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Abstract

Although not measured at many ground stations, the total daily solar irradiance (Rs) received at the earth’s surface
is a critical component of ecosystem carbon, water and energy processes. Methods of estimating Rs from other
meteorological data, particularly daily temperatures, have not worked as well in tropical and maritime areas. At
Luquillo, Puerto Rico, the daily atmospheric transmittance for solar radiation was approximately equal to one minus
the daily-average relative humidity (1−rhave). From these observations, we developed a model (VP-RAD) for
estimation of Rs with inputs of daily maximum and minimum air temperature, daily total precipitation, mean annual
temperature, mean annual temperature range, site latitude, and site elevation. VP-RAD performed well over large
areas; it showed a good agreement with the site data used for model development and for seven other warm, humid
locations in the southeastern United States. Comparisons with a similar model revealed that predictions using
VP-RAD had lower average errors and improved day-to-day correlation to measured solar irradiance. In a global
comparison for the year 1987, VP-RAD-estimated and satellite-derived photosynthetically active radiation converged
to within 1.0 MJ m−2 day−1 at 72% of the 13072 1° latitude by 1° longitude vegetated grid cells. Although these
comparisons revealed areas where VP-RAD may need improvement, VP-RAD should be a useful tool for
applications globally. In addition, VP-RAD’s similarity in form to the Bristow–Campbell equation provides a
convenient method to calculate the site-specific coefficients for this model that is widely used when solar irradiance
data are not available. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

1.1. Background

The daily solar irradiance at the earth’s surface
(Rs, MJ m−2 day−1) is a fundamental driving
variable for simulation of ecosystem carbon, wa-
ter, and energy fluxes at local, regional, and
global scales. However, Rs is seldom measured
and lacking at most locations where models are
applied. Rs may be determined from satellites
(Pinker and Laszlo, 1992; Gu and Smith, 1997),
cloud cover, or from global climate models, al-
though either the spatial resolution or the tempo-
ral resolution is inadequate for site-specific
analyses that include variations in topography.
Stochastic weather generators are able to generate
daily simulations from data averages (Friend,
1998), and monthly-average solar irradiances can
be estimated from other meteorological data
(Nikolov and Zeller, 1992; Yin, 1996). However,
data averages hide the specific sequence of cold-
or-warm, wet-or-dry days that is an important
factor in processes such as vegetation net primary
production (Hunt et al., 1991).

1.2. Bristow and Campbell equation

Bristow and Campbell (1984) devised an empir-
ical algorithm for estimating Rs from only daily
maximum and minimum air temperatures (Tmax

and Tmin, respectively, °C) and daily total precipi-
tation (prcp, mm). Their model reduces the total
daily solar radiation incident at the top of the
atmosphere (Qo, MJ m−2 s−1) by the fraction lost
due to clouds so that

Rs=�Qo (1)

where � is the daily total atmospheric transmit-
tance to solar radiation. Formulae to calculate Qo

and Rs for different slopes, aspects, latitudes and
times are found in Sellers (1965), Gates (1980),
Nikolov and Zeller (1992), and Antonić (1998).
Bristow and Campbell formulated a prediction
equation for the transmittance:

�=A [1−exp(−B·�TC)] (2)

where A, B and C are empirical coefficients
unique to each location, and �T is the difference
between Tmax and Tmin corrected for temperature
changes caused by horizontal warm or cold air
advection.

The actual physical processes that occur in the
lower atmospheric boundary layer cannot be de-
scribed in sufficient detail (as of yet) to yield the
simple equation described by Bristow and Camp-
bell. However, certain elements of the equation
can be given a physical definition. Because of the
structure of the equation, coefficient A sets the
upper limit of �. Consequently, A can be regarded
as the cloud-free transmissivity, and the exponen-
tial portion of the equation represents the daily
reduction in transmissivity that occurs primarily
because of cloud cover. Simple physical defini-
tions for coefficients B and C are not possible, but
Bristow and Campbell noted that B and C repre-
sent the local sensitivity of the daily temperature
range to the total incoming radiation. This sensi-
tivity depends upon the local partitioning of solar
energy that varies with altitude and season. In
addition, because of the structure of the regres-
sion, B and C are interrelated and estimation
errors introduced by one of the coefficients force
changes in the other.

The simplicity of the Bristow–Campbell equa-
tion and its predictive accuracy make it attractive
for use in global ecosystem simulations. However,
it was designed for use on a site-by-site basis with
coefficients A, B, and C derived from long-term
climatological data, a procedure that is impracti-
cal for analyses over large areas. Faced with no
simple alternative, large regions are simulated us-
ing the Bristow–Campbell equation by assuming
that coefficients B and C do not vary from place
to place, and A varies with elevation only. Varia-
tions of this method are incorporated in the mod-
els MT-CLIM (Running et al., 1987) and
RHESSys (Running et al., 1989). This approach
works surprisingly well in many geographical ar-
eas, but not in others; predictions are best at
locations with continental climates. Goodness-of-
fits (R2) between predicted and observed radiation
are about 0.7 (Glassy and Running, 1994; Thorn-
ton et al., 1997). However, Hunt et al. (1996) tried
this method for a simulation of the global carbon
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budget and found that radiation was underesti-
mated significantly in regions with tropical and
maritime climates. Thornton and Running (1999)
improved upon the parameterization of the Bris-
tow–Campbell coefficients, but their model of
atmospheric transmittance still underestimates ra-
diation in maritime and tropical regions (Bowling,
1999).

