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Abstract

A semi-parametric PAR diffuse radiation model was developed using commonly mea-
sured climatic variables from 44 site-years of data from 9 AmeriFlux sites. The model
has a logistic form and improves upon previous efforts, using a larger data set and phys-
ically viable climate variables as predictors, including relative humidity, clearness index,
surface albedo, and solar elevation angle. Model performance was evaluated by com-
parison with a simple cubic polynomial model developed for the PAR spectral range.
The logistic model outperformed the polynomial model with an improved coefficient of
determination and slope relative to measured data (logistic: R? = 0.85; slope = 0.86;
cubic: R? = 0.82; slope = 0.83), making this the most robust PAR-partitioning model for
the US subcontinent currently available.

1 Introduction

Photosynthetically active radiation (PAR) is the 0.4-0.7 um spectral range that is ab-
sorbed by plants and drives the process of photosynthesis (McCree, 1972). PAR at
the ground surface has two primary incoming streams, diffuse and direct; which are
significantly affected by the amount of clouds and aerosols in the atmosphere. These
two radiant components differ in the way they transfer energy through plant canopies
thus affecting canopy photosynthesis processes differently than what would occur at
the leaf scale (Misson et al., 2005). Increased diffuse PAR fraction (the ratio of diffuse
or isotropic PAR to total PAR (diffuse + direct beam)) in the atmosphere has been cor-
related with higher light use efficiency and increased CO, assimilation (e.g. Weiss and
Norman, 1985; Gu et al., 1999, 2002, 2003; Knohl et al., 2008; Mercardo et al., 2009;
Still et al., 2009). Many of these studies utilize models of diffuse radiation (usually in
the 0.15 to 4.0 um shortwave range) to estimate the diffuse fraction rather than direct
measurements.
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Diffuse PAR can be estimated from models that range in complexity from spectral
parameterization schemes like SPCTRAL2 (Bird and Riodan, 1986) and SMARTS2
(Gueymard, 1995) to simple linear regression models relating diffuse radiation frac-
tion to extra terrestrial PAR (Hassika and Berbigier, 1998; Tsubo and Walker, 2005).
Jacovides et al. (2009) developed a third order polynomial model after applying 25
point moving average on clearness index (ky,) (the ratio of global irradiance to extrater-
restrial irradiance) data collected over a three year period over Athens, Greece. Butt
et al. (2010) used a proxy cloud fraction (ratio of calculated total solar irradiance at
a surface to the measured) to estimate diffuse PAR fraction.

Most diffuse fraction models are developed for global solar irradiation and very few
models are developed from PAR data sets. The models developed for global solar radi-
ation have been used in studies to convert the diffuse global solar irradiance to diffuse
PAR fractions (e.g. Gu et al., 2002). Regression type models of diffuse shortwave radi-
ation usually employ linear (e.g. Orgil and Hollands, 1977; Reindl et al., 1990), logistic
(Boland et al., 2001; Ridley, 2010) or higher order polynomial type (e.g. Erbs et al.,
1982; Spitters et al., 1986; Chandrasekaran and Kumar, 1994; Miguel et al., 2001;
Oliveria et al., 2002; Jacovides et al., 2006) equations relating clearness index (ki)
to estimate diffuse fraction (k). Reindl et al. (1990) used multiple regression analy-
sis and identified air temperature, dew point and sine of the solar elevation angle as
important parameters determining the partitioning of total irradiance into diffuse and
direct components. Solar elevation angle and clearness index were used as inputs in
models developed by Maxwell (1987) and Skartveit and Olseth (1987). Other parame-
ters used in modeling diffuse fraction include dew point temperature, albedo and hourly
variability index (root mean square difference between clearness index of an hour in
question with respect to its preceding and succeeding hour) e.g. Perez et al. (1992)
and Skartveit et al. (1998). The BRL model (Ridley et al., 2010) uses hourly clearness
index, apparent solar time, solar elevation angle, daily clearness index and a persis-
tence index similar to the variability index to calculate the diffuse fraction. Muneer and
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Munawwar (2006) used sunshine fraction, cloud fraction and air mass along with clear-
ness index in predicting the diffuse fraction of global irradiance.

The objective of our study is to develop a simple semi-parametric diffuse PAR model
applicable for the US subcontinent, employing the AmeriFlux (Hargrove et al., 2003)
data set of above-canopy observations that have high spatio-temporal resolution. De-
velopment of such a model will aid future investigations of the effect of diffuse radiation
on photosynthesis and light-use efficiency in response to climate. Although diffuse ra-
diation is not regularly measured at all AmeriFlux sites, multiple year records from 9
sites are available for model development. The model presented here is developed with
a dataset that is larger and more temporally and spatially diverse than any previous ef-
forts, making it the most robust and broadly applicable diffuse PAR model developed to
date.

