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Abstract. We present an automated method to identify periods of clear skies for a 160 ø 
field of view using only 1-min measurements of surface downwelling total and diffuse 
shortwave irradiance. The clear-sky detection method is verified using Whole Sky Imager 
and lidar data, observer reports, and model comparisons. Identified clear-sky irradiance 
measurements are then used to empirically fit clear-sky irradiance functions using the 
cosine of the solar zenith angle as the independent variable. These fitted functions 
produce continuous estimates of clear-sky total, diffuse, and direct component shortwave 
irradiances. While this method ignores diurnal changes in such variables as column water 
vapor and aerosol amounts and changes between clear-sky days, it is shown that the 
resultant clear-sky irradiance estimates have RMS uncertainty comparable to the 
uncertainty of the measuring instruments themselves. The estimated clear-sky irradiances 
are used to estimate the effect of clouds on the downwelling shortwave irradiance as a 
difference between the measured and clear-sky amounts. We show that the cloud effect 
calculations from this method appear to decrease the uncertainty due to systematic 
pyranometer offsets and cosine response errors. Thus any data set that includes 
downwelling diffuse and total shortwave measurements can be processed to identify clear- 
sky periods and produce estimates of clear-sky irradiance and cloud effects. 

1. Introduction 

Understanding the effects of clouds on the shortwave irra- 
diance at the surface is of critical importance for a wide variety 
of surface radiative energy budget studies. One approach to 
investigating the effect of clouds is to compute the difference 
between expected clear (i.e., cloudless) sky irradiance and 
measured irradiance or, alternatively, the ratio of cloud to 
clear irradiance. Typically, we calculate surface clear-sky irra- 
diance using radiative transfer models. These models require 
aerosol, temperature, and humidity profiles as input, as well as 
surface albedo. In many instances, this information is not 
readily available. In addition, even if all the physical properties 
of the atmospheric state were well known, the computed irra- 
diances may not be in agreement with measured clear-sky 
irradiances, adding uncertainty to the cloud effect estimations 
[Alberta and Charlock, 1997; Kato et al., 1997]. 

The validation of satellite retrieval algorithms for surface 
irradiance requires accurate surface measurements [Wielicki et 
al., 1995]. However, accurate measurements of surface irradi- 
ances alone may not be sufficient for refinement of the algo- 
rithms. Disagreement between satellite retrievals and surface 
measurements may arise from many sources. Examples of 
three such disagreement sources are (1) error in the surface 
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measurements due to calibration and cosine response errors, 
(2) error in the calculations due to uncertainties in retrieved 
water vapor and aerosol, or improper parameterization of wa- 
ter vapor and aerosol effects, and (3) error in the retrieval of 
cloud properties and the treatment of the effect of clouds by 
the retrieval algorithm. In addition, the spatial resolution of 
satellite pixels and uncertainty in surface properties present 
difficulties in determining if an individual pixel was clear or 
might be contaminated by small clouds. Accurate observations 
are required to validate satellite algorithms that retrieve clear- 
sky occurrence, clear-sky surface irradiance, and the effect of 
clouds on the downwelling surface irradiance. 

This study presents a method that uses hemispheric broad- 
band total and diffuse shortwave irradiance measurements to 

identify clear-sky periods using the known characteristics of 
typical clear-sky irradiance time series. Along with the identi- 
fication of periods of clear skies we apply an empirical fitting 
algorithm that uses a minimum absolute deviation technique to 
estimate both the clear-sky total shortwave irradiance and the 
ratio of diffuse to total shortwave irradiance (defined as the 
diffuse ratio) as a function of solar zenith angle. Thus we 
estimate clear-sky irradiance without the need for ancillary 
data, such as column water vapor and aerosol amounts, nec- 
essary for model calculations. The clear-sky total shortwave 
irradiance is then used to determine the surface downwelling 
shortwave cloud effect. This method provides an accurate de- 
termination of whether the skies were clear or cloudy, as well 
as estimated clear-sky irradiance and cloud effect, for each 
overpass of a sun-synchronous satellite. Thus data needed for 
both satellite clear-sky scene identification and clear-sky sur- 
face irradiance validation can be greatly increased over present 
availability. 
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2. Clear-Sky Identification 
Our method for detecting clear-sky periods was developed 

using 1-min data supplied by the Department of Energy At- 
mospheric Radiation Measurement (ARM) program and the 
Australian Bureau of Meteorology. The ARM Southern Great 
Plains data came from the Central Facility near Lamont, Okla- 
homa (36.6øN latitude, 97.5øW longitude), during January 
through July 1994, and the 1995 ARM Enhanced Shortwave 
Experiment (ARESE). ARM tropical western Pacific data 
come from Kavieng, Papua New Guinea (2.5øS latitude, 
150.8øE longitude), collected during the Pilot Radiation Ob- 
servation Experiment (PROBE). The Australian data came 
from three sites located at Tennant Creek (19.6øS latitude, 
134.2øE longitude), Leigh Creek (30.6øS latitude, 138.4øE lon- 
gitude), and Cape Grim (40.7øS latitude, 144.7øE longitude). 

Pyranometers such as the Eppley precision spectral pyra- 
nometer (PSP) have a nominal accuracy of-15 Wm -2, ac- 
cording to manufacturer estimates, with uncertainty in the 
cosine response at large zenith angles. This manufacturer es- 
timate of accuracy assumes an accurate calibration and in- 
cludes only the pyranometer itself. However, Harrison et al. 
[1997] compared five unshaded Eppley PSPs at the ARM site 
near Lamont, Oklahoma, on April 23, 1996. Near local solar 
noon on this day there was a 60-Wm -2 spread in these pyra- 
nometer measurements, representing -5% of the total short- 
wave irradiance. Harrison et al. [1997] also point out that be- 
cause of typical calibration methods and the cosine response 
characteristics of these instruments the measured clear-sky 
total shortwave irradiance is generally overestimated for solar 
zenith angles <45 ø and underestimated for angles >50 ø. Karo 
et al. [1997] compare three unshaded and three shaded pyra- 
nometers at the same site for clear days during October of 1995 
and show uncertainties of 5% for the total downwelling short- 
wave and 10% for the downwelling diffuse shortwave. Michab 
sky et al. [1999] estimate the limit on clear-sky total down- 
welling shortwave pyranometer measurements at -3%, or 
20-30 Wm-2. Both Harrison et al. [1997] and Michalsky et al. 
[1999] demonstrate decreases in downwelling total shortwave 
irradiance measurement uncertainty to -1-2% when the sum 
of normal incidence perheliometer (NIP) and shaded diffuse 
pyranometer measurements are used. However, it must be 
pointed out that this accuracy was demonstrated only for short 
periods after the NIP instruments were freshly calibrated by 
comparison to cavity radiometers and the radiometers them- 
selves were much better monitored than they would be for 
long-term measurement operations. The reality of making 
long-term operational measurements adds to this stated un- 
certainty. Thus for the purposes of this paper we expect un- 
certainties in the long-term total and diffuse downwelling 
clear-sky shortwave pyranometer measurements to be no bet- 
ter than 15 Wm -2, or 3%, whichever is the greater number. 
We discuss this limit on measurement accuracy in order to 
point out that the estimated clear-sky shortwave irradiances 
produced by the methods presented in this paper are based on 
these measurements. Thus, as with any estimation of clear-sky 
irradiance based on empirical fit to measurements, the esti- 
mates themselves also include these uncertainties. 

The clear-sky detection method uses a sequence of tests that 
eliminates almost all periods when clouds were present in the 
hemispheric field of view of the instruments. Because of the 
cosine response of the instruments the presence of persistent, 
thin clouds at large zenith angles relative to the instrument is 

not detected. (Because of this limitation we estimate that the 
clear-sky detection is primarily effective for about a 160 ø field 
of view.) However, the presence of clouds at large zenith an- 
gles relative to the instrument has very little effect on the total 
shortwave measurements because of the same cosine effect, 
and the measured total shortwave irradiance is virtually iden- 
tical to that of totally cloudless conditions. This method also 
does not detect uniform thin haze that produces an enlarged 
circumsolar disk. Whether this condition would be classified as 

cloudy is an issue that depends on the specific definition of 
clear sky. Traditionally, Weather Service ground observations 
of cloud cover amounts do not include this haze as cloud. Since 

the haze also has little effect on the measured total irradiance, 
these periods are also defined as clear for the detection 
method. 

The values used as initial limits and exponents for the de- 
tection method, while subjective, are averages derived from the 
study of clear-sky data and give good results with all the data 
sets on which the method has been tested. Because of inter- 

calibration offsets and differing levels of system noise some 
measurements are erroneously included as clear using these 
constraints. Further processing to eliminate these outliers from 
the diurnal time series can be applied, but these errors are 
already eliminated by the robust clear fit algorithm. 

In this study, for all clear-sky model calculations we use a 32 
stream model that incorporates the numerical scheme of Toon 
et al. [1989] and a solar ephemeris algorithm [Wilson, 1980]. 
Model inputs include (where appropriate) an aerosol size dis- 
tribution, the appropriate Air Force Geophysics Laboratory 
(AFGL) ozone profile and climatological carbon dioxide, and 
individual temperature and water vapor profiles. Further in- 
formation on this model is given by Long [1996]. 

