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Monitoring and modelling hydrological fluxes 

MODELLING NET RAINFALL IN NORTHWEST 
AMAZONIAN FORESTS WITH A PHYSICAL BASED 
INTERCEPTION MODEL 

4.1 ABSTRACT 

The Rutter's forest interception model (Rutter et al., 1971), modified by Bouten et al. 
(1996), is calibrated for four forest ecosystems in the Middle Caqueta, Colombian 
Amazonia, to provide a tool for quantification of the temporal dynamics of net rainfall. 
Six months of hourly meteorological measurements, daily gross rainfall in the open and 
daily data on throughfall and stemflow (net rainfall) in the forest ecosystems are used to 
calibrate the model. The performance of the calibrated model was tested against daily 
and weekly measurements of net rainfall from another period than that used for 
calibration. To compare measurements and predicted values, two main statistical 
indicators were used: the normalised root mean square error (NRMSE) between 
measured daily net rainfall and simulated amounts and the explained variance (R ). 
Although not focussed on predicting evaporation dynamics, the predicted evaporation 
dynamics were compared against values deduced from measurements. Model 
performance was improved after the calibration of the storage capacity parameter. 
Values of calibrated storage capacity differ from measured values and from published 
values for other sites in the Amazon basin. Yet, values increased from the SP to the FP, 
which agrees with the measured trend. The calibrated values of storage capacity have a 
linear relation with the values of LAI in ecosystems studied. In these ecosystems, the 
ratio between values of storage capacity and LAI is similar, pointing to a standard water 
holding capacity per unit leaf area in the ecosystems studied. The calibrated model is 
capable of predicting daily and weekly measurements of net rainfall with a NRMSE 
below 0.08 and R above 0.99 for the ecosystems studied. Dynamics of predicted net 
rainfall by the physical based model differ from those predicted by the static model 
presented in Chapter 3. Because of the accuracy of the model predictions (daily and 
weekly) and the physical plausibility of predicted net rainfall dynamics in all 
ecosystems, the dynamic model is used for such in the current study. 

4.2 INTRODUCTION 

A number of simulation models, describing interception processes, can be used to 
predict net rainfall and evaporation of intercepted rainfall. These models range from 
static simple regression models (This issue, Chapter 3; Gash, 1979; Jackson, 1975; 
Zinke, 1967) to more elaborate dynamic models (Jetten, 1996; Bouten et al, 1996; 
Bruijnzeel and Wiersum, 1987; Calder, 1986; Massman, 1980; Rutter et al, 1977; 
Rutter et al, 1971). While static models are simple and easy to use, they do not 
always give satisfactory results at short time scales, and provide no information on 
physical processes and parameters involved. Dynamic models minimise the hazards 
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of empiricism by relying upon more fundamental physical reasoning (Massman, 
1983). Additionally, a dynamic simulation model will help to identify ecosystem 
processes and parameters controlling interception, and thus to establish for which 
parameters input data are required for model predictions. Furthermore, such model 
will also help to explain observed spatial and temporal variability in net precipitation 
and evaporation of intercepted rainfall. 

Rutter et al (1971) developed a physically based single-layer model to calculate the 
interception of water by a Corsican pine forest plantation in U.K. The model 
estimates net precipitation and evaporation from input data on gross rainfall and 
climate, and has been applied to different forest types (Valente et al, 1997; Jetten, 
1996; Bouten et al, 1996; Lloyd et al, 1988; Gash and Morton, 1978). The main 
disadvantage when applying Rutter's model is that hourly meteorological data are 
required (Gash, 1979; Rutter et al, 1971). It has been stated that the description of 
the wetting of the canopy in the Rutter's model yields an underestimation of 
evaporative loss when applied to tropical rain forest (Calder et al, 1997; Calder et 
al, 1986), and for such forest alternative approaches have been suggested (Hall et 
al, 1996; Calder et al, 1996; Calder, 1986). However, the model has also been used 
for tropical forest with satisfactory results (Ubarana, 1996). 