2 Methodology and data analysis

The dataset used for model development and testing consists of multiple year records
of PAR and diffuse fraction obtained from the AmeriFlux network. A detailed descrip-
tion of the sites utilized in this study is presented in Table 1. The sites selected consist
of forested ecosystems and croplands covering a wide latitude range (35—46° N). The
diffuse fraction data are mostly obtained using the BF3 sensor (Delta-T devices, Cam-
bridge, UK). The BF3 sensor uses an array of photodiodes with a shading pattern that
provides shade to some of the photodiodes while others remain exposed. This instru-
ment has a resolution of 1 pmolm‘2 s and an accuracy of 15%. The data from BF3
sunshine recorders have been used in other studies relating cloud fraction to diffuse
fraction (Butt et al., 2001).

For our study, data collected when solar elevation angles were < 10° were re-
moved to avoid cosine response issues. Although the data set contained records in
hourly and half hourly formats, we averaged data to obtain hourly values for consis-
tency and removed outliers. The hourly radiation values were checked against the

1652

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< |
<4 >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/7/1649/2014/gmdd-7-1649-2014-print.pdf
http://www.geosci-model-dev-discuss.net/7/1649/2014/gmdd-7-1649-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

quality controls proposed by the European Commission Daylight. This quality con-
trol eliminates data points based on the following criteria: Rd > 1.1; RS, RS > 1.2RE;
Rd > 0.8RE; RS« 5Wm~2 and Rb >RE, where Rd is the total diffuse radiation Rs is
the total incoming solar irradiance, RE is the extra terrestrial irradiance and Rb is the
direct normal irradiance.

Data points were eliminated when hourly rainfall values were greater than 5mm,
relative humidity values were 100 %, or when dew point exceeded air temperature, as
under these conditions, the measurement accuracy might be affected by water droplets
formed on the sensor. After implementing the quality control check, the dataset con-
sisted of 106 670 hourly records from 44 site years.

Extraterrestrial PAR was calculated with solar elevation angle at a location according
to

Re = R[1 + 0.033cos(360¢,,/365) sin 5] (1)

where, R is the solar constant (2776.4 pmol m~2 s"1, Spitters et al., 1986); sin G is the
sine of the solar elevation angle and ¢4 is the day number since 1 January.

3 Model development

The model developed here is similar in structure to the multi-predictor logistic model
(BRL) developed by Ridley et al. (2010) for global solar irradiance, except we use addi-
tional predictors that directly affect the diffuse fraction and we also use a considerably
larger data set. The predictors in the BRL model include daily clearness index (k;), sine
of the solar elevation angle (aS), persistence index (y) and apparent solar time (AST).

1
k=
a7 14 exp(-5.38 + 6.63k; + 0.006 AST — 0.0078 + 1.75k; + 1.31y)
The logistical form of the model has been identified as more robust than previously pub-

lished piecewise linear or other non-linear forms (Boland et al., 2001, 2008). The goal
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of our work is to develop a model that is constrained by more commonly measured mi-
crometeorological variables, rather than estimated variables like persistence index. The
important factors considered in this study are PAR clearness index (ky,), relative hu-
midity (RH), albedo (a) and sine of solar elevation angle (8). Clearness index is widely
used in one predictor models for PAR partitioning (Jacovides et al., 2009) as it is directly
related to cloud fraction. Relative humidity is positively related with cloud cover (Wal-
cek, 1994) and a greater diffuse fraction is often associated with higher humidity values.
The effect of relative humidity on the relationship between k, and kg, is presented in
Fig. 1a. Increased surface albedo resulting from changes in canopy reflectance or pres-
ence of snow can alter the diffuse fraction estimates. Skartveit et al. (1998) proposed
a correction for clearness index estimation to account for the multiple reflections occur-
ring between the surface and instrument dome when albedo is over 0.15. However in
this study we consider albedo as a contributing factor to diffuse fraction as multiple re-
flections between the surface and clouds can enhance the diffuse fraction available for
photosynthesis (Campbell and Norman, 2008; Knohl and Baldocchi, 2008; and Winton,
2005). Albedo of most vegetated surfaces can reach up to 0.25 and can vary widely
as a function of leaf area index, disturbance history and snow cover. The effect of sur-
face albedo on the relationship between k;, and kg, is presented in Fig. 1b. Increased
albedo can result in increased diffuse fraction for the same clearness index compared
to lower albedo values. The PAR diffuse fraction model developed in this study takes
the logistic form