3. Detection Method 

Generally, we expect that for cloudy conditions the total 
shortwave irradiance will be less than that measured under 

clear skies. However, the presence of broken cloud cover or- 
dinarily increases the diffuse shortwave because of the increase 
of scattering (compared to molecular scattering) by the clouds. 
During periods when the direct shortwave is not attenuated by 
clouds under partly cloudy skies, the total shortwave can be 
greater than what it would be under clear skies, a situation we 
define as positive cloud effect. (Conversely, irradiance less 
than clear-sky amounts is deemed negative cloud effect.) Thus 
cloudy skies exhibit shortwave characteristics that clear skies 
do not, which can be used to separate the two situations within 
a data set. We use a series of four tests to eliminate data that 

occur under cloudy skies. While each individual test is not 
sufficient to determine whether the skies were clear, in the 
aggregate any data that pass all tests are shown to be repre- 
sentative of clear skies as defined in section 2. 

3.1. Normalized Total Shortwave Magnitude Test 

Both the clear-sky total and diffuse shortwave are a maxi- 
mum at local solar noon, diminishing to zero at night. While 
the magnitudes of the clear-sky total and diffuse shortwave are 
dependent on factors such as column water vapor, ozone, and 
aerosol amounts, the primary factor determining the magni- 
tude at any given time is the solar zenith angle. Thus for a given 
solar zenith angle we expect the total shortwave to fall within 
a nominal range of values for clear sky. The first test we apply 
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is to normalize the total shortwave data by a power law func- 
tion of the cosine of the solar zenith angle: 

F•v= F ,/i•, (1) 

where F • is the downwelling total shortwave, F:v is the nor- 
malized total shortwave, t•o is the cosine of the solar zenith 
angle, and b is a constant. Maximum and minimum limits are 
set, and only normalized values falling inside this range are 
tentatively labeled as clear. This, as a first cut, eliminates pe- 
riods of obvious positive and negative cloud effect. To illus- 
trate this normalized envelope, Figure 1 shows the 1-min total 
shortwave and normalized total shortwave from April 1, 1994, 
recorded by the radiometers at the ARM Southern Great 
Plains Central Facility. Values used in this comparison are 1.31 
for the constant b, 1250 Wm -2 for the maximum limit, 1000 
Wm -2 for the minimum limit for solar zenith angles <78.5 ø 
(/Xo > 0.2), and 900 Wm -2 for the minimum limit for solar 
zenith angles _>78.5 ø . (The choice of these values will be dis- 
cussed in section 6.) Whole Sky Imager data verify that this day 
was clear except for some thin clouds near the horizon to the 
north and east in the late morning and a few clouds that 
advected through from 1530 to 1630 local standard time (LST). 

The normalized irradiance in Figure 1 decreases as the solar 
zenith angle approaches 90 ø (except for right near sunrise, 
where on this day the irradiance was <5 Wm -2 and the in- 
crease here is due to the instrument inaccuracy in the cosine 
response). This is a typical result for clear sky and is due to 
both the changing spectral nature of the irradiance with the 
much greater atmospheric path length, and the instrument 
cosine response. Consequently, the normalized irradiance test 
tends to eliminate early morning and late evening times for 
clear-sky detection for solar zenith angles greater than approx- 
imately 80 ø (roughly before 0700 and after 1800 LST on this day). 

3.2. Maximum Diffuse Shortwave Test 

Inspection of plots of clear-sky downwelling diffuse irradi- 
ance reveals that the magnitude is usually below a certain 
threshold that depends on the solar zenith angle. For climato- 
logically dry atmospheres with small aerosol optical depths, 
such as Tennant Creek, Australia, the downwelling diffuse 
irradiance is nearly equivalent to that produced by molecular 
scattering alone. For layers of the atmosphere in which the 
relative humidity is greater than -80%, hygroscopic nuclei 
tend to collect water vapor molecules and produce haze. This 
haze alters the scattering and absorption properties from that 
of a purely molecular atmosphere, with the result that the 
direct irradiance becomes more attenuated. At the same time, 
more irradiance is scattered into the diffuse component. The 
total downwelling shortwave irradiance is nearly unchanged 
from what would occur in a purely molecular atmosphere ex- 
cept that the partitioning of the energy between the diffuse and 
direct components is altered, wherein the diffuse component is 
increased almost the same amount as the direct component is 
decreased. At some point, as the relative humidity increases, 
the layer crosses the boundary from haze to thin cloud, and the 
diffuse irradiance will be significantly increased from that of 
clear sky. 

The second test that is applied to detect clear skies is to 
compare the measured downwelling diffuse irradiance to some 
limit. This diffuse limit is set to match the typical climatological 
clear-sky diffuse irradiance of the instrument location, plus an 
amount to match an increase during typical hazy conditions, 
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Figure l. Measured total (medium line) and diffuse (thin 
line) shortwave for April 1, 1994. Heavy black line is the nor- 
malized total shortwave; heavy gray lines represent the nor- 
malized maximum and minimum limits. LST, local standard 
time. 

and can be generated using any equation that produces a 
reasonable limit curve. Model calculations for only a dry mo- 
lecular standard atmosphere, i.e., one without any water vapor 
or aerosols, produce a maximum diffuse irradiance of only -50 
Wm -2 for direct overhead sun at standard temperature and 
pressure. Our inspection of many years of clear-sky diffuse 
data from many locations shows that typical clear-sky diffuse 
irradiance measurements rarely exceed -120 Wm -2. The dif- 
fuse limit is subjectively set by the operator on the basis of 
visual inspection of the magnitude of measured diffuse irradi- 
ance on known clear-sky days in the data being processed. The 
exact choice of the limit, as long as it is large enough to reflect 
actual clear-sky measurements in the data being processed, in 
effect limits the amount of haze that the operator chooses not 
to call cloud. The higher the limit is set, the thicker the ac- 
ceptable haze. 

We choose to base our clear-sky diffuse irradiance limit 
formula on the cosine of the solar zenith angle, since this 
quantity is already available in the algorithm. The formula we 
apply is again a power law: 

D lira 0.5 : Dmax/• 0 , (2) 

where D•im is the clear-sky limit at that solar zenith angle and 
D max is a constant. Figure 2 shows the measured diffuse irra- 
diance and clear-sky limit used for the data for April 1994 at 
the ARM Southern Great Plains Central Facility. For this test, 
Dmax is set at (a subjective) 150 Wm -2. Figure 2 shows that this 
test eliminated the period from 1535 to 1549 LST on April 1 
from consideration as clear sky. It should be noted that this test 
is used to eliminate obvious periods of cloudiness, and other 
tests also tend to eliminate thick haze or subvisual cirrus con- 

ditions. In this case, whether the limit is set to 150 or 200 
Wm -2, the end results for this day are the same since the 
period 1535-1549 LST is also eliminated by the diffuse ratio 
variability test discussed in section 3.4. 

3.3. Change in Magnitude With Time Test 

The first two tests to detect clear skies are simple, compu- 
tationally efficient means of eliminating obvious cloudy periods 
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Figure 2. Illustration of the diffuse irradiance limit test. Di- 
amonds are the measured diffuse irradiance for April 1, 1994; 
heavy line is the clear-sky limit. Here P.o is the cosine of the 
solar zenith angle. 

from detection. Our example day of April 1, 1994, from the 
ARM Southern Great Plains Central Facility was chosen, how- 
ever, because the cloudiness on this day was generally of a 
more subtle nature. The final two tests of the algorithm, while 
somewhat more computationally involved, are designed to de- 
tect these more subtle conditions. 

We next study the temporal change in total shortwave irra- 
diance. For clear periods the change in irradiance is small over 
short periods of time compared to changes due to cloud ef- 
fects. Thus the third test compares the change in measured 
total shortwave to the corresponding change in top-of- 
atmosphere irradiance. The top-of-atmosphere irradiance is 
calculated as 

F $ r = SoP. O, (3) 

where So is the solar irradiance constant, here taken as 1365 
Wm -2, and F, r is the top-of-atmosphere downwelling short- 
wave irradiance. The surface downwelling total shortwave F, 
is less than F, r because of attenuation by the atmosphere. 
For clear sky (ideally), the absolute change in F, over a short 
time must be less than the absolute change in F, r. F, r is 
strictly a linear function of P.o (equation (3)), and thus has the 
maximum change with time occurring at solar zenith angles of 
90 ø. F, includes the effects of scattering and absorption in the 
atmosphere. If modeled as a power law, then the absolute 
change in F, is a function of both the sine and cosine of the 
solar zenith angle, producing the maximum absolute change 
with time after sunrise and before sunset (---0800 and 1700 LST 
in Figure 3). The absolute change in both F, and F, r de- 
creases to zero at local solar noon. 

We use a limit envelope based on F, r and the solar zenith 
angle in this test for clear sky. Again, this subjective envelope 
can be generated using any equation that produces reasonable 
limit curves. We calculate the changes in F, r and F, as a 
finite difference between the values preceding and following 
the measurement of interest, defined as AF • r/At and AF, / 
At, respectively (Figure 3, solid black line and diamonds, re- 
spectively). To account for the uncertainties and noise of these 
measurement systems, we must use minimum and maximum 

values which are less than and greater than, respectively, the 
value of IAF, •/•Xtl itself. We set the maximum allowable 
value of the clear-sky I•XF •/•Xtl at a given time as an offset 
greater than IXF, /Xtl. We generate the offset value as a 
constant times P.o- We set the minimum allowable offset value 
as IXF, r/Atl minus a factor that is a function of P.o and P.•oon. 
This factor is given as X/p. o, where X = Rt(p.g øøn q- 0.1), Rt 
is the temporal resolution of the data in minutes, P.•oon is the 
cosine of the solar zenith angle at local solar noon, and 0.1 is 
added to give a factor value greater than R t at local solar 
noon. This formulation mimics the physics of the decrease in 
IF,/,xtl at the longer atmospheric path lengths having small 
P.o near sunrise and sunset when the insolation at the surface 
is small, so that IAF,/Atl is also small. Thus 

MAX = I,XF,:,Xtl + Co, 

MIN = IAF,:Xtl- [gt(p.g øøn q- 0.1)/p.0], (5) 

where C is a subjective constant based on clear-sky system 
noise (observed in the data being processed), and the absolute 
value of the change in measured total shortwave (lXF,/,xtl) 
must fall within this range. An example of this test for clear sky 
is illustrated in Figure 3 for the April 1 case. For the 1-min data 
in Figure 3 a subjective 2.0 Wm -2, based on our inspection of 
clear-sky data system noise, is used for the maximum offset 
constant (C in equation (4)). By this test the early morning is 
shown to be clear, but the variations in the total shortwave 
hinted at in Figures 1 and 2 are clearly identified later in the 
day. This test result, in comparison with Figure 1, illustrates 
that magnitude of the total shortwave alone is not sufficient to 
identify clear-sky periods. Some measurements are eliminated 
because of excessive system noise and temporal variations in 
haze or subvisual cirrus. In this case, measurements were also 
eliminated because of the presence of the thin clouds near the 
horizon starting at around 1030 LST (see section 3.4). 

