor-
porating a new ET algorithm using eddy flux observations from 
multiple tropical rainforests; 2) quantify the annual and monthly 
water budgets at the entire ENF scale; and 3) evaluate the uncer-
tainties of the annual water balances developed for ENF by this and 
previous studies.

Methods
Study Area

The ENF region is located in northeastern Puerto Rico, with 
an area of 224 km2 (Figure 1). National Forest covers about half 
of the ENF region (113 km2), with the rest being mainly covered 
by commonwealth and private forests. The grassland, wetland, 
urban, crop, and barren lands account for only 5% of the total land 
area in the ENF region. The ENF is the only tropical rainforest 
in the National Forest System in the United States. It is distrib-
uted in the Sierra de Luquillo Mountains (Figure 1), with eleva-
tion ranging from 100 to 1075 m above sea level (a.s.l.) (Naumann 
1994). ENF has a subtropical maritime climate, with annual mean 
temperature ranging 24–27°C, and a reported mean annual pre-
cipitation ranging between 3000 and 4000 mm (Garcia-Martino 
et  al. 1996, Harris et  al. 2012). Mean monthly temperature in 
ENF varies slightly throughout the year, with a low temperature 
of 24°C in December–February and a high temperature of 27°C 
in July–August (Figure  2a). Precipitation in the form of rainfall 
is distributed fairly evenly throughout the year, with May and 

November being relatively wet and January–March being relatively 
dry (Schellekens et al. 2000) (Figure 2b).

ENF is the headwaters of nine major rivers, including the Río 
Mameyes, Río Fajardo, Río Sabana, Río Blanco, Río Gurabo, 
Río Canóvanas, Río Canovanillas, Río Grande, and Río Espíritu 
Santo (Figure 1). These rivers are typical of montane streams in the 
Greater Antilles of the Caribbean, with steep, narrow, and boul-
der-lined headwaters (Ahmad et al. 1993). A lack of fine sediment 
in flood flow is common. There is very little change in groundwater 
storage, and thus groundwater contributes little to streamflow in 
the ENF (Larsen 1997, Ortiz-Zayas 1998). No natural lakes were 
found in the ENF (Crook et al. 2007).

There are four major forest types in ENF: tabonuco, colorado, 
palm, and elfin forests (Brown et al. 1983, Harris et al. 2012). The 
tabonuco forests, dominated by Dacryodes excelsa, are found across 
elevations below 600 m a.s.l and cover nearly 70% of ENF. The 
tabonuco forests develop on deep and well-drained acid clay soils. 
The colorado forests occur in areas between 600 and 750 m a.s.l. 
and are usually found on sandy soils underlain by granodioritic 
bedrock. The colorado forests, dominated by Cyrilla racemiflra, 
cover about 17% of the ENF. The palm forests that cover 11% of 
the ENF are found on steep windward slopes, riparian areas, and 
areas with poor drainage at elevations greater than 750 m a.s.l. The 
palm forests are dominated by the sierra palm (Prestoea montana). 
The elfin forests characterized by short and stunted woody vege-
tation (i.e., Ocotea spathulata and Tabebuia rigida) are located on 
the highest mountain peaks, and only occupy about 2% of ENF. 
Soils in the palm and elfin forests are guayabota-ciales-picacho 
association, which is continuously wet, unstable, and susceptible 
to slippage (Brown et al. 1983). The bedrocks of the palm and elfin 
forests are intrusive igneous (Fletcher and Brantley 2010). Mean 
monthly leaf area index (LAI) for the ENF region as estimated 
from Moderate Resolution Imaging Spectroradiometer (MODIS) 
products (MOD15A2) was about 3 m2 m-2 and had slight seasonal 
variation because the study area was mainly covered by evergreen 
rainforests (Figure 2d).

WaSSI Model and Modifications
The original WaSSI model was developed to simulate water 