.1
Kgp = ———
=1 4e-2’
where z is given as
Z=a+bky+cRH+da +esin(B) (3)

and a, b, ¢, d and e are fitted empirical coefficients determined in our analysis. The em-
pirical coefficients were obtained by fitting the model to a randomly-selected two-thirds
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of the data set. The relationship presented in Eq. (3) tends to underestimate diffuse
fraction under clear sky conditions (Fig. 2a). As a correction, a second logistic fit is ap-
plied to the data for k, > 0.78. The values of the coefficients for the logistic model along
with their 95 % confidence intervals are presented in Table 2. The model performance
is compared with a one predictor model developed by Jacovides et al. (2009). This
model was selected for comparison as it was developed using data in the PAR spectral
range and used a simple predictor (ky,) that could be estimated for a large data set
from multiple locations. This cubic polynomial model which relates diffuse PAR fraction
as a function of smoothed PAR clearness index (moving average window size of 25)
takes the following form after fitting to this data set:

Kgp = 0.747 +2.486k, — 7.859 + 4.830kp) (4)

The original cubic polynomial model had prescribed limits within which the model oper-
ated and constant values were assigned to kg, values for ki, values above and below
a particular range. The modified cubic polynomial model presented in Eq. (4) is valid
for 0.19 < ki, < 0.89, whereas for ky, <0.19, k4, = 0.966 and ky, > 0.89, ky, = 0.142.
These set points were chosen to provide a smooth transition from the inflection points
in the model output. The model coefficients were estimated using a robust nonlinear
regression method in MATLAB (Mathworks, Inc). The fit of data to the adjusted logistic
model and the cubic model for the selected data set is presented in Fig. 2b and Fig. 2c.
The percentage differences between measured diffuse fraction ky, and modeled dif-
fuse fraction k4., is plotted in Fig. 3 as a function of each of the predictor variables in
unequally spaced bins with an equal number of data points.

The model fits were assessed by applying the remaining third of the data set that
was not used in model development (evaluation data set) for statistical analysis. The
comparison between measured and modeled diffuse PAR for the logistic and cubical
model for the evaluation data set is provided in Fig. 4.

The performance of both models was further compared by using a bootstrap regres-
sion between the measured and modeled diffuse fractions with a data re-sampling of
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10000 times to account for the errors in measuring the independent variable (mea-
sured diffuse fraction) from the evaluation data set. The results of the bootstrap regres-
sion comparison for the two models are presented in Table 3. The root mean square
error percentage (RMSE %) (Jacovides, 2006) of the model fits to the evaluation data
set is also presented in Table 3. The influence of seasonality on the logistic model
accuracy was examined by plotting the RMSE (%) and R? of the regression between
measured and modeled values as a function of the various months (Fig. 5) for the entire
data set.

4 Discussion

The multi-parameter logistic model predicts different diffuse fractions for the same
clearness index for different combinations of albedo, solar elevation angle and rela-
tive humidity. The percentage difference between measured and modeled diffuse frac-
tion generally indicate an underestimation by the model. The largest differences are
associated with clearness index values around 0.7, albedo values of 0.13, moderate
relative humidity (between 40-50 %) and high solar elevation angles (> 65°) (Fig. 3).
The logistic model thus produces the largest errors under clear sky conditions, during
the late morning and afternoon periods and when the atmosphere is dry. The cubic
polynomial model evaluated in this study produces the largest errors during periods
of high solar elevation angle, similar to the logistic model but in contrast to the origi-
nal model, which exhibited maximum error during the early morning/late evening hours
(Jacovides et al., 2010). The regression analysis indicates better performance of the
logistic model over the cubic model, with a higher slope, lower intercept, and a larger
coefficient of determination (/-':’2) (Table 3 and Fig. 4). The RMSE (%) values also indi-
cate a comparatively lower error for the logistic model (23.16 %) compared to the cubic
polynomial model (25.46 %). The errors in the developed model could be attributed
to other confounding factors such as seasonal effects, changes in atmospheric turbid-
ity caused by air pollution or aerosol loading, and location differences. The fact that

1656

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< |
<4 >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/7/1649/2014/gmdd-7-1649-2014-print.pdf
http://www.geosci-model-dev-discuss.net/7/1649/2014/gmdd-7-1649-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

a combined data set from different locations was used in this study can lead to min-
imization of the dependence of the ky,—ki, correlation on local conditions (Jacovides
et al., 2006). The model performance stays constant throughout the year except for the
period from September to December when the RMSE (%) decrease and the R? value
increases. The largest RMSE (%) values were observed during the summer months,
as in Jacovides et al. (2006) (Fig. 5).