The aim of this paper is to simulate the temporal dynamics and amounts of net rainfall 
with a calibrated dynamic model, which is based on physical principles. It is known that 
temporal dynamics of net rainfall do not only depend on rainfall characteristics but also 
on storage and evaporation dynamics and amounts. By using a dynamic model, after its 
calibration for the research sites, we expect to obtain better results than through static 
models. These results can be used as input for the forest floor model and for the water 
balance of the ecosystems studied (see Chapter 8). 

4.3 METHODOLOGY 

4.3.1 The dynamic model 
A physically based single-layer model developed by Rutter et al (1971) and modified 
by Bouten et al. (1996) was used to describe the net rainfall dynamics in four forest 
ecosystems in Colombian Amazonia. The resulting model is a numerical multi-layer 
interception model with four model parameters per layer. In the present study, for 
simplicity, the forest is considered to be composed of a single leaf layer. The model 
calculates the canopy water balance based on rainfall, drainage and evaporation rates. 
Since the theoretical framework of the model has been described by many authors 
(Bouten et al., 1996; Jetten, 1996; Lloyd et al, 1988; Gash and Morton, 1978; Rutter et 
al, 1971), only general characteristics are presented here, including the 
modifications by Bouten et al. (1996) and its application for a single leaf layer 
instead of a multilayer forest. 

The Rutter's interception Model (Bouten et al, 1996), is of the form: 
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— = / - / ) - £ (4.1) 
At 

I = a (P) (4.2) 

Where S (mm) is the water storage in the canopy, t (day) the time, D (mmd1) is the 
drainage rate, I (mmd" ) evaporation of rainfall interception by the forest canopy, E 
(mmd" ) the evaporation rate, P (mm) gross rainfall and a (mm) the interception 
efficiency parameter 

A linear function (Calder, 1977) is used in the model to describe the drainage rate: 

D = b (S-C) for S > C (4.3) 

D = 0 for S < C (4.4) 

Where b (day) is the drainage parameter and C (mm) the water storage capacity by 
the forest canopy. 

Throughfall and net rainfall are given by: 

T = D + p (4.5) 

P„ = T + St (4.6) 

T (mm) is throughfall, Pn (mm) the net rainfall, p (mm) free throughfall to the forest 
floor and St (mm) is the stemflow. 

In the model the reference evaporation for wet surface (Monteith, 1965) is calculated 
according to: 

E _ARn+pCp(VPD)/e(ra) 
0 MA+r) 

Where E0 is wet surface evaporation, A (mbar K"1) the rate of change of saturated 
specific humidity with temperature, Rn (W m"2) net radiation, p (kg m"3) density of air, 
Cp (J kg" K'1) is the specific heat of air at constant pressure, VPD (mbar) vapour 
pressure deficit, e is the aerodynamic resistance parameter, ra (s m" ) aerodynamic 
resistance, A, (J kg"1) latent heat of vaporisation of water and 7 (mbar K"1) the 
psychometric constant. 
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The evaporation rate from the canopy is calculated from: 

E = f (EQ S/C) (4.8) 

Where f (mm) is the evaporation efficiency parameter. The aerodynamic resistance 
is calculated from the wind profile, according to: 

r„ = 

Ln 

K2.u7 

uzf (4.9) 
u* f 

Assuming neutral conditions: 

K.u7 
u* =• 

Ln 
^z-d^ 

(4.10) 

V Z0 J 

Where d (m) is the surface roughness (0.67h), h (m) is the height of vegetation, K 
the van Karman's constant (0,40) u. (m s"1) the friction velocity, uz (m s" ) the wind 
speed and z0 (m) the zero plane displacement (O.lh). 