cycles and examine impacts of multiple stresses, including cli-
mate change, land cover/land use change, and water demand, on 
watershed hydrology and supplies (Sun et al. 2008). Details of the 
WaSSI model are found in the User’s Guide (Caldwell et al. 2013). 
The model simulates monthly water fluxes (i.e., ET, infiltration, 
soil water storage, snow accumulation and melt, Q, base flow, and 
groundwater) for each of the land cover categories in a watershed 
at the USGS HUC8 or HUC12 scale. Predicted water flux is then 
aggregated across the entire basin using an area-weighted averag-
ing method to maintain water volume balance (Sun et al. 2011b, 
Caldwell et  al. 2012) (Figure  3). As a semi-distributed model, 
WaSSI only considers proportion of land covers among (or within) 
watersheds. Infiltration, soil-water storage, Q, and groundwater 
were estimated based on the algorithms from the Sacramento Soil 
Moisture Accounting Model (SAC-SMA) (Burnash et  al. 1973, 
Burnash 1995) and the 11 soil parameters derived from State Soil 
Geographic Data Base (STATSGO; Natural Resources Conservation 
Service 2012). The basic design of the SAC-SMA model includes 
two water storages in the lower soil zone that generates fast base 
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Figure 3. Schematic diagram illustrating the hydrological processes simulated by a monthly water balance model, Water Supply Stress 
Index Model (WaSSI). ΔS  =  change in surface and groundwater storage; Q  =  streamflow or water yield; ET  =  evapotranspiration; 
P = precipitation, and LAI = Leaf Area Index.

Figure 2. Seasonal variations of (a) temperature (T), (b) precipitation (P), (c) potential evapotranspiration (PET), and (d) leaf area index (LAI) 
for the El Yunque National Forest region. The monthly T and P were obtained from the spatial climate database developed by  parameter–
elevation regressions on independent slopes model (PRISM). The monthly PET was generated by the Hamon model embedded in the WaSSI 
model. The monthly LAI was derived from MODIS LAI products (MOD15A2).
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flow and primary groundwater flow. The primary groundwater flow 
rate is estimated using a solution of Darcy’s equation for an uncon-
fined homogeneous aquifer (Dingman 1993). Partitioning of rain-
fall into groundwater is constrained by the soil moisture conditions 
in the upper layer and the percolation of the lower soil layer. The 
rainfall above the water capacity of the upper soil layer will infiltrate 
into the lower soil layer to become groundwater and generate base 
flow (Koren et al. 2003).

In the original WaSSI model, the monthly ET formula was 
derived empirically using eddy flux and sapflow measurements at 
multiple sites from grassland to subtropical conifer forests (Sun 
et al. 2011a). The general ET equation captures general relation-
ships among ET, climate, and vegetation across broad land cover 
types at the monthly scale. ET was calculated as follows:

 ET PET LAI
P PET LAI

= × × +
× + × + ×
0 0222 0 174

0 502 5 31
. .

. .  (1)

where PET is potential ET, which was calculated by Hamon’s 
method as a function of air temperature and daytime length 
(Hamon 1963), LAI is leaf area index, and P is precipitation.

In this study, we developed a new monthly ET formula to 
replace the original ET formula embedded in the WaSSI model 
based on the observations from five eddy flux sites dominated 
by tropical evergreen rainforests (Table  1). Regression models 
that relate ET, PET, P, and LAI were developed using the SAS’s 
regression procedure (SAS System version 9.2 for Windows, SAS 
Institute Incorporation, Cary, NC, USA, 2002–2003). Different 
combinations of the independent variables (P, LAI, and PET) 
were tested to derive the best fit of observed data. We modified the 
ET formula to reduce the uncertainty associated with modeling 
unique ecosystems such as tropical rainforests in the ENF region 
using the original generalized ET equation. The average elevation 
of these five eddy flux sites used to derive the new monthly ET 
formula was lower than that of ENF (91 m vs. 423 m). However, 
they represent the best available stations in the global network 
of micrometeorological tower sites (FLUXNET, http://fluxnet.
fluxdata.org/) that have similar climate and ecosystem structures 
found in the ENF region (Fang et  al. 2016, Liu et  al. 2017). 
Table  1 provides descriptions of the four eddy flux sites (i.e., 
BR-Ji2, BR-Ma2, BR-Sa1, and BR-Sa3) located in Brazil and one 
site (i.e., VU-Coc) located in Vanuatu.

Required input data to the WaSSI model include soil prop-
erties, land covers, LAI, P, and air temperature (T). The 1 km×1 
km STATSGO soil data were used to derive the 11 soil parame-
ters required by the SAC-SMA model (Miller and White 1998). 
The 15 m×15 m land cover data for the year 2001 were provided 
by the Puerto Rico GAP Analysis project (Gould et  al. 2008). 
The monthly 1 km×1 km LAI data over 2000–2011 were derived 

from MOD15A2. The multi-year mean monthly LAI by land 
cover type was computed by overlaying the land cover data with 
MOD15A2 LAI. Monthly 450 m×450 m P and T data over 1963–
1995 were obtained from the Parameter-elevation Regressions on 
Independent Slopes Model (PRISM) that used observed climate 
data from 15 weather stations in and around the ENF (Daly et al. 
2003). These datasets represent the best spatially explicit climate 
data available for the ENF region to date. All the spatially explicit 
input data were transformed from their native grid resolution to 
the HUC12 watershed level by an area-weighted mean approach.