1.3. Objecti�es

In an effort to find a practical method that will
give good estimates of Rs over the earth’s land
surface, including the tropics, maritime regions,
and other humid areas, we developed a model
called VP-RAD (for Vapor Pressure Radiation).
Like the Bristow–Campbell model, VP-RAD
makes its predictions from the limited data set of
daily Tmax, Tmin and prcp, along with site latitude,
elevation, and mean annual temperature for the
parameters. We tested VP-RAD at 17 locations in
the United States where we could obtain radiation
and climate data for the same time period. After

establishing that VP-RAD performed well, we
compared it to the newest version of MT-CLIM
(Thornton et al., 1997), which includes substantial
improvements in estimating the coefficients of the
Bristow–Campbell equation. Next, we tested VP-
RAD globally by comparing its estimates of pho-
tosynthetically active radiation to estimates from
satellite observations of cloud cover for 1987
(Pinker and Laszlo, 1992). Situations where this
model may be used are when Rs data are not
available or suspect, when historical temperature
records are used to drive ecosystem models, and
development of global change scenarios that are
not derived from global climate models.

2. VP-RAD model

2.1. Relationship between transmittance and
relati�e humidity

VP-RAD evolved from our observation that
there was an inverse, nearly linear relationship
between � and daily average relative humidity
(rhave) at Luquillo, Puerto Rico (Fig. 1). Since
relative humidity is seldom measured over large
areas, a model relating � and rhave would not
fulfill our research objectives. Relative humidity is
the ratio of the atmospheric vapor pressure to the
saturated vapor pressure and can be estimated
from daily minimum and maximum temperature
(Glassy and Running, 1994; Kimball et al., 1997);
therefore, the ��1−rhave at a tropical locations
had potential. Upon analysis, we concluded that
the ��1−rhave relationship was not caused by
the attenuation of solar radiation by atmospheric
water vapor, but rather resulted from the temper-
ature dependence of the saturated vapor pressure
for air. Over the course of a typical day, the
incoming radiation causes an increase in air tem-
perature, which causes a drop in relative humid-
ity. Therefore, during the rise of air temperature
from Tmin to Tmax, the total radiation received
during this time period (RTmax) is related to the
decline in the instantaneous relative humidity, or
RTmax�rhTmin−rhTmax, where rhT is the relative
humidity at the time of temperature T. In most
cases, rhTmin is very close to 1.0 (Bristow and

Fig. 1. Observed daily atmospheric transmittance (�) versus
observed daily average humidity (rhave) at Luquillo, Puerto
Rico (Table 1) showing an inverse, nearly linear relationship
between � and rhave. The solid line is the equation �=1−
rhave.
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Campbell, 1984) and the expression can be sim-
plified to RTmax�1−rhTmax. Furthermore, RTmax

represents a large portion, but not all, of the total
incoming radiation accumulated during the day
(Rs). If the function D is defined to represent the
ratio Rs/R

Tmax, substitution yields: Rs�D(1−
rhTmax) for the daylight period.

2.2. Preliminary model relating Rs and relati�e
humidity

To convert the Rs�D(1−rhTmax) relationship
into a quantitative prediction equation for Rs, we
considered three factors. First, since our initial
inquiries suggested that a linear relationship be-
tween � and relative humidity could give adequate
estimates of Rs at a tropical location like
Luquillo, we assumed a linear prediction model.
Second, data from other locations suggested that
the slope between Rs and rhTmax was not always
equal to minus unity, so an additional parameter,
�, is required for variation among sites. Third, it
had not escaped our notice that the saturation
vapor pressure of air is an exponential function of
temperature, so the relationship is functionally
similar to the Bristow–Campbell equation. It was
possible that the Rs relationship offered a method
of calculating tropically applicable Bristow–
Campbell coefficients from available environmen-
tal data (Section 2.3). By design, the quantity
1−�rhTmax is meant to reflect the drop in relative
humidity over the course of the day; conse-
quently, ��0 and 0�� rhTmax�1.0. The maxi-
mum value of Rs cannot exceed �cfQo, where �cf is
the atmospheric transmittance of the cloud-free
atmosphere. Thus, the initial prediction equation
is:

Rs=�cfD(1−�rhTmax)Qo (3)

where the quantity D(1−�rhTmax) is limited to a
maximum value of 1.0.