5 Concluding remarks

A logistic diffuse radiation model was developed using a large hourly radiation dataset
obtained from the AmeriFlux network. The model performance was evaluated against
a cubic polynomial model and its strengths and weaknesses were assessed. The
goal was to develop a diffuse PAR model that employs commonly measured cli-
matic/weather variables as predictors and is applicable for sites in the contiguous US.
The logistic model improves upon other PAR diffuse fraction models as it was devel-
oped using a large data set comprising of multi-year records from multiple sites. Future
work includes application of this model to estimate diffuse radiation effects and con-
tributions to annual net ecosystem exchange over various biomes represented by the
AmeriFlux data.

Code availability

The model is a very simple logistic model and it can be implemented very easily in any
programming software or spread sheet based software like MS excel. A Matlab based
function is provided. This function requires inputs of incoming PAR, relative humidity,
albedo and sine of the solar elevation angle.
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Supplementary material related to this article is available online at
http://www.geosci-model-dev-discuss.net/7/1649/2014/
gmdd-7-1649-2014-supplement.zip.
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Table 1. Site location and ecosystem type information. E
Ny
SIl. No Site Name Location Ecosystem type Sensor o
¢ | TilePage
1 Bartlett Experimental Forest (US-Bar) 44.0646, 71.2881 Deciduous broadleaf forest BF3 — _
2 Flagstaff Managed Forest (US-FmF) 35.1426, 111.7273 Evergreen needleleaf forest BF3 -
3 Flagstaff Unmanaged Forest (US-Fuf) 35.0890, 111.7620 Evergreen needleleaf forest BF3 ! !
4 Flagstaff Wildfire (US-Fwf) 35.4454,111.7718 Woody savannas BF3 o
5 Mead Irrigated (US-Ne) 41.16506, 96.4766 Croplands BF3 = - -
6 Mead Irrigated Rotation (US-Ne2) 41.16487,96.4701 Croplands BF3 o
7 Mead Rain fed (US-Ne3) 41.17967, 96.4396 Croplands BF3 T - -
8 Morgan Monroe State Forest (US-MMS) 39.3231, 86.4131 Deciduous broadleaf BF3 g-
9 University of Michigan Biological Station (US-UMB) 45.5598, 84.7138  Deciduous broadleaf BF3 =
s I
Q
o
D
- I
O - -
7
c I
c
7]
@,
o
:
T
Q
§e)
2
g
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Table 2. Logistic model coefficients for clearness index classes. The value given in the brackets

is 95 % confidence interval.

Coefficients ki, (< 0.78) ki > 0.78

a 3.452 (3.3424, 3.480) -0.263 (-0.421, -0.105)
b -7.508 (-7.546, —-7.470) —-1.645 (-1.824, —1.467)
c 0.629 (0.607, 0.650) 0.861 (0.815, 0.907)

d 1.440 (1.405, 1.476) 0.597 (0.553, 0.639)

e 0.496 (0.476, 0.515) -0.660 (-0.707, —0.614)
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Table 3. Model performance comparison using regression analysis. The values given in the
brackets are the standard error of the estimtes obtained by resampling evaluaton data 10 000
times. The root mean square error (RMSE) estiamte from the measured and modeled values
is also presented.

Model Logistic model Cubic model
slope 0.86 (+1.6 x 107°) 0.83 (+1.8x107°)
intercept  6.32x 1072 (+8.0x10™°) 7.95x 1072 (+8.0 x 107°)
R? 0.85 (+1.60 x 107°) 0.82 (£1.9x 107°)
rmse (%) 23.16 25.46
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Fig. 1. Relative humidity and albedo effects of k,—kg, relationship.
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Fig. 2. Model fit for the proposed multi-parameter logistic model (a and b) and cubic model (c).
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Fig. 3. Percentage differences between measured and modeled diffuse radiation as a function
of predictor variables.
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Fig. 4. Comparison between measured and modeled diffused PAR (a) logistic model (b) cubic
polynomial model. The regression statistics presented are for the bootstrap regression between

the measure and modeled variables. All units are in umolm‘2 s .
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Fig. 5. Model performance in terms of RMSE (%) and R? over various months of the year.
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