3.4. Normalized Diffuse Ratio Variability Test 

The first three tests for clear skies examine the gross mag- 
nitude and change of the total shortwave over a small time 
increment and the magnitude of the diffuse irradiance. How- 
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ever, there are circumstances where measurements that pass 
these three tests are still not clear-sky measurements. For 
instance, under partly cloudy skies the advection of clouds can 
briefly produce measurements that fall in these ranges, espe- 
cially for optically thin clouds. Clouds tend to increase the 
diffuse shortwave over what would be expected for clear skies 
(Figure 1, at ---1130 and 1530 LST). The increase in the diffuse 
shortwave for this case is still fairly subtle, given the small 
fraction of the sky covered by these clouds on April 1. To 
enhance these subtle changes, we use the diffuse ratio, defined 
as the diffuse shortwave irradiance divided by the total short- 
wave irradiance (Figure 4). The diffuse ratio is sensitive to 
small changes in both the diffuse and direct shortwave com- 
ponents. Another characteristic of the clear-sky shortwave 
components is the smoothness of the time series. Thus the 
diffuse ratio can be used as a sensitive test of the variability of 
the measurements through time. 

We test the variation in the measurements by using a nor- 
malized diffuse ratio (Figure 4). The normalization function is 
again a power law using the cosine of the solar zenith angle as 
the independent variable: 

O•v = O $//z•. (6) 

Here D • is the measured diffuse ratio, D•v is the normalized 
diffuse ratio, and b is a constant. In Figure 4, not only are the 
previously mentioned increases in the diffuse shortwave appar- 
ent, but also the normalized diffuse ratio as a whole shows a 
slight increase in magnitude after ---1130 LST. The increase is 
due to the presence of a few thin clouds on the horizon during 
much of the rest of this day and a thin haze starting at --•1410 
LST according to Whole Sky Imager (WSI) images. The haze 
attenuates the direct component, but the forward scattering 
represented by the enlarged circumsolar disk (which is part of 
the diffuse field) nearly offsets this attenuation, producing 
about the equivalent of clear-sky total shortwave irradiance. 
Since the haze is not uniform, the total irradiance varies 
slightly, and the test for change in measured total shortwave 
also eliminated some of these measurements. We test the vari- 

ability of the normalized diffuse ratio by calculating the run- 
ning mean and standard deviation over a period of time. We 
then set a limit for the allowable standard deviation for detec- 
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Figure 4. Time series of diffuse ratio (heavy line) and nor- 
malized diffuse ratio (thin line) for April 1, 1994. 
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Figure 5. Number of 1-min measurements detected as clear 
(N Clear) as a result of setting various limits (x axis) for the 
normalized diffuse standard deviation test on April 1, 1994. 

tion of clear sky. For the 1-min data in Figure 4, we use the 
standard deviation of an 11-min period, with a clear-sky de- 
tection limit of 0.0012. This limit, while subjective, is derived 
from an analysis of all 1-min data used in this study. Sensitivity 
tests of this limit are summarized in Figure 5 for the April 1 
case. Here, the clear-sky detection limit is set to various values, 
and the corresponding number of measurements detected as 
"clear" are plotted. If the limit is set below the inherent vari- 
ability of the instrument system (0.00012 as an example here), 
no measurements are detected as clear. As the limit is set low 

(0.0006 or less), fewer and fewer points near noon are detected 
on this day. This causes the estimated total clear-sky irradiance 
from the empirical fitting discussed in section 5 to be overes- 
timated by 1-2% compared with that using a limit of 0.0012. In 
general, setting the limit too low limits the detection during 
periods when the skies were clear, since some normal system 
noise is then erroneously interpreted as cloudy conditions. On 
the other hand, as the limit is set larger (0.003 or more), more 
of the data in the afternoon of April 1, when variability is 
obvious, are detected as clear. While this has little effect on the 
estimated total clear-sky irradiance, it tends to cause an over- 
estimate of the empirically fitted clear-sky diffuse irradiance on 
this day. In general, setting the limit too large will frequently 
cause periods when a few clouds or thin clouds are present to 
be interpreted as clear. A limit of 0.001 produces virtually the 
same detection results for this day as a limit of 0.0012. The 
results shown in Figure 5 are typical, and a limit between 0.001 
and 0.0015 has worked well with all data tested in this study, 
not only the Baseline Surface Radiation Network (BSRN) data 
in April 1994 discussed here. 

3.5. Summary 

In summary, we test total and diffuse shortwave measure- 
ments for magnitude, variability, and change in magnitude with 
time, here using 1-min data. The detection method tends to 
exclude data for solar zenith angles greater than ---80 ø . Each 
individual test cannot by itself assure the detection of clear 
skies, and for each test there is a certain amount of latitude in 
setting the particular limits for that test. The measurements 
that meet all specified requirements are deemed representa- 
tive of clear-sky measurements for a field of view of ---160 ø. 
Here, we define clear sky as cloudless. Uniform, optically thin 
haze and persistent thin clouds near the horizon may not be 
detected, but the total shortwave irradiance under these con- 
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Figure 6. Measurements identified as clear (crosses) super- 
posed on the downwelling shortwave record (line) for April 1, 
1994. 

ditions is virtually the same as that for clear sky. Figure 6 shows 
the results of the method for the April 1, 1994, case. The total 
shortwave measurements detected as clear are superposed on 
the total shortwave record for the day. 

4. Verification of Clear-Sky Detection 
Baseline Surface Radiation Network (BSRN) data from the 

ARM Southern Great Plains Central Facility April 1994 ex- 
periment were processed to identify periods of clear skies. In 
addition to visual inspection of both plots of the measured 
shortwave irradiance and results of the clear-sky identification 
method we use sky images, observer reports, and time series of 
vertically pointing lidar data to verify the clear-sky detection 
technique. These comparisons are not straightforward, how- 
ever. Time series of vertically pointing, narrow field-of-view 
instruments such as the lidar often do not well represent the 
true sky cover of a hemispheric field of view for short time 
periods. Both observer reports and the WSI retrievals repre- 
sent instantaneous "snapshots" in a changing field, when 
clouds are present. Observer reports are known to be subjec- 
tive in nature, and the reports available here are not from 
trained National Weather Service (NWS) personnel, although 
the reports use NWS criteria. The WSI hemispheric cloud 
fraction is computed by processing the digitized images of the 
WSI and is generally accurate to the nearest tenth. The WSI 
cloud fraction retrievals sometimes suffer because of whiteness 

near the horizon and the increased intensity of a prominent 
circumsolar disk, which is enhanced in the image because of 
intensity range limitations of the CCD technology used in the 
WSI. This circumsolar brightness would not be classified as 
cloud by an observer and has little effect on the total shortwave 
measured at the surface. The WSI cloud fraction retrieval algo- 
rithm was verified during development of the system by compar- 
ison with observer reports [Shields et al., 1990; George, 1995]. 

As stated in section 2, our detection method often cannot 
detect persistent cloudiness near the horizon because of the 
pyranometer cosine response; thus we estimate that our detec- 
tion represents an effective field of view of -160 ø , rather than 
the full 180 ø. In addition, whereas the 1-min irradiance data 

represent a continuous average from 1-s samples, the WSI data 
represent an instantaneous retrieval at some moment during 
that minute. For the clear-sky comparisons we look at a 10-min 
period centered on the time of the WSI instantaneous cloud 
fraction retrieval. This approach helps to indicate whether all 
10 of the 1-min data were detected as clear, or only some 
portion of the 10 min was detected as clear, indicating either 
rapidly changing conditions or the occasional error in our 
clear-sky detection mentioned in section 2. 

For the April 1994 experiment the cases showing the largest 
disagreement between the WSI instantaneous cloud fractions 
and our identified clear periods occur on April 15 and 18. On 
April 15 our algorithm identified clear measurements during 
the time period from -1030 to 1750 LST (1630 to 2350 UTC). 
The WSI-retrieved cloud fraction is 2.5% at 1440 LST (2040 
UTC) on April 15 and appears to be in error. On this day there 
was an enlarged circumsolar disk, which is normally due to 
hazy conditions or the presence of subvisual cirrus, but there 
were no obvious clouds visible in the WSI images. The time 
series of lidar measurements for April 15 show no overhead 
clouds during this time period. Observer hourly reports do, 
however, indicate the presence of some low-level cumulus on 
the horizon to the SW and SE at 1100 LST (1700 UTC) and 
some high-level cirrus filaments on the NE horizon at 1200 and 
1300 LST (1800 and 1900 UTC). At no time during this period 
do the observer reports indicate clouds overhead in a 30 ø arc. 
During the period from 1030 to 1140 LST the average number 
of detected clear-sky data per 10 min is -31%, indicating 
rapidly changing conditions consistent with the presence of 
low-level cumulus on the horizon, and thus only brief periods 
of clear sky in a 160 ø field of view. The average number of 
detected clear-sky data per 10 min is -73% from 1150 to 1300 
LST, consistent with slower-changing conditions due to some 
high cirrus on the horizon. All other hourly observer reports 
during this time indicate clear skies. 