Cloud-free atmospheric transmissivity is not a
constant value. We estimated �cf from site lati-
tude, elevation and mean annual temperature. It
is divided into three parts:

�cf= (�o�a�v)
P/Po (4)

where �o is the transmittance of clean, dry air, �a

represents the transmittance affected by atmo-
spheric aerosols and ozone, �v is the transmittance
affected by atmospheric water vapor, and P/Po is
a correction for site elevation. Following Jones
(1992) and Pearcy et al. (1991), at site elevation z
(m), the correction factor for elevation is:

P/Po= [1− (2.2569×10−5)z ]5.2553 (4a)

where P is the atmospheric pressure, and Po is the
standard pressure (both in kPa). The latitudinal
variation of �o can be calculated analytically;
however, errors in the formula are introduced at
latitudes greater than 60° (Gates, 1980). Instead
of using an analytical formula and correcting it
for refraction and the earth’s curvature, we deter-
mined �o using linear regression on data from
tables 133 and 136 in the Smithsonian Meteoro-
logical Tables (List, 1971):

�o=0.947− (1.033×10−5)(�� �2.22) (4b)

for �� ��80° and

�o=0.774 (4c)

for �� ��80°, where �� � is the absolute value of
the site latitude. The absorption of radiation by
aerosols is extremely variable and inherently un-
predictable from our limited data set; therefore,
we set �a equal to 1.0 for this study. Since warmer
areas have more water vapor in the air column,
we estimated �v as an empirical function:

�v=0.9636−9.092×10−5[(Tmean+30)1.8232]
(4d)

where Tmean is the mean annual temperature (°C).
Eq. (4d) was derived by combining a prediction of
atmospheric water content as a function of tem-
perature (Showalter, 1945) with an estimate of
radiation transmittance loss as a function of water
content (Charney, 1945) then applying linear re-
gression to produce a continuous function that
estimates transmittance from temperature. These
estimates assume a substantial water column that
is completely saturated and would apply only at
the warmest, most humid sites. Therefore, in most
cases, �v is equal to 1.

In the model implementation, daily rainfall af-
fects �v for convenience. On days when prcp�1.0
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Fig. 2. Illustration of the calculation of function D. To sim-
plify its calculation, we assumed that the instantaneous radia-
tion reaching the earth’s surface at time t increased linearly
from a sunrise value of zero to a maximum of Imax at noon
then decreased linearly to a sunset value of zero. Plotted
against time, the incoming radiation would form a triangle
with height Imax and a base with a length equal to the day
length (2H), which varies with the day of the year. Rs is then
given by the area of the triangle; Rs=HImax. The quantities
1−rhave and 1−rhTmax both typically reach their maximum at
around 3 p.m., which, converted to radians (2�/24 radians
h−1) is t=H+�/4. The total radiation received at the earth’s
surface from sunrise to 3 p.m. (R3PM) is then Rs minus the
area of a triangle with a base of length H+�/4 and a height
Imax(H+�/4)/H or R3PM=HImax−0.5 Imax (H+�/4)(H+�/
4)/H. Function D is then given by D=Rs/R

3PM, which yields
D= [1− (H−�/4)2/2H2]−1.

(and corresponding minimum in relative humid-
ity) occurs around 3 p.m., the day-length correc-
tion is approximated by:

D=Rs/RT max
= [1− (H−�/4)2/2H2]−1 (5)

where H is the half-day length (Sellers, 1965).
We tested Eq. (3) using measured relative hu-

midity at seven locations spanning biomes from
the boreal forest to tropical rain forests
(BOREAS, Jadraas, Pawnee, FIFE, Oak Ridge,
Luquillo and Los Diamantes in Table 1). We
found that relative humidity was useful in predict-
ing solar irradiance when combined with im-
proved estimates of �cf, the day-length correction,
D, and some adjustment of �.

2.3. VP-RAD model using air temperatures

Saturation vapor pressure (kPa) is estimated as
a function of temperature es(T) with es(T)=
0.611 exp[mT/(n+T)] where m and n are empiri-
cal constants. When T�0 °C, m and n have
values of 17.269 and 237.7, respectively. For tem-
peratures less than 0 °C, m and n are 21.875 and
265.3, respectively (Bolton, 1980). Relative hu-
midity, vapor pressure, or dewpoint temperature
is seldom measured at ground meteorological sta-
tions. However, under typical night conditions,
Tmin is an adequate estimate of the morning dew
point temperature (Glassy and Running, 1994;
Kimball et al., 1997). This is not true in desert
regions, where another method of estimating rela-
tive humidity is necessary (Kimball et al., 1997).
Since our objective is to improve the prediction of
Rs in tropical and maritime areas primarily, we
defer improvements on the estimation of dew-
point temperature from Tmin for further research
(see Section 3.1). Thus, the VP-RAD prediction
equation is:

Rs=�cfD [1−�es(Tmin)/es(Tmax)]Qo (6)

where es(Tmin) and es(Tmax) are saturation vapor
pressures at Tmin and Tmax, respectively. The min-
imum value of Rs is set to be 0.1Qo because, some
diffuse radiation inevitably arrives at the earth’s
surface. From List (1971), table 152), nimbostra-
tus clouds reduce irradiance by about 85%, so a
minimum value of 0.1Qo is reasonable.

mm (designated a ‘wet’ day), the predicted radia-
tion was always greater than the observed. To
account for this difference, �v was reduced by 0.13
on wet days. This distinction between dry and wet
days improved results and is consistent with other
models (Bristow and Campbell, 1984; Liu and
Scott, 2001).