We run the modified WaSSI model over all the HUC12s in 
Puerto Rico with the flow originating from ENF region first. Then 
we estimated the Q and ET for the study area from a total of 11 
HUC12 watersheds bordering ENF region (Figure 1) by an area-
weighted averaging method.

WaSSI Model Validation
The simulated Q (unit: mm) for each HUC12 watershed was 

validated against the monthly streamflow data recorded at the US 
Geological Survey (USGS) gages (USGS-Q) that are located near 
the outlet of the HUC12 watershed. Eight out of sixteen USGS 
gages (http://waterwatch.usgs.gov/) were chosen to validate the 
WaSSI model performance (Table 2 and Figure 1). We understand 
that some gages are not located exactly at the outlet of their HUC12 
watersheds, and thus the modeled Q may not be the exact as the 
observed Q at these USGS gages. However, these eight USGS gage 
stations represent the best available gages that have similar drainage 
areas to their HUC12 watersheds.

In this study, coefficient of determination (R2), root mean 
square error (RMSE), and Nash-Sutcliffe efficiency (NSE) were 
used to evaluate the performance of the WaSSI model. It is com-
monly accepted that the lower the RMSE and the larger the R2, 
the better the model performance. NSE, indicating how well the 
plot of observed versus simulated data fits the 1:1 line (Nash and 
Sutcliffe 1970, Moriasi et al. 2007), is computed as follows:

 NSE
Y Y

Y Y
i

n

i
obs

i
sim

i

n

i
obs

i
mean

= −
−

−













=

=

∑
∑

1 1
2

1
2

( )

( )
 (2)

where Yi
obs is the ith observation for the constituent being evaluated, 

Yi
sim is the ith simulated value for the constituent being evaluated, 

Ymean is the mean of observed data for the constituent being evalu-
ated, and n is the total number of observations. The NSE can range 
from negative infinity to 1.0, where the closer NSE is to 1.0, the 
better the model fits to observations. NSE values that are greater 
than 0.50, 0.65, and 0.75 for prediction of monthly streamflow 
were considered to be indicative of satisfactory, good, and very good 
model performance, respectively (Moriasi et  al. 2007). Negative 

Table 1. Characteristics of the eddy covariance flux research sites for tropical forests.

Site ID Latitude (°N) Longitude (°E) Precipitation
(mm yr-1)

ET
(mm yr-1)

PET
(mm yr-1)

Mean Leaf 
Area Index

Elevation
(m)

Data period Country
location

BR-Ji2 –10.08 –61.93 1651 1063 1418 4.5 195 2000–2002 Brazil
BR-Ma2 –2.61 –60.21 2621 970 1444 4.1 67 2000–2006 Brazil
BR-Sa1 –2.85 –54.95 1593 1091 1413 3.5 90 2002–2004 Brazil
BR-Sa3 –3.01 –54.97 1174 1173 1461 3.3 100 2000–2003 Brazil
VU-Coc –15.44 167.19 2734 1051 1371 4.3 1 2001–2004 Vanuatu
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values of NSE indicate that using the mean of the observations pro-
vides a better fit than the model.

Water Budget Uncertainty Analysis
We examined the uncertainties of estimated water budgets for 

the ENF region for this and previous studies. We used the relative 
error, defined as the ratio of the absolute difference between sim-
ulated and observed values to the observed value of water balance 
components (i.e., P, Q, and ET), to demonstrate the uncertainties 
in estimating water balances (i.e., estimation errors) for the ENF 
region. The mean USGS-Q during 1963–1995 for the six gage 
stations bordering ENF region (Figure 1) was calculated and then 
was averaged to represent the observed Q for the ENF region. 
The P in the ENF region is highly variable in space because of 
the steep topography (Garcia-Martino et al. 1996, Van Beusekom 
et al. 2015). For example, the annual P can vary from less than 
2000 mm to nearly 5000 mm over a distance of 5–8 km. As a 
result, the observed P from few weather stations cannot repre-
sent the actual precipitation for the whole ENF region. We thus 
used the P from PRISM, which interpolates P based on elevation, 
to represent observed P in this study. Additionally, we calculated 
observed annual ET (USGS-ET) for the ENF region by using 