For April 18 the sky images again show a circumsolar disk, 
and small areas of thin cirrus to the north and south up to 
-10ø-15 ø above the horizon for most of the morning. The 
presence of thin cirrus at these zenith angles has little effect on 
the measured shortwave irradiance because of the small value 

of the cosine weighting. In addition, the WSI hourly average 
cloud fraction estimate decreases from -7% (for 0800-0900 
LST) to <1% the following hour, even though visual inspec- 
tion of the images does not reflect any corresponding change in 
cloudiness. The apparent size of the circumsolar disk in the 
images does decrease during this time. The hourly observer 
reports for this day indicate the presence of cloudiness on the 
horizon from 0800 to 1200 LST (1400 to 1800 UTC). The 
average number of detected clear-sky data per 10 min is -81% 
from 0740 to 0840 LST (1340 to 1440 UTC) and 84% from 
0910 to 1030 LST (1510 to 1630 UTC), again consistent with 
slower-changing conditions due to some high cirrus on the 
horizon. The average number of detected clear-sky data per 10 
min decreases to 55% from 1110 to 1220 LST (1710 to 1820 
UTC), indicating more rapidly changing conditions. This is 
consistent with inspection of the WSI images, which show some 
few clouds occasionally moving past during this time. Both the 
observer reports and the lidar data indicate no overhead cloud- 
iness for these periods identified as clear. 

All other periods identified as clear by the detection method 
have a WSI-retrieved cloud fraction near zero, with visual 
inspection of the WSI images verifying these estimates. In 
addition, all other available lidar data indicate no presence of 
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Table 1. Periods (to the Nearest 10 min) Identified as Clear 
by the Detection Algorithm With Corresponding Whole Sky 
Imager Data Available During April 1994 at the ARM Site 
Near Lamont, Oklahoma 

WSI 

Time, Time, Avg., Avg. 
Date LST UTC % N 

April 1, 1994 820-1500 1420-2100 0 7.1 
April 1, 1994 1640-1740 2240-2340 0 7.2 
April 3, 1994 720-1510 1320-2110 0 8.3 
April 6, 1994 740-1410 1340-2010 0 5.8 
April 6, 1994 1450-1530 2050-2130 1 8 
April 15, 1994 1030-1750 1630-2350 1 5.9 
April 16, 1994 700-1450 1300-2050 0 7.4 
April 16, 1994 1530-1750 2130-2350 0 6.7 
April 17, 1994 700-1200 1300-1800 0 8.5 
April 17, 1994 1230-1540 1830-2140 0 6.8 
April 18, 1994 740-840 1340-1440 8 8.1 
April 18, 1994 910-1030 1510-1630 1 8.4 
April 18, 1994 1110-1220 1710-1820 4 5.5 
April 26, 1994 710-1200 1310-1800 0 7.8 
April 26, 1994 1410-1750 2010-2350 0 8.4 

WSI Avg. is the average Whole Sky Imager (WSI) cloud fraction 
reported during the time period. Avg. N is the average number of 
1-min data, out of a 10-min period centered on the corresponding WSI 
image time, that were identified as clear. 

overhead cloudiness, as do the observer hourly reports. The 
observer hourly reports do occasionally indicate the presence 
of cloudiness on the horizon for some of these times. A sum- 

mary of the identified clear periods (to the nearest 10 min) and 
the corresponding WSI average cloud fraction are given in 
Table 1. Individual observer reports for other than clear skies 
and the number of detected data in the corresponding 10-min 
period are given in Table 2. 

The identification of clear skies in the tropical western Pa- 
cific is a more difficult task. The tropical convective environ- 
ment exhibits persistent cloudiness. The clouds manifest them- 
selves as both cumulus cells of varying height and extent and 

cloudiness distributed in many thin layers throughout the tro- 
posphere. Periods of hemispherically cloudless skies are infre- 
quent at best. The PROBE data, taken at Kavieng, Papua New 
Guinea, have been processed, and clear-sky periods have been 
identified. Unfortunately, no cloud fraction retrievals are avail- 
able for PROBE to verify the detection method. Long [1996] 
used the diffuse ratio and visual inspection of the diffuse and 
total irradiance measurements from PROBE to identify clear- 
sky measurements used to verify model clear-sky irradiance 
calculations. Since the purpose of this procedure was to test 
the accuracy of the model, only clear periods with correspond- 
ing sun photometer data available for retrieval of aerosol op- 
tical depths were identified for the study. In addition, 5-min 
averages of the measured data were used, and the slightest 
doubt as to whether the measurement represented clear sky 
caused that measurement to be discarded [Long, 1996]. 

The periods identified as clear by the detection method 
presented here, determined from 1-min data, show good 
agreement with those from Long [1996]. A few additional pe- 
riods, discarded by Long [1996] because of lack of sun pho- 
tometer data or not identified as clear using 5-min averages, 
have been identified here. To verify the detection method, the 
periods identified as clear by the detection method are used to 
produce 5-min averages that are compared to corresponding 
model calculations from Long [1996] in Figure 7. (The 152 
stream model inputs of Long [1996] include an aerosol size 
distribution determined from sun photometer measurements 
made during PROBE, the AFGL tropical ozone profile, cli- 
matological carbon dioxide, and individual temperature and 
water vapor profiles from sondes.) For this comparison all 
identified measurements are used, with no attempt to remove 
outliers. The standard deviation from perfect agreement (x = 
y) is 17 Wm -2. For Figure 7, which may include a few erro- 
neously identified measurements that would normally be ig- 
nored by the empirical fitting algorithm, the standard deviation 
from perfect agreement is about the magnitude of both the 
instrument and model uncertainty. 

Table 2. Hourly Observer Reports of Cloudiness, Corresponding to Identified Clear-Sky Periods Listed in Table 1, for 
Other Than Reports of Clear Skies 

Time, Time, 
Date LST UTC Observer Report (Other Than Clear) N Clear 

April 1, 1994 900 1500 very light haze 10 
April 6, 1994 800 1400 very light fog 10 
April 6, 1994 1300 1900 <5% semitransparent altocumulus in NE quadrant 9 
April 6, 1994 1500 2100 some middle and high cumulus around horizon 6 
April 15, 1994 1100 1700 some low cumulus on south horizon 3 
April 15, 1994 1200 1800 some low cumulus on north horizon 8 
April 15, 1994 1300 1900 some low cumulus on NE horizon 9 
April 16, 1994 700 1300 semitransparent altocumulus and cirrocumulus, SE horizon 10 
April 16, 1994 800 1400 semitransparent altocumulus and cirrocumulus, SE horizon 10 
April 16, 1994 1100 1700 cirrocumulus, SE horizon 8 
April 16, 1994 1200 1800 cirrocumulus, SE horizon 8 
April 17, 1994 1500 2100 cirrus filaments, NE, SW, and NW horizons 6 
April 18, 1994 800 1400 low, middle, and high cumulus around horizon 10 
April 18, 1994 1000 1600 low, middle, and high cumulus around horizon 8 
April 18, 1994 1200 1800 low, middle, and high cumulus around horizon 10 
April 26, 1994 800 1400 patchy cumulus in SE quadrant near horizon 10 
April 26, 1994 900 1500 patchy cumulus in SE quadrant near horizon 9 
April 26, 1994 1500 2100 <5% low cumulus in SW and NE quadrants near horizon 7 
April 26, 1994 1600 2200 low cumulus in SE quadrant near horizon 10 
April 26, 1994 1700 2300 low cumulus in SE quadrant near horizon 6 

N Clear is the number of 1-min data in the 10 min centered on the reporting time that were identified as clear by the detection algorithm. 
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Figure 7. Comparison of the Pilot Radiation Observation 
Experiment (PROBE) model and measured clear-sky down- 
welling shortwave for periods identified as clear by the detec- 
tion method. Solid line is x = y. 

5. Empirical Fit for Clear Sky 
The primary factor that determines the magnitude of the 

diurnal cycle of downwelling shortwave irradiance for clear 
skies is the solar zenith angle. Other factors such as aerosol 
optical depth, surface albedo, and column water vapor amount 
exhibit far less influence, particularly on the timescale of a 
single day or a few days. Thus it is customary to empirically fit 
clear-sky irradiance using the cosine of the solar zenith angle 
as the independent variable. The form of the function can be as 
simple as a linear fit [Cess et al., 1995] or can be more complex, 
such as a series of polynomials [Waliser et al., 1996; Chou and 
Zhao, 1997]. We fitted curves to detected clear-sky total short- 
wave data from the two clearest days of the April 1994 exper- 
iment (April 16 and 26), for both a linear equation and a 
fifth-order polynomial equation similar to that used by Waliser 
et al. [1996]. The resultant R 2 values were 0.99876 and 0.99831 
for the linear equation and 0.99987 and 0.99970 for the poly- 
nomial equation, for April 16 and 26, respectively. For solar 
zenith angles greater than •75 ø the fifth-order polynomial fit 
appears to provide a more faithful approximation to the data 
than that generated by the linear equation. We find that a 
simple power law equation of the form 

Y = a/x•0 (7) 

well represents the clear-sky conditions, where Y is the clear- 
sky total shortwave irradiance or diffuse ratio and a and b are 
regression coefficients. This equation produces R 2 values of 
0.99953 and 0.99929 for the April 16 and 26 clear-sky total 
shortwave, respectively. An advantage of (7) is that it models 
the simple physics of the situation. For instance, the a constant 
represents the clear-sky irradiance for a solar zenith angle of 0 ø 
and includes such effects as the average aerosol and column 
water vapor amounts, the mean Earth-Sun distance on that 
day, and radiometer calibration. The b constant includes such 
effects as the radiometer cosine response. 