Function D corrects for errors introduced by
site differences in day length. This error arises
from the difference between the time of Tmax,
where the relative humidity reaches its minimum,
and sunset where Rs reaches its total daily value.
To correct for this difference, we introduced a day
length correction D=Rs/R

Tmax. The magnitude of
D depends upon the time difference of the maxi-
mum values of Rs and RTmax, the day length, and
the magnitude of the instantaneous radiant flux
density. All vary with latitude and time of year.
The instantaneous radiant flux density decreases
after solar noon. The total incoming radiation, in
contrast, continues to accumulate until sunset
(Fig. 2). By assuming that the high temperature
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VP-RAD estimates Rs from a daily input data
set consisting of only Tmax, Tmin, and prcp, with
mean annual temperature, mean annual tempera-

ture range (see Eq. (9)), site latitude and elevation
(z) used for the parameters. Because the VP-RAD
model is based upon the relationship between the

Table 1
Model development and evaluation sites

Annual prcp (m)LongitudeSite z (m)Latitude Year Tmean (°C) Tm (°C)

Model de�elopment sites
1.911994 10.17450 0.33106W54NBOREASa

0.6560NJädraåsb 20E 185 1987 2.79 10.00j

Pawneec 0.4317.208.7041N 19871650105W
39N 96W 400 1987 –t –t –tFIFEd

0.8896WManhattane 32039N 1971 12.90 11.86
13.35 0.69Canberraf 35S 12.92149E 622 1985

36N 84W 305 1993 14.91 11.87 1.02Oak Ridgeg

2.7066WLuquilloh 10718N 1992 24.45 9.34
5.6284W 249 1981Los Diamantesi 24.4610N 8.83

Model e�aluation sites
199852 21.9781W 11.5829NBethunej 1.16

0.83Bluefieldk 37N 81W 803 1999 11.21 13.66
35NCanyonl 0.5016.10102W 16.1019991067
36N 98W 4 1999 16.15 12.03 1.28Elizabethm

1.0195WJohnsonn 3330N 1999 21.20 12.57
34N 90W 52 1999 21.23 13.72 0.64Mississippi Valleyo

Savannahp 1.0613.4419.2532N 19991181W
30N 98W 213 1999 21.87 14.48 0.34Austinq

0.21106W 1219El Pasor 199932N 18.80 15.26
17.821360107W33NJornadas 0.1915.681999

When data were missing, that day was eliminated from the analysis.
a Boreal Ecosystem Atmosphere Study Southern Site, Prince Albert National Park, Saskatchewan, Canada (Sellers et al., 1997).
b Swedish Conifer Experiment, Jädraås, Sweden (Axelsson and Bråkenhielm, 1980).
c Shortgrass Steppe Long Term Ecological Research Site, USDA Agricultural Research Service Central Plains Experimental.

Range, Pawnee National Grassland, Colorado, USA.
d First ISLSCP Field Experiment, Konza Prairie LTER Site, Kansas, USA (Betts and Ball, 1995, 1998).
e Manhattan Municipal Airport, Manhattan, Kansas, USA.
f Biology of Forest Growth Experiment, Australian Capital Territory, Australia (Benson et al., 1992).
g Walker Branch Watershed Throughfall Displacement Experiment, Oak Ridge, Tennessee, USA (Hanson et al., 1998;

Wullschleger et al., 1998).
h Luquillo Experimental Forest Long Term Ecological Research Site, El Verde, Puerto Rico.
i Los Diamantes, Costa Rica.
j Bethune-Cookman College, Daytona, Florida, USA.
k Bluefield, West Virginia, USA.
l West Texas AM University, Canyon, Texas, USA.
m Elizabeth City State University, Elizabeth City, North Carolina, USA.
n Johnson Space Center, Houston, Texas, USA.
o Mississippi Valley State University, Ita Bena, Mississippi, USA.
p Savannah State College, Savannah, Georgia, USA.
q University of Texas-Austin, Austin, Texas, USA.
r University of Texas-El Paso, El Paso, Texas, USA.
s Jornada Long Term Ecological Research Site, New Mexico, USA.
t The FIFE study lasted 5 months; therefore, annual means or totals could not be calculated.
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typical daily rise in air temperature and the in-
coming radiation, errors will be introduced on
days when cold or warm air advection causes
changes in the daily temperature range. Our lim-
ited data set offers no satisfactory way to identify
these days, and the averaging of 2 days of
temperature data, proposed by Bristow and
Campbell (1984) yielded no improvement when
applied to this model. Consequently, VP-RAD
contains no correction for cold or warm air ad-
vection, and enhancements are deferred until fur-
ther research.