4.3.2 Model inputs 
The areas for the present study were selected as being representative for the major 
physiographic units in this part of the Amazon basin cover with natural vegetation. The 
plots are located in the Tertiary sedimentary plain (SP) and the alluvial plain of the 
River Caqueta: high (HT) and low terrace (LT) and rarely inundated flood plain of the 
River Caqueta (FP). A number of plots were selected to measure gross precipitation 
above the forest and throughfall and stemflow: in the Tertiary sedimentary plain three 
plots and in the others ecosystems two plots were chosen. A more detailed description 
of the research sites and climate conditions is presented in Chapter 2. 

In an open area, an automatic weather station (AWS) was installed from 1992 until 
1997 to register each 20 minutes gross rainfall amount and mean values of temperature, 
relative humidity, solar radiation, wind speed and wind direction. Measurements were 
carried out at three meters above the surface in the open. Gross rainfall in the plots was 
measured automatically by using a rain gauge tipping bucket with a 0.2 mm resolution. 
Manual measurements were carried out with two rain gauges in each plot, installed 
above the forest canopy. Throughfall was measured with 20 collectors per subplot, 
randomly distributed within an area of 50x20 m. Both, gross rainfall and throughfall 
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collectors were connected to plastic funnels with a surface of 298.6 cm . Stemflow was 
measured on 15 protruding trees in each subplot. Manual measurements were carried 
out every 5 days, from August 1992 to February 1996; and daily measurements were 
executed from February to August 1997. Each month, throughfall collectors were 
randomly relocated within the plots. A more detailed description of measurements, 
disposition of collectors and rotations can be found in Chapter 3. Evaporation of 
intercepted water by the forest canopy was calculated from the difference between daily 
gross rainfall and net rainfall in each plot. 

To estimate the gap fraction (a) of the forest canopy, 40 hemispherical black and white 
photographs were taken horizontally to the tree crowns in each plot. The photographs 
were digitised with a scanner and analysed with the Hemiphot programme (ter Steege, 
1994). This programme calculates de gap fraction of the forest from the white pixels 
and roughly estimates the LAI from the forest cover. Photographs were corrected for 
the reflected light and the mean fraction of the white pixels in the photographs is taken 
as the best estimate of the gap fraction (see Chapter 3). 

The water storage capacity of the forest canopy (C) is derived from the constant of the 
regression of calculated evaporation against gross rainfall measurements. Most methods 
for the determination of C, which have been presented sofar, mainly differ in the way of 
accounting for the proportion of the drainage before the forest is completely saturated 
and the gradual saturation of forest layers with continuously proceeding evaporation. In 
the present study, only single and high-intensity rainfall events of short duration (less 
than one hour) were used. Late afternoon and night rainfalls were preferred representing 
rainfalls under low deficit of moisture conditions. In total, 30 to 40 events were selected 
for each ecosystem. 

Free throughfall may be taken as the gap fraction of the forest (a). This parameter was 
estimated for each ecosystem from the digitised and scanned black and white 
photographs (ps) and from the regression coefficient of throughfall versus gross rainfall 
(pt) for small storms, which were insufficient to saturate the forest canopy (Gash and 
Morton, 1978). About 10 to 14 storms selected from each ecosystem were used to 
determine the value of pt. Values of estimated gap fraction of the forest types, storage 
capacity and free throughfall for each plot are presented in table 4.1 (first set). 

4.3.3 Model calibration 
First, the model performance was tested with parameter values that were determined 
from independent measurements. Therefore, observed values for the storage capacity in 
each ecosystem were used as input to the model and results were evaluated. To define 
the set of parameters to be optimised and the possible parameter dependence, the 
sensitivity of the model to each parameter and to the parameter combination were 
separately tested for their influence on the model results. Sensitivity analysis showed 
that the model is most sensitive to the storage capacity (C) and considerably less 
sensitive to evaporation efficiency (e) and aerodynamic resistance (f) parameters and 
almost not sensitive to the drainage parameter (b). Therefore, the e and f parameters 
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were set to 1 and b was set to the value found by Bouten et al. (1995). The C parameter 
was optimised to test whether the performance of the model improves and if so, to what 
extent. A multivariable optimisation routine within the Matlab programme was used for 
the optimisation, on the basis of the Normalise Root Mean Square Error (NRMSE) 
between measured daily net rainfall and simulated amounts, without setting the value to 
any limits. Six months of daily data on net rainfall and twenty minutes data on climate 
and gross rainfall (1997) were used for the calibration of the model parameters. The 
calibration procedure consists here in finding the values of the model parameters 
producing the best fit with net rainfall measurements. Values of C parameter are also 
evaluated in terms of its physical plausibility. 