The regression coefficients for (7) are determined using a 
least squares robust estimation that minimizes the sum of the 
absolute deviations, i.e., the "MEDFIT" subroutine given by 
Press et al. [1986]. In this case [Press et al., 1986, p. 694], robust 

means "insensitive to fractionally large departures for a small 
number of data points from the idealized assumptions of the 
fit." The idealized assumptions referred to here, in our case, 
are that there is some relationship between the x and y vari- 
ables (the solar zenith angle and the magnitude of the clear-sky 
irradiance) and that the majority of the xy data pairs being 
fitted represent "good" data. The first assumption is obviously 
true. If the second assumption is met, then outliers due to 
misidentification of clear-sky irradiance measurements are 
eliminated from the calculation. This method requires some 
minimum number of clear-sky measurements over a significant 
range of solar zenith angles to ensure a statistically rigorous 
calculation. If sufficient clear-sky measurements are identified 
on a given day, daily coefficients can be fitted for those days. 
Regression coefficients are then calculated for both the total 
shortwave irradiance and the diffuse ratio. In this way, both 
total and diffuse (and by subtraction, the direct) clear-sky 
shortwave irradiances can be estimated. Table 3 lists the coef- 

ficients calculated for the BSRN shortwave radiometers for the 

sufficiently clear days in April 1994. For these calculations the 
minimum number of identified clear-sky measurements for 
fitting has been set at (a subjective) 120. (The choice of this 
value will be discussed in section 6.) The diffuse ratio coeffi- 
cients range from 0.123 to 0.083 and -0.910 to -0.675 for the 
a and b coefficients, respectively, a variation of -30-35% of 
the largest-magnitude value. For the total shortwave coeffi- 
cients, however, the variation is only -5-6% of the largest- 
magnitude value for both coefficients, which range from 1092 
to 1151 Wm -2 and from 1.238 to 1.312. An example of the 
calculated clear-sky values, as well as measured irradiance, is 
given in Figure 8 for April 18 using the coefficients given in 
Table 3. Figure 8 helps illustrate the accuracy of both the form 
of equation used in the fitting (equation (7)) and the fitting 
algorithm itself. 

During the ARESE experiment, three sets of radiometers 
were available to measure the downwelling shortwave and dif- 
fuse irradiance. The Solar and Infrared Radiation Observing 
System (SIROS) was deployed at the Central Facility along 
with the BSRN system. In addition, a rotating shading-arm 
radiometer (RSR) developed by Pennsylvania State University 
and described by Long [1996] was deployed during ARESE to 
test the instrument design. The Pennsylvania State University 
RSR includes an Eppley PSP that is alternately shaded and 
unshaded by a rotating shading arm, thus measuring both the 
total and diffuse downwelling shortwave irradiance with a sin- 

Table 3. Daily a and b Regression Coefficients for the 
Clear-Sky Diffuse Ratio and Total Shortwave Irradiance 
for April 1994 

Total Total 

Date DifRat a DifRat b SW a SW b N 

April 1, 1994 0.106 -0.760 1122.0 1.312 493 
April 3, 1994 0.083 -0.832 1140.9 1.275 500 
April 6, 1994 0.088 -0.910 1151.5 1.266 414 
April 15, 1994 0.122 -0.675 1107.1 1.238 429 
April 16, 1994 0.101 -0.780 1102.6 1.288 615 
April 17, 1994 0.102 -0.785 1097.5 1.294 510 
April 18, 1994 0.109 -0.827 1092.4 1.257 203 
April 26, 1994 0.123 -0.720 1106.9 1.296 562 

DifRat, clear-sky diffuse ratio; total SW, total shortwave irradiance. 
N is the number of 1-min measurements identified as clear for that 

day. 
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gle broadband detector. Table 4 gives the daily regression 
coefficients for the total shortwave irradiance for October 1995 

for the days having at least 120 observations identified as clear. 
The coefficient pairs show distinct differences between the 
three systems on a given day. These differences are due to 
calibration offsets and differing cosine response characteristics 
of the radiometers. The BSRN system especially suffered off- 
set drifts during the experiment compared to the SIROS and 
RSR systems (C. N. Long, unpublished internal report, 1996) 
(available from the author upon request). Thus the SIROS and 
RSR systems show better agreement in the coefficients with 
each other than with the BSRN system. Since the coefficients 
are determined from the data, the clear-sky fits also include the 
instrument characteristics and errors. For a solar zenith angle 
of 60 ø (/% - 0.5), using the coefficients for October 15, the 
estimated clear-sky shortwave is 483 Wm -2, 461 Wm -2, and 
467 Wm -2 for the BSRN, RSR, and SIROS systems, respec- 
tively, a spread of 4-5%. Absolute accuracy in the estimated 
clear-sky irradiance is obviously dependent on the instrument 
calibration and exhibits the same uncertainties as the measure- 

ments themselves. However, the determination of shortwave 
cloud effect using the clear-sky fit appears to be less affected by 
calibration offsets, at least in the records studied so far (shown 
in section 7 and Figure 19), since the cloud effect is determined 
by ratio or difference of the two quantities. 

For the PROBE data there were no days in the four-month 
period that had at least 120 identified clear measurements. The 
maximum number (89) occurred on November 26, 1992, with 
the next highest (53) on January 7, 1993. For PROBE the 
clear-sky irradiance coefficients were determined for the entire 
four-month period by fitting the combined data from the 6 days 
that had at least 20 identified clear-sky measurements. These 
coefficients are 1070 and 1.25 for the downwelling shortwave a 
and b, respectively, and 0.123 and -0.8245 for the diffuse 
ratio. To test the accuracy of these coefficients, a comparison 
is made with the results of Wallset et al. [1996], who determined 
a polynomial fit for Coupled Ocean-Atmosphere Response 
Experiment (COARE)with/•o as the independent variable. To 
do this, Waliser et al. [1996] identified clear-sky periods using a 
combination of GMS 4 satellite visible and infrared data and 

the downwelling solar irradiance measured from a buoy de- 
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Figure 8. Time series of measured (heavy black line) and 
clear (heavy gray line) shortwave and measured (thin black 
line) and clear (thin gray line) diffuse, for April 18, 1994. 

Table 4. Daily a and b Regression Coefficients for the 
Clear-Sky Total Shortwave Irradiance for the Various 
Systems Deployed During ARESE 

BSRN RSR SIROS 

Date a b a b a b 

Oct. 1, 1995 1031.4 1.284 1077.1 1.249 1074.6 1.225 
Oct. 3, 1995 NA NA 1061.4 1.224 1070.9 1.237 
Oct. 4, 1995 1095.7 1.322 1095.4 1.273 1079.5 1.242 
Oct. 6, 1995 1094.5 1.262 1104.8 1.268 1083.3 1.219 
Oct. 7, 1995 1132.6 1.240 1095.5 1.283 1078.6 1.210 
Oct. 8, 1995 1094.1 1.263 1070.3 1.294 1054.5 1.256 
Oct. 11, 1995 1128.4 1.317 1054.2 1.280 1071.2 1.278 
Oct. 12, 1995 1123.0 1.301 1076.0 1.292 1073.4 1.278 
Oct. 14, 1995 1129.4 1.194 1125.1 1.278 1102.2 1.218 
Oct. 15, 1995 1128.9 1.224 1098.8 1.253 1067.6 1.193 
Oct. 18, 1995 1101.8 1.255 1042.2 1.204 1071.6 1.286 
Oct. 20, 1995 1200.2 1.251 1199.6 1.336 1131.4 1.228 
Oct. 22, 1995 1119.3 1.227 NA NA 1085.8 1.255 
Oct. 24, 1995 NA NA 1172.2 1.313 1122.7 1.193 
Oct. 25, 1995 NA NA 1104.4 1.213 1104.4 1.283 
Oct. 28, 1995 1084.2 1.108 1179.6 1.342 1101.4 1.214 

Unavailable data are denoted by NA. 

ployed by the Wood's Hole Oceanographic Institute. The 
Waliser et al. [1996] clear-sky data produced the polynomial fit 

F $clr- 1.333 + 345.203/•0 + 2043.370/•- 2199.560/•30 

+ 860.286/•, (8) 

where F $ clr is the downwelling clear-sky shortwave and/'o is 
the cosine of the solar zenith angle. The four-month average 
clear-sky shortwave for PROBE is 303 Wm -2 using both the 
results of Waliser et al. [1996] and our clear-sky equations 
(Table 5). These averages compare well with the 304 Wm -2 
clear-sky shortwave determined for COARE from model cal- 
culations given by Long [1996]. A comparison of the two clear- 
sky fits is shown in Figure 9 for November 26, 1992, which was 
the day with the largest number of identified clear-sky mea- 
surements. Identified clear periods were from 1250 to 1300 and 
from 1510 to 1650 local time. Comparing the two, the Waliser 
et al. [1996] fit seems to slightly underestimate the total short- 
wave near noon and slightly overestimate that during the mid- 
morning and midafternoon compared to the measured time 
series. Since Waliser et al. [1996] use buoy data, this discrep- 
ancy is likely due to the lower albedo of the ocean surface 
compared to the Kavieng land site and differences in radiom- 
eter characteristics. Nevertheless, both fits produce an average 
downwelling clear-sky shortwave of 300 Wm -2 for the day, 

Table 5. Measured and Clear-Sky Downwelling Shortwave 
and Shortwave Cloud Effect Results for PROBE Using Our 
and Waliser et al.'s [1996] Regression Fits 

Variable 

This Study Waliser et al. [1996] 
Fit, Fit, 

Wm-2 Wm-2 

Measured SW 201 201 

Clear SW 303 303 
SW cloud effect - 102 - 102 

Measured SW s.d. 61 61 

Clear SW s.d. 8 7 
SW cloud effect s.d. 60 60 

Here, s.d., standard deviation. 
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Figure 9. Comparison of our clear-sky fit (dashed line) and 
that of Waliser et al. [1996] (thin black line) for November 26, 
1992, for PROBE. The gray line is the measured irradiance. 

indicating good agreement between the two techniques for 
fitting clear-sky measurements. 