2.4. Using VP-RAD to calculate the
Bristow–Campbell coefficients

The VP-RAD equation can be used to calculate
the Bristow and Campbell coefficients, since
the two models have the same exponential form
with air temperature. Bristow–Campbell coeffi-
cient A can be deduced by inspection as A=�cfD.
Substituting the exponential expressions
for es(Tmin) and es(Tmax) into Eq. (2) yields
A [1−exp(−B ·�T)], where �T=Tmax−Tmin, so
B= − ln [es(Tmin)/es(Tmax)]/�T. Setting � exp(−
B ·�T) equal to exp(−B�TC) and solving
for C yield − ln(�T)[ln{�T− [ln(�)/B ]}].
When these coefficients are used, the Bristow and
Campbell equation performs identically to VP-
RAD.

2.5. Statistical analyses

The goodness of fit (R2) between simulated and
observed values was determined:

R2=1−�(yobs−ypred)2/�(yobs−ymean)2 (7)

where yobs is the observed value, ypred is the pre-
dicted value and ymean is the mean observed value
(Mayer and Butler, 1993). The root mean square
error (RMSE) was calculated:

RMSE=
�

(1/n)�(yobs−ypred)2�0.5

(8)

where n is the number of observations (Mayer
and Butler, 1993).

3. VP-RAD model evaluation

3.1. Model de�elopment sites

The VP-RAD algorithm was developed from
our analyses of meteorological data at seven test
sites (Table 1). Some of the sites were selected
(Oak Ridge and Canberra) because previous work
indicated that the Bristow–Campbell-based MT-
CLIM (Running et al., 1987; Glassy and Run-
ning, 1994) worked well there, and we wanted to
assess the effects of any model changes. Other
sites were selected (Pawnee and Luquillo) because
MT-CLIM did not work well there. Finally, we
used the BOREAS, Manhattan KS, and Los Dia-
mantes sites to test specific hypotheses that arose
during model formulation; however, these data
were incorporated as test sites for subsequent
model development.

At each of the model development sites, 1 year
of observed radiation was compared to VP-RAD
predictions. We were able to keep coefficient �

almost constant with a value near unity (1.041)
over a range of sites with differing climates with-
out compromising performance. At locations
where � did have to differ substantially from
1.041, primarily mountainous regions with very
large daily temperature ranges, we found that we
could adequately predict it from

�=MAX{1.0411, 23.753·�Tm/(Tmean+273.16)}
(9)

where �Tm is the mean annual temperature range
between Tmax and Tmin (Fig. 3).

At all of the sites, when Tmin exceeded 20 °C,
VP-RAD performed better setting Tmin=20 °C.
Below 20 °C, the slope of saturated vapor pres-
sure with respect to temperature is low so that the
error in using es(Tmin) in place of es (Td) is small
(Glassy and Running, 1994), whereas above
20 °C, the slope is large, and the approximation
of Td with Tmin is poor. Alternatively, in areas
with very high dew points, the daily temperature
range is small, and the correlation between incom-
ing radiation and temperature rise breaks down.

The R2 values for observations compared to
predictions of daily irradiance from VP-RAD
were greater than 0.66 for the temperate and
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Fig. 3. VP-RAD coefficient � for the developmental test sites
as a function of the mean annual difference between maximum
and minimum temperature expressed as a fraction of the mean
annual temperature. The black dots represent the predicted
values. The crossed squares indicate the coefficient value deter-
mined from the best overall fit to the data. Abbreviations are:
BOREAS site (BOR), Pawnee (PAW), Canberra (CAN), Man-
hattan (MAN), Oak Ridge (OAK), Luquillo (LUQ), and Los
Diamantes (COS).

Table 2
Model results of VP-RAD for development and evaluation
sites

RMSEa Pred.b ErrorcSite R2

Model de�elopment sites
BOREAS 3.490.81 11.40 −0.10

4.26 14.98 −0.08Pawnee 0.69
4.41 15.690.73 −0.48Manhattan

0.76Canberra 3.81 15.58 +0.28
0.91Oak Ridge 2.46 14.35 +0.49

3.64 11.280.49 −0.17Luquillo
2.87 11.02 +0.08Los Diamantes 0.56

Model e�aluation sites (warm, humid)
Bethune 4.620.51 16.49 −0.77

5.88 15.95 +0.70Bluefield 0.42
4.26 14.720.65 −0.28Elizabeth

0.62Johnson 3.85 16.96 +0.19
0.75Mississippi Valley 3.51 18.22 +0.07

3.42 16.340.76 −0.41Savannah
4.20 17.24 +0.54Austin 0.63

Model e�aluation sites (semi-arid)
Canyon 4.340.55 16.15 −0.63

5.23 17.01 −3.69El Paso 0.39
4.55 16.880.54 −3.23Jornada

a Root mean square error.
b Predicted average daily solar irradiance (MJ m−2 day−1)

for the year.
c Difference between observed and predicted average daily

solar irradiance (MJ m−2 day−1).

boreal sites (Table 2). At Luquillo and Los Dia-
mantes, performance was overall lower (R2 values
of 0.49 and 0.56, respectively). Predicted and ob-
served radiation scattered around the one-to-one
line except for Luquillo (Fig. 4). Unlike the Bris-
tow–Campbell-based models mentioned previ-
ously, VP-RAD showed no tendency generally to
over- or underestimate in any of the biomes;
errors in the mean annual Rs were always within
0.6 MJ m−2 day−1 (Table 3; Fig. 5).