the water balance approach (i.e., PRISM-P minus USGS-Q). The 
watershed water balance method estimated ET as the difference 
between P, Q, and changes in surface and groundwater storage 
(ΔS): ET  =  P – Q ± ΔS. The water balanced equation can be 
simplified as ET = P – Q (Brown et al. 2008, Sun et al. 2011b, 
Hao et al. 2015) because the changes in soil water storage were 
negligible over a long-term mean annual period (e.g., 1963–
1995 in this study), and the exchanges of deep groundwater and 
streamflow in the ENF region are small (Larsen 1997, Ortiz-
Zayas 1998). However, evidence showed that the ΔS could not be 
ignored at a monthly scale (Wang et al. 2010). Thus, the annual 
ET at the regional scale can only be estimated by the watershed 
water budget method or modeling approach (Wang et al. 2010). 
The annual USGS-ET derived from the watershed water budget 
method is perhaps most close to the actual regional ET, assuming 
negligible water withdrawals. Previous ET estimates by models 
were highly inconsistent for the ENF region (Schellekens et  al. 
2000, Wu et al. 2006, Harmsen et al. 2009) (Table 3). Streamflow 
characteristics of some watersheds in the ENF region may have 
been altered by water management practices such as water with-
drawal. Anthropogenic withdrawal may lead to an overestimation 
of USGS-ET because the USGS-Q may be lower than natural Q.

Table 3. Uncertainties of the annual water budgets for the ENF region.

Study region Area
(km2)

Time periods Annual water budgets 
(mm yr-1)

Relative error (%) Reference

P Flow (Q) ET P Q ET

ENF region 224 1963–1995 2843a 1903c 940b ― ― ― Observed water budgets in this 
study

2843a 1337b 1506a 0 30 60 Original WaSSI model results in 
this study

2843a 1795b 1048a 0 6 11 Improved WaSSI model results in 
this study

ENF region 224 2009–2014 2297a 646a 1006d 19 66 7 Harmsen et al. (2009, 2010)
ENF region 224 2000–2013 ― ― 1449d ― ― 54 Mu et al. (2011)
ENF 113 2003–2004 2892a ― 1012d 2 ― 8 Wu et al. (2006)
ENF region 224 2004 3580a 2280c 1300b 26 20 38 Crook et al. (2007)
ENF 113 1994 3879a 2526a 1245b 36 33 32 Garcia-Martino et al. (1996)
ENF 196 1900–1980 3775a 2005a 1770b 33 5 88 Lugo (1986)

113 1900–1980 3465a 2193a 1272b 22 15 35
3300a 1925a 1375b 16 1 46

Bisley II 
catchment

0.06 1996–1997 3584c 1284c 2300b 26 33 145 Schellekens et al. (2000)
3584c 1284c 1093d 26 33 16

aStatistical method; bWater balance method; cObservation; dEnergy balance model.

Table 2. USGS streamflow gaging stations on the main rivers draining ENF.

Gage 
Station

Lat (°N) Long (°E) Drainage  
area (km2)

Data period Gaged river Validated HUC12 HUC12  
area (km2)

Mean  
elevation (m)

Elevation 
range (m)

50055000 18.24 –66.01 233 1959–2015 Río Gurabo Rio Grande de Loiza 
at Carraizo Dam

139 181 30–750

50057000 18.26 –65.97 156 1959–2014 Río Gurabo Río Gurabo 132 164 40–1049
50061800 18.32 –65.89 26 1967–2015 Río Canóvanas Río Canóvanas 45 323 0–959
50063800 18.36 –65.81 22 1966–2015 Río Espíritu Santo Rio Espiritu Santo 

near mouth
64 380 1–1066

50065500 18.33 –65.75 18 1967–2014 Río Mameyes Rio Mameyes near 
mouth

40 290 –1–1056

50067000 18.33 –65.73 10 1979–2014 Río Sabana Rio Sabana at mouth 19 204 –1–677
50071000 18.30 –65.69 39 1961–2014 Río Fajardo Rio Fajardo near 

mouth
67 182 0–1040

50076000 18.23 –65.78 32 1982–2014 Río Blanco Río Blanco near 
mouth

70 294 0–1038
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Results
WaSSI Model Modifications and Validation

The new monthly ET formula derived from the five eddy flux 
tower observations dominated by tropical evergreen rainforests was 
as follows:

 
ET PET

P LAI R p
= + × −

× + × = <
28 6 55 32

1 47 25 1
. . .