The gap fraction parameter (a) is not optimised for two main reasons: first, it was 
estimated from the dataset as well from the set of black and white hemispherical 
photographs. The derived mean value from the white pixels in each ecosystem was used 
as input for the dynamic model. The second is that within the model it inversely 
interacts with the LAI, therefore any increase in LAI will produce a decrease in the 
value of this parameter. 

The optimum values of the parameters obtained from the measurements and calibration 
procedure were used to evaluate the accuracy of the model to reproduce new data on 
daily and weekly net rainfall measurements. The performance of the calibrated model is 
also tested against weekly data. Additionally, the capability of the calibrated model to 
predict evaporation of intercepted gross rainfall in the forests studied is tested. Hourly 
data on climate, six months data of daily gross rainfall and two years of weekly data on 
gross rainfall are used as input to the model. Daily and weekly data on net rainfall from 
these periods are used to test the performance of the calibrated model. Two statistical 
indicators were used: the Normalised Root Mean Square Error (NRMSE), which 
renders a sort of coefficient of variation of the difference between predicted and 
measured values around the measured mean and the explained variance (R ), which is a 
straightforward indicator of the agreement between predicted and measured values. 

4.4 RESULTS AND DISCUSSION 

4.4.1 Results of model calibration and parameter values 
Parameter values directly calculated from the measurements are presented in Table 
4.1, first set. The measured value of the storage capacity of the forests increases from 
the SP to the FP ecosystems, which reflects the differences in forest structure between 
these ecosystems. The highest value for the storage capacity is consistent with the 
lowest rate of net rainfall and higher rates of evaporation. The calculated pt values, 
based on the selected small storms, agree with the values found by Waterloo (1994) and 
Jetten (1996), but clearly differ from those derived from the scanned photographs (ps). 
Moreover, their application resulted in an overestimation of net rainfall in all 
ecosystems. The fact that small showers producing throughfall are required to 
determine pt, affects the accuracy of its estimation, since the frequency of such events is 
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very low. Estimated values therefore are prone to a large error. Contrary, analyses of 
photographs of the forest canopy under non-direct sunlight, especially if large number 
of photographs have been taken and analysed, are likely to produce reliable estimates of 
ps. 

Model results show that after applying measured parameter values, the explained 
variances between predicted and measured net rainfall are above 0.99 for all forest 
ecosystems (Table 4.1, first set). At this stage, results indicate that the accuracy of 
the dynamic model to predict net rainfall is similar to that of the static models with 
two calibrated parameters. 

Table 4.1 Calculated and optimised parameter values for the four forest 
ecosystems in the Middle Caqueta, Colombian Amazonia, (ps = free 
throughfall estimated from white pixels and pt from the regression 
analysis, Pn is the net rainfall and E the evaporation of intercepted 
gross rainfall by the forests. Values in the fifth column correspond to 
the statistics from the test of the model performance with a data set 
independent from that used during the calibration. 