3.2. Model e�aluation sites

We located 10 additional sites where a year of
daily radiation was measured and nearby weather
data were available. Seven of these sites (Bethune,
Bluefield, Elizabeth, Johnson, Mississippi Valley,
Savannah, and Austin) were in moist humid ar-
eas, one (Canyon) was in a marginal-to-dry area,
and two (El Paso, Jornada) were in semi-arid
areas. None of these sites were used to develop or
calculate any of the VP-RAD coefficients. We
used these locations to check our model formula-
tion by comparing the measured radiation to the
VP-RAD estimates (Table 2).

Table 3
MT-CLIM 4.3 (Thornton and Running, 1999) statistics for
warm, humid model-evaluation sites in the USA for compari-
son with VP-RAD statistics in Table 2

R2 RMSEa Pred.b Errorc

Bethune 5.150.39 14.21 −3.02
Bluefield 3.1618.187.120.18

17.525.63 −2.070.43Elizabeth City
0.53Johnson 4.42 15.03 −1.52
0.68 3.91Savannah 14.91 −2.73

−2.100.66 16.05Mississippi Valley 4.07
15.764.680.56 −0.79Austin

a Root mean square error.
b Predicted average daily solar irradiance (MJ m−2 day−1)

for the year.
c Difference between observed and predicted average daily

solar irradiance (MJ m−2 day−1).
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Fig. 4. VP-RAD predicted Rs versus the observed daily radiation at the model development sites in Tables 1 and 2.
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Fig. 5. Day-to-day variation of VP-RAD predicted radiation for Oak Ridge, Tennessee, and Los Diamantes, Costa Rica. The heavy
line is the observed daily solar irradiance (Rs), and the thin line is the VP-RAD predicted Rs.

The R2 values and the mean absolute error of
annual Rs were similar to the developmental test
sites (Table 2). As expected, performance was
poor at the two desert locations (El Paso and
Jornada), where VP-RAD underestimated the to-
tal radiation that had arrived, because Td is much
lower than Tmin. The predictions of Rs at these
desert sites were considerably improved when we
lowered Tmin to be closer to the actual dew point
temperatures. At El Paso, approximating actual
Td improved the R2 values from 0.39 to 0.71 and
improved RMSE from −3.69 to 0.12 MJ m−2

day−1. At Jornada, the R2 values improved from
0.54 to 0.69, and the RMSE fell from −3.23 to
−1.06 MJ m−2 day−1. These improvements sug-
gest that VP-RAD should be improved for desert
conditions by using a better method of estimating
the dew point temperature.

3.3. Comparison with MT-CLIM

Since our research objective was to develop a
model that gave improved performance in the
moist, humid areas, we compared VP-RAD
(Table 2) and MT-CLIM (Table 3) at the seven
warm, humid model evaluation sites. At these
sites, an older version of MT-CLIM substantially
underestimated Rs, so the results in Table 3 show
that the latest version, MT-CLIM 4.3 (Thornton
and Running, 1999), is an improvement compared
to the older version. However, this comparison
showed that VP-RAD offered still more improve-
ment in predictions of Rs (Tables 2 and 3).

3.4. Global e�aluation

Evaluation of a point model like VP-RAD over
a large-area grid is problematic. To be computa-
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tionally manageable and true to the actual
availability of environmental data, global analyses
often take place on a grid of about 1° of latitude
by 1° of longitude, or larger. Each grid cell, which
in the tropics is about 100 km square, is assumed
to have the same environmental characteristics.
On a day-to-day basis, this is clearly not true;
cloud cover and temperature can vary substan-
tially over 100 km. The main problem, however, is
the total lack of any radiation measurements over
large, remote areas. Therefore, we compared VP-
RAD predictions to those of a model driven by
satellite observations of cloud cover (Pinker and
Laszlo, 1992; Pinker et al., 1995). The Pinker and
Laszlo model estimates photosynthetically active
radiation (PAR, MJ m−2 day−1 for wavelengths
from 0.4 to 0.7 �m) using a different algorithm
that has been independently validated. Therefore,
comparison between them should be useful to
highlight areas where one model or the other may
need improvement.