. ( . , . )
0 0 0

0 0 0002  (3)

where PET is potential ET, which was calculated by Hamon’s 
method as a function of air temperature and daytime length 
(Hamon 1963), LAI is leaf area index, and P is precipitation.

The modified WaSSI model performed satisfactorily for the 
ENF region, as indicated by the significant correlations between 
the modeled and observed mean monthly Q across all sites 
(R2=0.58, RMSE=47  mm month-1, p<0.01) with NSE as 0.55 
(Figure 4). Overall, the modeled mean monthly Q matched well 
with the observations for most of the eight watersheds (Figure 5). 
However, the model performance was not satisfactory at three 
USGS gage stations (50057000, 50061800, and 50065500), as 
indicated by the negative NSE values. Specifically, we found an 
underestimation of 27.8% at station 50065500, and an over-
estimation of 47.4% and 118.5% at stations of 50057000 and 
50061800, respectively. The underestimation of Q may be due to 
the overestimation of ET by the modified ET equation, as dis-
cussed in WaSSI Model Validation. The overestimation of Q might 
be caused by water withdrawal for drinking water supply that was 
considered in the WaSSI model for this study.

Observed and Modeled Water Budgets for the ENF Region
The mean precipitation (i.e., PRISM-P) for the ENF region 

was 2843 mm yr-1, with monthly values ranging from 144 mm in 
March to 317  mm in May (Figure  6). The observed (USGS-Q) 
and modeled Q were 1903 ± 593 mm yr-1 (mean ± one standard 

Figure 4. A comparison of simulated mean monthly streamflow (Q) 
by WaSSI against the USGS observed mean monthly Q. Dashed 
line is the 1:1 line, and solid line indicates the best linear fit.

Figure 5. Seasonal variation of WaSSI modeled monthly streamflow (Q) and observed Q at USGS gage stations.
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deviation, hereafter) and 1795 mm yr-1, respectively, with the inter-
annual trends similar to that of the P (R2=0.64, p<0.001). The 
NSE between the observed and modeled monthly Q was 0.81 
(Figure 6b), indicating a good performance of WaSSI model in cap-
turing the Q’s seasonality for the ENF region. The modeled ET was 
also comparable to the observed (USGS-ET) on an annual mean 
scale (1048 vs. 940 ± 593 mm yr-1), yet with slight seasonal varia-
tions (78 to 97 mm month-1).

Uncertainties of the Estimated Water Budgets and Comparisons to 
Previous Studies

The quantification methods together with the resultant esti-
mates of annual water balance components (i.e., P, Q, and ET) 
varied greatly across this and previous studies in the ENF region 
(Table 3). For example, Lugo (1986) calculated the P as the area-
weighted mean P of major forest types, life zones, or elevation inter-
vals. Other studies (Garcia-Martino et  al. 1996, Wu et  al. 2006, 
Crook et al. 2007) estimated the P by a rainfall-elevation regres-
sion equation derived from 18 rain gages. The streamflow has been 
derived either by using the observations from the USGS gage sta-
tions (Schellekens et al. 2000, Crook et al. 2007) or by the curve 
number method of the USDA Natural Resource Conservation 
Service (US  Soil Conservation Service  1973, Fangmeier 2006, 
Harmsen et al. 2009). The annual or seasonal ET rates have been 
estimated either by the differences between P and Q or by energy 
balance models (Wu et al. 2006, Mu et al. 2011), with annual P, 
Q, and ET estimates ranging from 2297 to 3879 mm yr-1, 646 to 
2526 mm yr-1, and 1006 to 2300 mm yr-1, respectively, across this 
and previous studies.

When comparing with previous studies, the present modeling 
analysis showed improved estimates of water budgets (Table 3). The 
relative errors of P, Q, and ET were less than 2%, 6%, and 11%, 
respectively, in the current study. The largest relative errors of P, Q, 
and ET in the others reached up to 36% (Garcia-Martino et  al. 
1996), 66% (Harmsen et al. 2009, 2010), and 145% (Schellekens 
et al. 2000), respectively. The estimated ET of previous studies and 
this study generally had much lower accuracy than P and Q. For 

example, the mean relative error of ET estimated by all the studies 
was 1.9 and 2.4 times that of Q and P, respectively (Table 3). In par-
ticular, the accuracy of ET estimated with the revised ET equation 
was much higher than the original ET formula in WaSSI model. 
Also, our ET estimates had much lower relative estimation error 
than the widely used global MODIS-ET products (6% vs. 54%).