Parameter/statistic 1st Set 2nd. Set Test of model performance 
al indicator Daily data Weekly data 

SP ps(a) 
Pt 

0.168 
0.59 

0.168 

C 1.16 1.61 
NRMSE 0.084 0.074 0.045 0.089 
R2 0.99 Pn 0.99 Pn 0.99 Pn 0.99 Pn 

0.22 E 0.49 E 0.53 E 0.38 E 

HT ps(a) 
Pt 

0.154 
0.52 

0.154 

C 1.28 1.66 
NRMSE 0.089 0.079 0.037 0.103 
R2 0.99 Pn 0.99 Pn 0.99 Pn 0.99 Pn 

0.38 E 0.65 E 0.71 E 0.56 E 

LT ps(a) 
Pt 

0.117 
0.49 

0.117 

C 1.32 1.75 

NRMSE 0.125 0.114 0.044 0.077 
R2 0.99 Pn 0.99 Pn 0.99 Pn 0.99 Pn 

0.28 E 0.54 E 0.62 E 0.46 

FP ps(a) 
Pt 

0.09 
0.27 

0.09 

C 1.55 2.23 
NRMSE 0.16 0.131 0.062 0.097 
R2 0.99 Pn 0.99 Pn 0.99 Pn 0.99 Pn 

0.30 E 0.50 E 0.52 E 0.43 
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Results after the calibration of parameter C are presented in Table 4.1, second set. 
The contribution of the optimised C parameter to the model performance is very low. 
However, the NRMSE between measured and predicted net rainfall is lower in all 
ecosystems. There are some discrepancies between the estimated storage capacity 
parameter, derived from the dataset on evaporation and gross rainfall and that from the 
optimisation procedure. Moreover, the estimates for the canopy storage capacity from 
the optimisation routines for all ecosystems range from 1.6 mm to 2.2 mm. These 
values are larger than most values reported from other areas in Amazonia. (Ubarana, 
1996; Jetten, 1996; Hutjes et al, 1990; Lloyd et al, 1988). These discrepancies can be 
explained by the fact that, when determining this parameter by regression of 
evaporation (or throughfall) and gross rainfall, evaporation during the events concerned 
is neglected. Additionally, most studies on rainfall interception which have been 
executed in Amazonian rain forest were in the so called "terra firme" forest (non-
flooded ecosystem). As we studied a broader range of ecosystem types, the differences 
in parameter values mentioned here might be also ascribed to differences in forest 
structure. 

U 

B. 
O 
C 
CO 

u 

2.3 

2.2 

2.1 
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1.9 ^ 
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1.7 

1.6 

1.5 
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R2 = 0.93 .'' 

L T . - ' 
HT . - - - * 

SP . - • - - ' 
• • -

4.5 5.5 6.5 

Leaf area index (LAI) 

Figure 4.1 Calibrated values for the storage capacity of the forest canopy as a function of the leaf 
area index (LAI) in Colombian Amazonia. Tertiary sedimentary plain (SP) and the high 
terrace (HT), low terrace (LT) and flood plain (FP) of the River Caqueta. 

Calibrated values for the C parameter were plotted against the values of LAI in the 
studied ecosystems. A linear function fitted these values with a high explained variance 
(Figure 4.1), in agreement with the tendencies presented in Chapter 3 with the forest 
cover and evaporation. This implies that values of forest parameter which present some 
difficulties to assess, as the identification of storage capacity (C), can be extended to 
forest characteristics, which can be measured and quantified (e.g. LAI). The ratio 
between calibrated values of the C and calculated LAI of the forest ecosystems can be 
interpreted as the water holding capacity per unit leaf area. Results from the calibration 
of C parameter in the ecosystems studied indicate that such water layer in the forest 
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canopy is similar between ecosystems, with a value of about 0.33 mm. Comparisons 
with other ecosystems within the Amazon basin was not possible since there seems to 
be no data on the water holding capacity of the forest canopy for other sites. 