Since the original Pinker and Laszlo satellite-
derived PAR are on a 2.5×2.5° grid, they were
regridded to 1×1° while conserving the areal
monthly average of PAR (Hunt et al., 1996). Rs

was predicted using VP-RAD for the year 1987
over the earth’s non-barren land area (Matthews,
1983) and converted into PAR by assuming that
PAR is 50% of Rs (Szeicz, 1974; Stanhill and
Fuchs, 1977; Howell et al., 1983; Rao, 1984).
Gridded temperature and precipitation data for
1987 were from Piper and Stewart (1996). These
climate data are interpolated on a 1×1° grid
from surface meteorological observations and
consist of daily maximum and minimum tempera-
ture and daily total precipitation. ETOPO5 eleva-
tion data were regridded, weighted by areal
extent, to 1° grid cells by Hunt et al. (1996) for
calculation of �cf. The global distribution of 1987
annual average daily PAR estimated by VP-RAD
(annual total PAR divided by 365 days) is shown
in Fig. 6. The absolute differences between an-
nual-average daily VP-RAD PAR and satellite-
derived PAR are shown in Fig. 7. Because
seasonal biases may be hidden in annual totals,
we also compared average daily PAR for the
months of January and July, 1987 (Figs. 8 and 9,
respectively).

For 13,072 grid cells examined, VP-RAD
derived PAR and satellite-derived PAR converged
to within �1.0 MJ m−2 day−1 over 72% of the
earth’s non-barren land surface and agreed to
within �2.0 MJ m−2 day−1 over 91% of the
land surface. VP-RAD predictions were slightly
lower by approximately 2–3 MJ m−2 day−1 com-
pared to satellite-derived PAR in Central America
and Brazil, Central Africa, parts of Australia and,
to a lesser extent, in the extreme northern coastal
areas of North America and Eurasia (Fig. 7). A
smaller area reflecting the same magnitude of
lower prediction is also present in Southeast Asia.
Larger differences (about 4 MJ m−2 day−1) oc-
cur in North and Eastern Australia and Indonesia
(Fig. 7). The monthly comparisons indicated
greater divergence in these areas during the dry
season (Fig. 8) than in the wet season (Fig. 9).

Long-term radiation climatologies (Landsberg,
1961; United States Department of Commerce,
1964; Berliand, 1970; World Meteorological Orga-
nization, 1981) suggest that satellite-derived PAR
estimates may be slightly high in these areas. The
climatologies show a region of relatively high
average PAR (�9–10 MJ m−2 day−1) in South
America extending over the northern part of Chile
into northwest Argentina and Paraguay. To the
north and east is a relative low (�7–8 MJ m−2

day−1) extending across most of the Amazon
basin. VP-RAD predicted these magnitudes and
also picked up the difference between the two
regions (Fig. 6), but the satellite-derived PAR was
similar (�9–10 MJ m−2 day−1). In the Congo
Basin, the VP-RAD predictions also agreed well
with the climatologies by predicting a relative low
of about 6–8 MJ m−2 day−1 surrounded to the
north, east and south by a relative high of about
9–10 MJ m−2 day−1 (Fig. 6). In another tropical
region, Southeast Asia, the VP-RAD predictions
agreed with the climatologies. Although satellite-
derived PAR picked up these patterns, the esti-
mated values were approximately 2 MJ m−2

day−1 higher than the climatological averages.
A comparison of 1987 observed annual average

radiation in the Democratic Republic of the
Congo, Philippines, Malaysia, and Australia
(Table 4) confirmed that VP-RAD estimates were
generally appropriate for these areas, and the
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Fig. 6. Annual-average PAR (MJ m−2 day−1) for the year 1987 predicted by the VP-RAD model using the Piper and Stewart
(1996) global climate data set. White areas indicate where the PAR was not calculated, because the terrestrial grid cell was
considered barren, and thus climate data were not gridded.
Fig. 7. Difference of annual-average PAR for 1987 predicted by VP-RAD and the Pinker and Laszlo satellite-derived PAR. Results
are shown as VP-RAD PAR minus satellite-derived PAR and expressed in MJ m−2 day−1. Gray areas indicate where VP-RAD
and satellite-derived PAR converged to within �1.0 MJ m−2 day−1; areas shown in white were not calculated.
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Fig. 8. Difference of monthly-average PAR for January 1987, predicted by VP-RAD and the Pinker and Laszlo satellite-derived
PAR. White and gray areas are defined in Fig. 7.
Fig. 9. Difference of monthly-average PAR for July 1987, predicted by VP-RAD and the Pinker and Laszlo satellite-derived PAR.
White and gray areas are defined in Fig. 7.

satellite-derived PAR was slightly high, as sug-
gested by the climatologies. Examination of the
January and July totals also confirmed this. How-

ever, in Northern and Eastern Australia, VP-
RAD was consistently low, whereas the
satellite-derived PAR was slightly high. Therefore,
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in this region, differences between satellite-derived
PAR and VP-RAD predictions are a combination
of low predictions by VP-RAD and slightly high
satellite-derived PAR estimates. Both sites in Aus-
tralia are on the coast and lie within an area where
Piper and Stewart (1996) noted that the precipita-
tion frequency was overestimated because of poor
weather station density. Therefore, it is possible
that �v was low because of the applied daily
precipitation correction in these areas, thereby
resulting in a low prediction of PAR by VP-RAD.