The monthly patterns of ET estimates also varied greatly across 
this study and previous studies (Figure 7). This study showed that the 
ET fluctuated slightly by month while the other studies indicated 
large seasonal variations. For example, Wu et al. (2006) reported 
that the ET estimates by an energy balance model peaked in March 
and bottomed in May. The widely used global MODIS-ET prod-
ucts revealed a typical bell-shaped pattern of monthly ET estimates 
(Mu et al. 2011).

Figure 7. A comparison of mean monthly ET modeled by WaSSI 
and reported values by previous studies (Wu et al. 2006, Crook 
et al. 2007, Harmsen et al. 2009, 2010, Mu et al. 2011) for the El 
Yunque National Forest region.

Figure 6. Observed and WaSSI modeled water budgets for (a) mean annual and (b) monthly time-step for the El Yunque National Forest 
region. Error bar represents the standard deviation of observed annual Q between 1963 and 1995. NSE_Q represents the Nash-Sutcliffe 
coefficient between the observed and modeled values.
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Discussion
WaSSI Model Validation

This study indicated that the modified WaSSI model with a new 
ET algorithm performed better than the original generalized WaSSI 
model (Sun et al. 2011a). The modeled ET (1048 mm yr-1) for the 
ENF region was much closer both to the site-observed ET (i.e., 
705–1066 mm yr-1) by van der Molen (2002) and the USGS-ET 
(940  mm yr-1) derived by the watershed water balance method. 
Also, the relative error of ET estimates from the new ET equa-
tion was much lower than that from original model as compared 
with USGS-ET (11% vs. 60%) (Table 3). As a result, the mean Q 
estimates by the modified WaSSI model (1795 mm yr-1) were also 
much closer to the mean observed USGS-Q (1903 mm yr-1) than 
the estimates by the original WaSSI model (i.e., 1337  mm yr-1). 
The new ET equation (Eq. 3) suggests that ET is mainly limited by 
energy (i.e., surface net radiation) instead of soil water availability 
(Budyko 1974, Hasler and Avissar 2007, Costa et al. 2010) because 
it is more strongly correlated with PET than P. The new ET equa-
tion (Eq. (3)) also suggests that the relationship between P and ET 
in the rainforests is negative. It is plausible that higher cloudiness 
associated with higher P may reduce solar radiation in the trop-
ical climate zone. Note that the actual relative errors of ET esti-
mates from the new and original ET equation could be larger than 
reported here, owing to the possible overestimation of USGS-ET, 
because the USGS-Q may be lower than natural Q due to water 
withdrawal.

Overall, the annual WaSSI modeled Q for the ENF region was 
comparable to the observed USGS-Q and the monthly patterns 
were similar (Figure 6). However, the WaSSI model underestimated 
Q by 27.8% for gage station 50065500, where substantial portions 
of upper basins are in the cloud condensation zone (i.e., 600 m 
a.s.l.) (Figures 1, 4, 5, and Table 2) and overestimated Q at gage sta-
tions 50057000 and 50061800, located in the western part of the 
region, by 47.4% and 118.5%, respectively (Figures 1, 4, and 5). 
The underestimation of Q in the high-elevation watershed might be 
due to the overestimation of ET by the modified ET equation. The 
modified ET formula was developed by the eddy flux data mostly 
in Brazil tropical rainforests due to the lack of eddy flux data in the 
ENF region. In contrast to Brazil’s forest conditions, about 30% of 
the forests in the ENF receive frequent cloud condensation (Brown 
et  al. 1983). Previous studies suggested that although the cloud 
condensation accounts for a very small proportion of the total P 
for the ENF region (i.e., 3%–5%) (Weaver 1972, Holwerda et al. 
2006), the frequency of condensation events could significantly 
affect ET rates (Bruijnzeel and Veneklaas 1998, Letts and Mulligan 
2005, McJannet et al. 2007). A more recent study indicated that 
cloud-immersion frequency averaged 80% at sites above 900 m 
during nighttime hours and 49% during daytime hours (Bassiouni 
et al. 2017). Fog formations can reduce the solar radiation, lower 
vapor pressure deficit, and wet the leaf surfaces, resulting in lower 
forest ET rates (Bruijnzeel and Veneklaas 1998, Letts and Mulligan 
2005, McJannet et al. 2007). Eddy flux observations of ET at the 
high-elevation sites in the ENF region are essential and needed to 
further improve the ET equation for a better quantification of the 
water balance for the island. The overestimation of Q in the west-
ern part of the study area may be partially attributed to anthropo-
genic effects (e.g., flow reduction by water withdrawal) on the 
runoff (Crook et al. 2007). USGS water use report (Molina-Rivera 

and Gómez-Gómez 2014) showed several large water intakes in 
the western part of the ENF region. The observed Q was likely to 
be lower than the natural streamflow when water withdrawal in 
the upstream area of the watershed occurred. Future study should 
quantify the water use–induced changes of hydrological cycles in 
these watersheds where flow regimes were disturbed.