Cess et al. [1995], Waliser et al. [1996], and Chou and Zhao 
[1997] used fitted clear-sky coefficients that represent an aver- 
age over the entire time series. We do the same for PROBE, 
primarily because of the lack of clear-sky data. For ARESE 
and the April 1994 experiment we can determine coefficients 
for individual days which had at least 120 one-minute mea- 
surements identified as clear and spanning a sufficient range of 
solar zenith angle. We can then determine average coefficients 
for the entire month or interpolate the daily clear-sky coeffi- 
cients for cloudy days. The sequence of values given in Table 3 
suggests that perhaps interpolation of the daily coefficients 
would give more accurate results for the April 1994 experi- 
ment, especially considering the change in magnitude of the 
total shortwave a coefficient from the first to second half of the 

month. The daily fits reflect not only factors such as minor 
instrument calibration drifts but also the daily average changes 
in physical phenomena such as column water vapor and aero- 
sol amounts. However, our purpose is to develop a technique 
to estimate cloud effects that does not require ancillary inputs 
regarding changes in aerosol and water vapor changes. (Nat- 
urally, this also means that our clear-sky irradiance estimates 
do not reflect possible changes in aerosol and water vapor 
across the day being fitted or between clear days.) Given a lack 
of information on which to base estimates of these changes 
between clear days, we choose to linearly interpolate the co- 
efficients for cloudy days. 

Given our choice to ignore ancillary input of the atmo- 
spheric state variables such as column water vapor and aerosol 
changes, the question arises as to what effect this may have on 
the interpolated clear-sky irradiance estimates. To test this 
concern, we processed the ARM BSRN data for the years 1994 
through 1997. In this time series we look for periods when at 
least four successive days were clear enough for fitting. We 
then interpolate the fit coefficients from the first day to the last 
day in each period and then compare the interpolated clear-sky 
irradiance estimates to the original fitted estimates for the 
intervening days. For example, all four days from April 15, 
1994, through April 18, 1994, were originally fitted. We inter- 

polate the fit coefficients from April 15 to April 18, producing 
interpolated coefficients for April 16 and 17. We then compare 
the clear-sky irradiance estimate differences for April 16 and 17. 

During the four years of BSRN data we found 48 days 
meeting the above criteria where we could compare the inter- 
polated and original fitted results. Of these days, 20 were 
mostly clear, 20 were cloudy for about half the day (either 
morning or afternoon), and the remaining were cloudy for 
---25% of the day. Thus this comparison is not limited to only 
those large-scale conditions that are likely to produce mostly 
clear days. For the 1-min data during these 48 days, Figure 10 
shows both the original and interpolated fitted clear-sky total 
irradiance estimates compared to the corresponding detected 
clear-sky measurements. The RMS uncertainty of the interpo- 
lated irradiances is about double the original fitted uncertainty, 
13 and 6 Wm -2, respectively. Both these RMS uncertainties 
are within the estimated uncertainty of the measurements 
themselves, as discussed in section 2. Figure 11 shows a fre- 
quency histogram of the absolute difference between the mea- 
sured and fitted clear-sky total irradiance data shown in Figure 
10. This illustrates the accuracy and assumptions of the original 
fitting process, wherein 83% of the original fitted irradiances 
are within 2.5% of the clear measurements, even though ig- 
noring diurnal changes in column water vapor and aerosol 
amounts. The interpolated fits produce clear irradiance esti- 
mates with an RMS uncertainty of ---3%. Again, this result is 
comparable to the uncertainty of the measurements them- 
selves and reflects the added RMS uncertainty due to the 
unknown column water vapor and aerosol changes typically 
occurring between clear fitted days. 

6. Automation of Clear-Sky Identification 
and Fitting 

The clear-sky detection results presented in sections 2-5 
were accomplished by manually adjusting the various param- 
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Figure 10. Comparison of detected clear-sky 1-min measure- 
ments to estimated clear-sky irradiance using actually fitted 
(black points) and interpolated (gray points) coefficients for 
the 48 interpolation test days. Black line represents x = y. 
TSW-CSW, measured to actually fitted comparison; TSW- 
ICSW, measured to interpolated fit comparison. 
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Figure 11. Frequency histogram of absolute difference be- 
tween measured 1-min clear-sky irradiance and estimated 
clear-sky irradiance using actually fitted (solid bars) and inter- 
polated (striped bars) coefficients for the 48 interpolation test 
days. 

eters and limits until visual inspection verified accurate iden- 
tification. The key to automation of the detection process lies 
in iteration. The iterative process involves (1) a "first guess" of 
the parameters and limits to detect clear-sky measurements, 
(2) fitting of functions to the identified clear-sky measurements 
to produce coefficient values, (3) linear interpolation of the 
coefficients for cloudy days, and (4) then using the fitted and 
interpolated coefficients to detect clear-sky measurements and 
produce new fits. This process of detection and coefficient 
fitting is then repeated until convergence of the derived coef- 
ficients occurs. The purpose of the first iteration is only to 
detect some clear-sky measurements in the data set; thus the 
exact initial first guess values (normalized total shortwave lim- 
its and the normalization total and diffuse shortwave b coef- 

ficients) are not overly critical. After the first iteration the 
algorithm uses the results from fitting the previously detected 
clear measurements, and succeeding iterations refine the pro- 
cess to the actual characteristics of the data themselves. 

Some of the values used in the automated processing pro- 
cedure that follows, such as the 0.0012 limit for an 11-min 
running standard deviation of the normalized diffuse ratio, are 
subjective and are based solely on the fact that the values 
produce accurate results with all data tested during develop- 
ment of the technique as discussed in sections 2-5. The data 

used in development span climatic regimes ranging from the 
clean, dry atmosphere typical of Tennant Creek in north cen- 
tral Australia, to the moist, cloudy regimes of Cape Grim, 
Australia, and the tropical western Pacific. In all cases, the 
subjective values accurately identify clear-sky periods and pro- 
vide accurate clear-sky fits using the automated procedure. 
These subjective values will be identified as they are discussed. 

The data supplied by Bruce Forgan of the Australian Bureau 
of Meteorology were of particular importance in the develop- 
ment of the automated procedure. These data from Tennant 
Creek, Leigh Creek, and Cape Grim span over 2 years and 
were used to both refine and verify the detection process. Some 
of the data from each station were used to determine the 

subjective values, and then the remaining data were used to 
verify the accuracy of the process. To further verify the auto- 
mated procedure, the ARM data were then reprocessed using 
the automated procedure to verify that the results matched 
those of the previous manually supervised processing. 

Table 6 lists the various stations and experimental data used 
in this study, along with the mean and standard deviation from 
the mean of the daily clear-sky coefficients. The mean clear-sky 
total shortwave a coefficient varies from a minimum of 1086 

Wm -2 for the SIROS system during ARESE to a maximum of 
1163 Wm -2 for the Cape Grim radiometers. This difference in 
the total shortwave a coefficients reflects not only the relatively 
lower aerosol optical depths of Cape Grim compared to the 
U.S. midwest but also the difference in mean Earth-Sun dis- 

tance between the two data periods and differing radiometer 
characteristics. Preliminary studies using 3-min average data 
supplied by the National Oceanic and Atmospheric Adminis- 
tration Air Resources Laboratory (NOAA/ARL) Surface Ra- 
diation Research Branch from their Table Mountain Test Fa- 

cility near Boulder, Colorado, have produced a total shortwave 
a coefficient of 1216 Wm -2. Thus, as a first guess, we use 1250 
Wm -2 as the initial maximum normalized shortwave limit for 

all days in the data set being processed and 1000 Wm -2 for the 
initial minimum for solar zenith angles <78.5 ø . We set 900 
Wm -2 as the initial minimum for solar zenith angles _>78.5 ø to 
account for the natural normalized shortwave roll-off shown in 

Figure 1. For the successive iterations we set the minimum and 
maximum normalized shortwave limits at the value of the daily 
total shortwave a coefficient for that day retrieved or interpo- 
lated from the previous iteration _+150 Wm -2, then at +_100 
Wm -2 for the final iteration. 