Further inland, the under-prediction may arise
from the majority of the weather stations of those
1°-latitude-by-1°-longitude grid cells being on the
coast where the moderating effects of the nearby
oceans cause the daily temperature range to be
generally smaller than in the grid-cell interior. A
similar situation is true for Central America, where
we could not find 1987 observations (Piper and
Stewart, 1996).

VP-RAD produces higher predictions of PAR in
mountainous areas than satellite-derived PAR; dif-
ferences are obvious for the July monthly totals in
western North America and in Himalayan moun-
tains (Fig. 9) but not as noticeable in the annual
totals (Fig. 7) and January monthly totals (Fig. 8).
The satellite-derived PAR does not include eleva-
tion in its calculation of PAR (Pinker and Laszlo,
1992). However, the Piper and Stewart (1996)
values are usually interpolated from surrounding,
low elevation, stations, and errors in the estimated
lapse rates for Tmin and Tmax could have resulted
in values of estimated �T that are higher than
actual (Running et al., 1987; Glassy and Running,
1994). Therefore, VP-RAD predictions of PAR
may be too high. We conclude that the differences
between satellite-derived PAR and VP-RAD pre-
dictions in mountainous regions are a combination
of slightly high predictions by VP-RAD and
slightly low satellite-derived PAR estimates.

4. Conclusions

VP-RAD is a model developed from an observed
relationship between daily total atmospheric trans-
mittance and daily average relative humidity. The
relationship is not based on the direct reduction of
� by water vapor but rather on the rise in air
temperature (and decrease in relative humidity)
caused by incoming radiation that is attenuated by
clouds. VP-RAD works with the limited data set of
daily precipitation, minimum air temperature and
maximum air temperature, which are readily avail-
able for sites around the world. The coefficients of
VP-RAD can be converted into the coefficients of
the Bristow–Campbell equation (Eq. (2)), which
has been used for local-, regional- and global-scale
applications. Therefore, VP-RAD offers a conve-

Table 4
Average PAR (MJ m−2 day−1) at selected points from ob-
served climatologies and modelled PAR for 1987 fromVP-
RAD and satellite observations of cloud cover

Site (latitude, longitude)

VP-RADObserved SatellitePeriod

Kinshasha, Democratic Republic of the Congo (4.4S, 15.3E)
7.3 7.5Annual 10.5
7.4January 7.5 9.5
5.5July 5.5 9.5

Kananga, Democratic Republic of the Congo (5.9S, 22.4E)
9.58.1 7.5Annual

7.2January 5.5 9.5
July 7.5 11.56.8

Science Garden, Philippines (14.6N, 121.0E)
7.5 9.57.9Annual

7.1 7.5January 7.5
9.56.5 7.5July

Kuala Lampur, Malaysia (3.1N, 101.6E)
8.0Annual 7.5 11.5

January 5.57.0 7.5
July 7.5 11.58.0

Brisbane, Australia (27.4S, 153.1E)
11.58.7 7.5Annual

11.3January 7.5 11.5
July 6.2 3.5 5.5

Darwin, Australia (12.5S, 130.8E)
9.5 7.5Annual 11.5
7.7 7.5January 11.5

July 9.3 5.5 9.5

Data from the World Radiation Data Centre (WRDC). The
WRDC is maintained for the World Meteorological Organiza-
tion by the Russian Federal Service for Hydrometeorology
and Environmental Monitoring, A.I. Voeikov Main Geophysi-
cal Observatory, St. Petersburg, Russia and is available on the
website http://wrdc-mgo.nrel.gov/.
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nient method for dynamically calculating site-spe-
cific coefficients, instead of tuning the coefficients
with long-term climatological data.

The general convergence between VP-RAD and
satellite-derived PAR (�1.0 MJ m−2 day−1 for
72% of 13,072 independent validations) shows that
the model is globally applicable, with some prob-
lems unresolved for coastal areas. However, com-
pared to the previous global calculations of daily
irradiance (Hunt et al., 1996) using an older version
of MT-CLIM, VP-RAD did substantially better in
these regions, and these improvements will affect
predicted global carbon and water fluxes.

VP-RAD can be incorporated into models such
as MT-CLIM and RHESSys for the spatial and
temporal resolution necessary to drive models of
hydrologic and biogeochemical processes. Further-
more, MT-CLIM and RHESSys were applied to
various global climatic change studies, such as the
VEMAP project (Kittel et al., 1995), and VP-RAD
could be used for these simulations, if care is taken
in warm, moist locales, to provide improved esti-
mates of the incoming solar radiation under the
changed temperature and precipitation regimes.
Finally, the VP-RAD model will be useful for
estimating irradiances from long-term records of
daily climate where either historical records of solar
radiation data may be biased due to infrequent
sensor calibration or radiation data may be simply
unavailable.
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