Uncertainties of the Estimated Water Budgets in This and Previous 
Studies

Our results showed that the annual water budgets estimated 
in this study had smaller relative errors than previous studies in 
general (Table  3). There may be two reasons for this improve-
ment. First, the input P data to WaSSI model were generated by 
the PRISM method specifically for the Puerto Rico region with a 
high spatial resolution (i.e., 450 m). This dataset provided more 
improved estimates of P at the ENF region scale (Daly et al. 2003, 
Van Beusekom et  al. 2015) than that generated by the rainfall- 
elevation regression model (Garcia-Martino et  al. 1996, Crook 
et al. 2007), area-weighted mean method (Lugo 1986), or global 
meteorological data with a coarse resolution (i.e., 1.00°×1.25°) (Mu 
et al. 2011). For example, Garcia-Martino et al. (1996) found that 
the rainfall-elevation regression equation tended to overestimate P 
in the high-elevation region. Zhang et al. (2015) demonstrated that 
the poor-quality climate data (global daily meteorological reanaly-
sis dataset from NASA’s Global Modeling and Assimilation Office 
[GMAO]) used by the MODIS algorithm caused the overestima-
tion of MODIS ET in the subtropical and tropical forests (e.g., 
by 54% for the ENF region). Second, the monthly ET formula 
embedded in the modified WaSSI model was specifically developed 
for the ENF region by using the best available ET measurements 
for tropical rainforest ecosystems in the FLUXNET. The WaSSI 
model has proved to be successful in quantifying water balances 
with limited input data in the United States (Sun et  al. 2011b, 
Caldwell et  al. 2015, Sun et  al. 2015a) and elsewhere (Liu et  al. 
2013a, 2013b). In contrast, the curve number method of the USDA 
Natural Resource Conservation Service (US  Soil Conservation 
Service 1973, Fangmeier 2006) used to estimate Q by Harmsen 
et al. (2009, 2010) reportedly had high flow prediction errors dur-
ing heavy rainfall periods (Kim and Lee 2008). These errors may 
have caused significant underestimation of the annual Q for the 
ENF region, where the stream discharge mainly occurs in storm 
events (Brown et al. 1983, Crook et al. 2007).

The variable estimations in water budgets might also be a result 
of the inconsistent spatial scales and study periods of the data 
sources among the various studies. For example, the ET calculated 
by Schellekens et  al. (2000) for a small watertight (the leakage 
into or out of the catchment is negligible) watershed (i.e., Bisley II 
catchment, 0.06 km2) (Van Dijk et al. 1997) in 1996–1997 was 2.4 
times the observed ET across the ENF region (2300 vs. 940 mm 
yr-1). The ET results from Schellekens et al. (2000) were calculated 
by the watershed water balance method, that is, ET = P - Q, with 
P from observation at a rain gage and Q from the daily discharge 
record. The overall error in ET estimates was estimated to be 12% 
(Schellekens et al. 2000). The relatively high ET rates in the Bisley 
II catchment during the 1996–1997 period may be explained by 
seaveral reasons: (1) the frequent occurrence of rainstorms of low 
intensity associated with frontal activity, (2) a highly effective net 
upward transport of evaporated moisture from the wetted canopy 
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driven by the release of heat upon condensation, (3) the proximity 
of the site to the warm waters of the Atlantic Ocean, which may act 
as a source of advective energy brought in by the trade winds, and 
(4) a comparatively low aerodynamic resistance due to the broken 
forest canopies from the severe hurricane damages in 1989 and its 
location in highly dissected terrain (Schellekens et al. 2000).

Among all three hydrological fluxes examined (P, Q, and ET), 
we found larger uncertainty in ET estimates than among P and Q 
in this and previous studies. The ET estimates were all higher than 
the USGS-ET (Table 3). The actual relative error of ET estimates 
could be even larger than reported here, given that the USGS-ET 
may be overestimated due to water withdrawal in some of the 
watersheds and/or the omission of fog immersion, as discussed pre-
viously in WaSSI Model Validation.