200 400 600 

Time (day 1 = 1-1-1994) 
800 200 400 600 800 

Time (day 1 = 1-1-1994) 

200 400 600 

Time (day 1 = 1-1-1994) 

800 200 400 600 800 

Time (day 1 = 1-1-1994) 

Figure 4.2 Temporal dynamics of measured (A) and predicted (—) weekly net rainfall in four 
forest ecosystems in Colombian Amazonia. Tertiary sedimentary plain (SP) and 
high terrace (HT), low terrace (LT) and flood plain (FP) of the River Caqueta. 
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4.4.2 Predictions by the calibrated model 
Results from the calibrated dynamic model show that the fit of the simulated and 
measured amounts of net rainfall during the validation period is as good as for the 
calibration period in all ecosystems. In order to illustrate the model predictions we 
tested these statistically within the 95% confidence regions. Analyses indicate that 
predictions for all ecosystems are above 99% and the NRMSE decreased from the 
values during the calibration, being lower than 0.062 for daily measurements and lower 
than 0.103 for weekly measurements (Table 4.1). Predicted weekly values and 
measurements from the four ecosystems are presented in Figure 4.2. Net rainfall was 
slightly underestimated, but the model was capable of explaining weekly net rainfall, 
amounts and dynamics also with 99% accuracy. The dynamics of net rainfall, as 
predicted by the dynamic model, clearly differ from those predictions by the static 
model (Figure 4.3). There is plausibility in the physical description of net rainfall 
dynamics as predicted by the dynamic model. The percentage of net rainfall is lower at 
the start of the rainfall event and increases as gross rainfall increases, to become almost 
equal to gross rainfall at the end of the event. Rather, the static model predictions, as 
expected, are a constant percentage of gross rainfall. 
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Figure 4.3 Comparison of the dynamics of net rainfall rate as predicted by the physical based 
model and the static model in the Tertiary sedimentary plain (SP), as an example. Gross 
rainfall rate is also presented. 

The calibration of the dynamic model is not focussed on predicting amounts of 
evaporation of intercepted rainfall by the forests. However, insight into processes 
occurring in wetting and drying canopies are important for describing the canopy water 
balance. The accuracy of the calibrated model for estimating evaporation is tested by 
using calculated values of evaporation from the measurements as comparative data. 
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Results indicate that although evaporation is somewhat less accurately predicted by the 
model, the accuracy of predictions increased after calibration of the C parameter and 
when using a different data set to test the performance of the calibrated model (Table 
4.1), except for the weekly measurements when the NRMSE increased. Predicted 
dynamics show that saturation of the forest canopy is reached relatively fast after the 
rainfall starts, which agrees with the observations by Ubarana (1996) in Brazil. It is also 
clear that some events with a very high intensity do not saturate the forest canopy, 
which may be related to the high intensity and the short duration of rainfall events. 

Considering the uncertainties in the measurements of net rainfall, the observed 
relation between predicted and measured evaporation dynamics, though not optimal, 
is still quite satisfactory. Moreover, it is clear that when using the calibrated model 
to predict evaporation dynamics of intercepted rainfall values will not be as accurate 
as when it is used to predict net rainfall. Evidently, studies focussed on modelling of 
evaporation dynamics need more detailed data on net rainfall in order to calibrate 
and compare the performance of the models concerned. 

4.5 CONCLUSIONS 

The modified Rutter's model by Bouten et al. (1996) has been calibrated for the forest 
ecosystems studied, in which the storage capacity appeared to be the most relevant 
parameter. After calibration, the model is capable of predicting measured daily and 
weekly net rainfall and temporal dynamics with high accuracy for the ecosystems 
studied. Calibrated values of storage capacity of forests are highly correlated to the LAI 
of these ecosystems. The ratio between calibrated values of water storage capacity and 
LAI is similar in all ecosystems, pointing to a standard water holding capacity per unit 
leaf area for the ecosystems concerned. This implies that the calibrated parameter is 
physically interprétable and generates confidence in the predicted dynamics of net 
rainfall. 

For the study of the forest floor hydrology and overall water balance, input data for 
net rainfall are required. Some gaps in measurements exist, leading to gaps in these 
input data. Based on results here, the mentioned gaps will be filled with data 
generated by the calibrated physically based model, using net rainfall and canopy 
parameters as input. 
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