Similarly, we initially set the total shortwave and diffuse 
ratio b coefficients for all days at 1.2 and -0.8, respectively, 
which are roughly the arithmetic mean values of all data sets in 
Table 6. Each successive iteration then uses the retrieved or 

Table 6. Mean Plus or Minus One Standard Deviation of the Daily a and b Regression Coefficients for the Clear-Sky 
Diffuse Ratio and Total Shortwave Irradiance for All Data Sets Used in This Study 

Station/Experiment Date Range DifRat a DifRat b Total SW a Total SW b 

ARM CF BSRN April 1-30, 1994 0.101 _+ 0.015 (-0.788) +_ 0.066 1114 _ 22 1.259 +_ 0.016 
ARM CF BSRN Jan. 1 to July 27, 1994 0.101 _+ 0.016 (-0.757) _+ 0.089 1135 +_ 82 1.297 + 0.038 
ARESE BSRN Oct. 1-30, 1995 0.080 _+ 0.016 (-0.788) _+ 0.070 1113 __+ 38 1.250 +_ 0.056 
ARESE SIROS Oct. 1-30, 1995 0.074 _+ 0.015 (-0.748) _+ 0.082 1086 _+ 21 1.238 + 0.031 
ARESE RSR Oct. 1-30, 1995 0.079 +__ 0.014 (-0.700) + 0.050 1104 +_ 47 1.272 _+ 0.041 
PROBE Nov. 1, 1993, to Feb. 28, 1994 0.123 (-0.825) 1070 1.250 
Leigh Creek Nov. 2, 1993, to March 3, 1996 0.072 _+ 0.011 (-0.798) +_ 0.103 1132 +_ 25 1.188 _+ 0.042 
Tennant Creek Oct. 28, 1993, to Jan. 13, 1996 0.077 _ 0.015 (-0.809) _+ 0.096 1109 _+ 26 1.187 +_ 0.040 
Cape Grim Jan. 13, 1993, to Dec. 25, 1995 0.090 +_ 0.016 (-0.763) _+ 0.108 1163 +_ 28 1.184 + 0.038 
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Figure 12. Fitted clear-sky irradiance for September 29, 1997, produced by the 80% (heavy black line), 60% 
(medium gray line), nl.5h (thin black line), and ml.5h (medium black line) limited data test cases described 
in the text. Thin gray line is measured total shortwave. 

interpolated daily values from the previous iteration. In addi- 
tion, weighting is applied in the final iteration to emphasize 
which part of the day requires the most accurate fitting. The 
total shortwave is weighted by multiplying the measured clear- 
sky value by /•o. This procedure weights the fitting toward 
smaller solar zenith angles, where accurate fitting for the total 
shortwave is more desirable than near sunrise or sunset. On 

the other hand, the diffuse ratio requires more accurate fitting 
for large solar zenith angles. Thus the diffuse ratio is weighted 
by dividing the measured clear-sky value by/•o. After the final 
iteration, weighted coefficients are determined; they are ad- 
justed by adding 1.0 to the diffuse ratio b coefficient and 
subtracting 1.0 from the total shortwave b coefficient in order 
to calculate the estimated clear-sky amounts using (7). 

Accurate fitting for daily coefficients requires a sufficient 
number of clear measurements to ensure that the assumptions 
of the fitting routine are met, i.e., that the majority of the 
detected clear measurements do indeed represent clear-sky 
conditions. Experience in the development of the automated 
procedure has shown that -100 to 120 one-minute measure- 
ments give good results as the minimum limit. As stated in 
section 2, some measurements that pass the detection tests are 
not representative of clear skies and depend on the fitting 
routine to ignore them. If only a few measurements are de- 
tected as clear in the early morning and a few more are de- 
tected near noon, then this is sufficient zenith angle range for 
fitting. However, these few measurements are not likely truly 
representative of clear-sky conditions and are probably in large 
part erroneous detection by our algorithm. Generally, when 
skies are clear enough for accurate fitting, they are clear for 
more extended periods. By setting a limit of roughly 2 hours 
worth of measurements, in conjunction with the solar zenith 
angle range limits discussed below, both a sufficient zenith 
angle range and statistically sufficient number of truly clear-sky 
measurements are likely to be included in the fit. 

The range of solar zenith angle values necessary for a good 
fit is different for either the total shortwave irradiance or 

diffuse ratio. For low latitudes and midlatitudes the cosine of 

the solar zenith angle should span a range from at least 0.4 
through 80% of/•oon (the local solar noon/•o); otherwise the 

resulting fits do not well represent the early morning/late af- 
ternoon or near-noon time periods. The total shortwave clear- 
sky fit is particularly sensitive to the need for clear measure- 
ments at small zenith angles. To illustrate this sensitivity, we 
tested various limitations of zenith angle ranges for fitting 
measurements described as occurring on a very clear day by 
Stoffel et al. [1998]: September 29, 1997, at the ARM site near 
Lamont, Oklahoma. The tests we apply are to limit the data 
being fitted to 90 min (test case ml.5h) and 120 min (test case 
m2.0h) in early morning, starting at 0800 LST this day, and to 
90 min (test case nl.5h) and 120 min (test case n2.0h) before 
local noon. In addition, we limit the fitting for this day to only 
that data with/•o values >0.4 (test case >0.4) and to that data 
having/•o values <80% (test case 80%) and <60% (test case 
60%) of the local solar noon value /•oon. Figure 12 shows the 
results of these tests that illustrate concerns pertaining to fit- 
ting of the total clear-sky irradiance. In the cases where the 
fitted data were restricted to smaller/•o values, test cases 80%, 
60%, and ml.5h in Figure 12, there is a tendency for the fitted 
irradiance to be overestimated near local solar noon. On the 

other hand, if the data that are fitted are restricted to only 
larger/•o values (illustrated by test case nl.5h in Figure 12), 
then although the fitted local noon values are more accurate, 
the early morning and late afternoon irradiances are not well 
represented. 

The diffuse ratio fitting is largely insensitive to the lack of 
measurements near local noon but is more sensitive to the 

need for values at larger solar zenith angles. Figure 13 illus- 
trates this point by showing the results for test cases n2.0h and 
nl.5h, as well as the original fit. While all test cases produced 
fairly accurate diffuse ratio fitting at local solar noon, these test 
cases where the fitted data were restricted to near-noon values 

do not produce clear-sky diffuse ratios that well represent the 
morning and afternoon. To illustrate the effect for morning 
and afternoon estimated clear-sky diffuse irradiance, Figure 14 
shows the difference between the clear-sky diffuse measure- 
ments on this day and the test cases shown in Figure 13, plus 
test case ml.5h. (The estimated clear-sky diffuse irradiance is 
calculated by multiplying the fitted clear-sky diffuse ratio for 
each test case and the original fitted clear-sky total shortwave 
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Figure 13. Fitted clear-sky diffuse ratio for September 29, 1997, produced by the nl.5h (thick gray line) and 
n2.0h (thick black line) limited data test cases described in the text. Thin lines are for measured (gray) and 
original fitted (black) diffuse ratio. 

irradiance.) As is shown, the ml.5h case nearly matches the 
accuracy of the original fit that used all the clear-sky data. The 
more the fitted data are restricted to larger values of/•o, the 
greater the magnitude of the discrepancy between the fitted 
and actual clear-sky data in the morning and afternoon. Table 
7 shows the results of these various fitting tests as a departure 
from the daylight (sunrise to sunset) averages, i.e., the absolute 
difference between the daylight average produced by each test 
and the daylight average of the actual measurements. The 
original fitting produced a difference of only 6 and 2 Wm -2, or 
1 and 4% of the measured value for the total and diffuse 

irradiance, respectively. All the test case restrictions had some 
effect on the accuracy of the total irradiance fitting, with the 
error being inversely proportional to the amount of data avail- 
able toward local noon. The diffuse irradiance fitting is mostly 
affected when there is a lack of data for large solar zenith 
angles. 

In the automated routine, then, the only constraint applied 
for the first iteration is that the number of clear-sky measure- 
ments for a given day must exceed the set limit, in our case, 120 
points. The only purpose of the first iteration is to provide 
some actual clear-sky data for fitting. This first pass results in 
daily coefficients that are more representative of the actual 
data than the initial first guess coefficients. For the succeeding 
iterations, along with the minimum number requirement, the 
following constraints are applied based on the above fitting 
tests. 

1. For all but the last iteration, if the maximum clear mea- 
surement/•o does not fall above 80% of/•oon for a particular 
day, then the total shortwave a and b coefficients should be 
interpolated. In the final iteration, if 45% of the clear mea- 
surement /•o values do not fall above 60% of /•oon for a 
particular day, then the total shortwave a and b coefficients 
should be interpolated. Experience with the algorithm has 
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Figure 14. Diffuse irradiance difference (measured minus fitted) for September 29, 1997, for the nl.5h 
(thick gray line), n2.0h (thick black line), and ml.5h (thin black line) limited data test cases described in the 
text. Thin gray line is for the original fit. 
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Table 7. Absolute Differences Between the Daylight (Sunrise to Sunset) Average Shortwave Produced by Each Fitting 
Test, as Described in the Text, and the Daylight Average of the Actual Measurements on a Very Clear Day 
(September 29, 1997) at the ARM Site Near Lamont, Oklahoma 

Total SW Daylight Total Difference Percent Diffuse SW Daylight Diffuse Difference Percent 
Test Average Absolute of Daylight Average Average Absolute of Daylight Average 
Type Difference (485) Difference (41.5) 

Orig. 5.6 1.1 1.8 4.3 
80% 14.0 2.9 1.8 4.3 
60% 24.2 5.0 1.8 4.3 
>0.4 7.0 1.4 1.8 4.3 
m2.0h 32.1 6.6 1.9 4.5 
ml.5h 39.4 8.1 1.9 4.5 
n2.0h 11.6 2.4 4.6 11.2 
nl.5h 14.8 3.1 10.2 24.7 

Absolute differences are in Wm -2. Percentages represent the absolute differences divided by the measured daylight average for that quantity. 
Orig., original fit. 

shown that these conditions must be met to insure accurate 

total shortwave fitting near local solar noon when the clear 
irradiance is at its greatest magnitude. The combination of 
these requirements based on/•o and the minimum number of 
120 requirement ensures a wide enough range of solar zenith 
angle to eliminate poor morning and afternoon fitting as in test 
case nl.5h. 