The monthly patterns of ET estimates also varied greatly across 
various studies (Figure 7). For example, our modeling study indi-
cated that the ET fluctuated slightly by month, which can be 
largely attributed to the small seasonal variations of the LAI and 
available energy (indicated by PET) (Figure 2) (Brown et al. 1983, 
Daly et al. 2003). The present result is reasonable, given that ET in 
tropical rainforests is limited by available energy (i.e., solar radia-
tion) that varies only slightly by season (Zhang et al. 2001, Costa 
et al. 2010). For the other study with relatively smaller discrepan-
cies in annual ET estimates, Wu et al. (2006) showed that the ET 
estimates by an energy balance model vary substantially by month 
and peaks in March. Wu et al. (2006) derived the key model input 
(i.e., cloud cover) from MODIS data, which cover only two days 
each month, and the entire month is not represented. Thus, the 
cloud cover data are apparently far from enough to reflect the actual 
cloud variability and thus may introduce uncertainties in monthly 
ET estimates.

Implications and Future Study
The modified WaSSI model has a great potential in simulating 

the watershed hydrology of tropical forest regions with limited 
data. The model requires only five widely available environmental 
variables (i.e., precipitation, air temperature, LAI, soil properties, 
and land cover) for parameterization. Particularly, the ET equation 
embedded in WaSSI was developed from the eddy flux observations 
over five tropical rainforest sites (Table  1) and it appeared to be 
more accurate in estimating ET for rainforests than the original 
generalized WaSSI model.

The uncertainties identified from this study have important 
implications for future data collection and in-depth hydrologic mon-
itoring. First, the observed Q at the USGS gages may be lower than 
the natural streamflow value as induced by the water withdrawal 
for human uses in the upstream area of the watershed in some cases 
(Crook et al. 2007). Second, the ET equation derived from only five 
eddy flux sites in Brazil and Vanuatu may not accurately capture 
the relationship between ET, climate, and vegetation in the ENF 
region (Equation 3). For example, the coefficient for P is very small 
(i.e., –0.032), suggesting P may not be a major factor for ET. Other 
climatic factors such as radiation, sunshine hours, vapor pressure 
deficit, and wind may play important roles. The ET equation needs 
to be improved when new eddy flux data in tropical rainforests are 
available, especially at higher-elevation regions. Third, the present 
WaSSI model does not consider the impacts of understory vegeta-
tion information and tree density or height on the ET rate. Finally, 

the depth of the STATSGO soil data (i.e., 2.5 m) used in this study 
might be shallower than the actual soil depths, resulting in a possible 
bias of the WaSSI modeled Q by neglecting deep groundwater flow 
processes. However, this should not influence our Q estimates sig-
nificantly because deep groundwater and surface water exchanges are 
shown to be negligible in the ENF region (Larsen 1997, Ortiz-Zayas 
1998). Future forest hydrological studies in ENF should focus on 
quantifying water budgets of different forest ecosystem types across a 
topographic gradient with particular attention to quantifying forest 
ET at tree, stand, to watershed levels to better explain the control 
mechanism of ET in tropical rainforests. In addition, quantifying 
the effects of fog on precipitation on high elevations is needed to 
close the water budgets.

Conclusions
In this study, we developed a new water budget for the ENF 

region by applying an improved ecohydrological model (WaSSI). 
The WaSSI model was modified using a new ET algorithm derived 
from eddy flux observations for tropical rainforests. We identified 
the uncertainties of estimated water balances in this and other 
various studies. Results suggested that the modified WaSSI model 
adequately captured the magnitude and monthly patterns of the 
water budgets for the ENF region as compared with the original 
WaSSI model and previous studies. The uncertainty of the water 
budgets was overall smaller than the previous studies, suggesting 
that an integrated modeling had an advantage over other methods 
previously applied in Puerto Rico. The modified WaSSI model has 
a great potential in simulating the watershed hydrology of other 
tropical rainforest regions with limited data. Further, we conclude 
that the uncertainties of ET reported in the literature were much 
higher than that of P and Q for tropical forests in the ENF region. 
Accurately estimating ET remains the biggest challenge in con-
structing watershed water budgets and understanding the ecohy-
drological processes in rainforests. The knowledge gained from 
this study will be useful to land and water managers to maximize 
forest ecosystem services. The improved estimation of water bal-
ance at both the annual and monthly levels provides forest man-
agers the much-needed information for sustaining water supply 
from forests.
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