2. If the minimum clear measurement /•o does not fall 
below 0.4, then the diffuse ratio b coefficient should be inter- 
polated, but the diffuse ratio a coefficient should be kept. 
Experience with the algorithm has shown that this condition 
must be met to insure accurate clear-sky diffuse ratio fitting at 
large solar zenith angles. However, the magnitude of the a 
coefficient is determined mostly at small solar zenith angles 
and thus does well represent the clear conditions, as illustrated 
in Figures 13 and 14. 

3. If the diffuse ratio b coefficient is less than -0.95, then 
the diffuse ratio b coefficient should likewise be interpolated, 
while the diffuse ratio a coefficient should be kept. Again, 
experience has shown that the a coefficient is likely to be 
accurate, but a b coefficient less than -0.95 produces a curve 
that has values too large at large solar zenith angles (small/•o) 
for accurate clear-sky measurements. Given the nominal accu- 
racy of pyranometers, small inaccuracies in the measurements 
produce large errors in the measured diffuse ratio at large 
solar zenith angles, where the magnitude of the irradiance is 
small. For clear sky detection only the variability of the diffuse 
ratio is tested, not the magnitude. This constraint, and the one 
following, help to account for measurement inaccuracies, 
which can also be due to calibration offsets, instrument cosine 
response, and inaccurate detector leveling. Figure 15 shows the 
measured diffuse ratio for the April 1, 1994, case and illus- 
trates this constraint using the retrieved diffuse ratio a coeffi- 
cient (0.1063) and a b coefficient of -0.95. Note the magnitude 
of the measured afternoon diffuse ratio, with values exceeding 
the theoretical maximum of 1.0 for/•o less than ---0.1. 

4. If the diffuse ratio b coefficient is greater than -0.4, 
then both the diffuse ratio a and b coefficients should be 

interpolated. In this case, experience has shown that both the 
a and b coefficients are likely to be inaccurate. A b coefficient 
greater than -0.4 produces a curve that is "too flat" for accu- 
rate clear-sky measurements and thus affects the accurate de- 
termination of the a coefficient. As in constraint 3 above, this 
constraint also helps account for measurement inaccuracies. 

This constraint is illustrated in Figure 15 using the retrieved 
diffuse ratio a coefficient (0.1063) and a b coefficient of -0.4. 

For 1-min data we recommend that between 11 and 21 

measurements be used for the running standard deviation of 
the normalized diffuse ratio. The time duration of this test 

needs to include a sufficient number of measurements to be 

statistically adequate, yet a longer duration average and stan- 
dard deviation severely limits detection of subtle changes be- 
cause of the presence of thin or few clouds. Our studies use a 
duration of 11 min and a standard deviation limit of 0.0012. 

The limit is affected by the noisiness and the temporal resolu- 
tion of the data. For a relatively noisy system the detection 
algorithm cannot distinguish between system noise and a small 
increase in standard deviation due to either the presence of a 
few small cumulus clouds or slight variations in a thin (perhaps 
subvisual) cirrus deck. (This noisiness can in part be due to 
sampling strategy, such as is noted by C. N. Long (unpublished 
internal report, 1996) for the SIROS system deployed at the 
ARM Southern Great Plains (SGP) Central Facility.) Al- 
though much of our data is of nominally low noise, the 0.0012 
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Fig, re 15. Illustration of the diffuse ratio b coefficient limits 
using data for April 1, 1994. Heavy black line represents b = 
-0.95, heavy gray line represents b = -0.4, and thin black 
line is the measured diffuse ratio. 
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limit also works with the greater level of noise associated with 
data from the ARM SIROS systems. 

The iterative process is graphically illustrated as a flowchart 
in Figure 16. The average b coefficients and normalized total 
shortwave limits given above are used in the first iteration to 
start the detection process. Subsequently, the b coefficients 
from the previous iteration are used for normalization, and the 
total shortwave a coefficients are used to set the normalized 

total shortwave limits. Data that pass the four tests for cloud- 
iness are labeled as clear and used for fitting, if there are 
sufficient number spanning a sufficient range of solar zenith 
angle. The resultant coefficients are tested using the subjective 
constraints based on experience presented above and then 
linearly interpolated for cloudy days. The final iteration uses 
/•o weighting to increase the accuracy of the fit for the portion 
of the day that is most important for that variable. Finally, 
clear-sky values are produced and compared to the measured 
values to calculate the effect of clouds. Figure 17 presents an 
outline that includes the suggested values and limits that we 
have found to work with all data tested, for both the initial and 
subsequent iterations of the algorithm. Figure 17 is presented, 
along with Figure 16, as a summary of the automation, clear 
identification, and empirical-fitting portions of this paper and 
as an aid in coding up the algorithm. 

7. Shortwave Cloud Effect Calculations 

Cloud effect is defined as the difference between the mea- 

sured downwelling irradiance and that expected for clear-sky 
conditions. Negative cloud effect values denote a decrease in 
irradiance at the surface due primarily to the presence of 
clouds, although other factors such as increased column water 
vapor amount or aerosol optical depth changes due to cloud 
scavenging may also contribute to the difference. Using the 
empirical fits from Tables 3 and 4, the downwelling shortwave 
cloud effect has been computed for the April 1994 and ARESE 
experiments. Figure 18 shows the daily (24 hour) average cloud 
effect results for April 1994, using interpolated coefficients. 
Days with the largest negative total shortwave cloud effect 
(April 5, 10, and 29) also exhibit slightly negative cloud effect 
in the diffuse irradiance as well. The daily average total short- 
wave irradiance shows that these days were heavily overcast. 
On all other days the decrease in shortwave irradiance at the 
surface is due to attenuation of the direct shortwave compo- 
nent alone, which is partially compensated for by an increase in 
the diffuse irradiance. This increase in the diffuse irradiance is 

the source of cloud effect values greater than clear-sky 
amounts when the direct component is not blocked by the 
clouds under partly cloudy skies. Studies have shown that un- 
der certain circumstances this positive cloud forcing can con- 
tribute significantly to the surface shortwave energy budget 
[Seagal and Davis, 1992; Long, 1996]. For the April 1994 ex- 
periment the monthly cloud effect averages are -135 and 40 
Wm -2 for the direct and diffuse shortwave, respectively, which 
together give a total shortwave cloud effect of -95 Wm -2. 

For the ARESE experiment, cloud effect values can be com- 
puted for each of the three different radiometer sets. Instru- 
ment intercalibration offsets and the replacement of the BSRN 
radiometers during this period produced standard deviations 
(from an x - y line) between the SIROS and BSRN systems 
of up to 29 Wm -2 for the clear-sky total shortwave 1-min data. 
For cloudy periods the standard deviations increased to 57 
Wm -2 for the 1-min data, primarily because of differences in 
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Figure 16. Flowchart for the automated clear-sky identifica- 
tion and fitting algorithm. NSW, normalized total shortwave 
irradiance; dif SW, diffuse shortwave irradiance; del TSW, 
change in total shortwave irradiance; NDR, normalized diffuse 
ratio; Clr SW, clear-sky shortwave irradiance; cld effect, down- 
welling shortwave cloud effect. 

data sampling rate. The total shortwave standard deviation 
from x = y for both clear and cloudy sky converges to a value 
of -20 Wm -2 with averaging of 30 min or longer (C. N. Long, 
unpublished internal report, 1996). Despite these differences 
the detection method and fitting algorithm produce very sim- 
ilar cloud effect results for all three systems (Figure 19). For 
the daily averages the standard deviations from perfect agree- 
ment between RSR and SIROS (4.0 Wm-2), RSR and BSRN 
(6.7 Wm-2), and SIROS and BSRN (5.1 Wm -2) are less than 
the calibration offsets. This is not surprising since the clear-sky 
irradiance is a fit to the clear-sky measurements of each sys- 
tem, which include the system characteristics. Since the cloud 
effect is the difference between measured and clear irradiance, 
it makes intuitive sense that using fitted clear-sky irradiance 
results in a portion of the offset being subtracted out. Using 
only the days when all three systems were on line, the monthly 
average cloud effect values are -15, -18, and -19 Wm -2, for 
the RSR, SIROS, and BSRN systems, respectively. These val- 
ues are in good agreement and are also quite small, indicating 
the decided lack of clouds, and associated drought, during 
October 1995 in Oklahoma. 

Figure 20 shows a comparison of BSRN to SIROS and Solar 
Infrared Radiation Station (SIRS) 15-min averages of total 
shortwave irradiance measurements spanning roughly 1 year 
for each (SIROS from October 1, 1996, to August 24, 1997, 
and SIRS from September 4, 1997, to September 10, 1998). 
The BSRN and SIRS systems show good agreement, with a 
standard deviation from x = y of-9 Wm -2. There is a bias 
exhibited between the BSRN and SIROS measurements, pro- 
ducing a standard deviation from x = y of -21 Wm -2. Figure 
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I) Clear Sky Detection Tests 
a) Normalized total shortwave (NSW) limits test 

1) Initial pass through data 
i) NSW normalization coefficient (b in Equation 

(1)) set to 1.2 
ii) NSW Maximum limit set to 1250 Wm '2 
iii) NSW Minimum limit set to 1000 Wm '2 for go > 

0.2 

iv) NSW Minimum limit set to 900 Wm '2 for go < 
0.2 

2) Middle iterations 
i) NSW normalization coefficient (b in Equation 

(1)) from previous iteration 
ii) NSW max/min limits set to previous iteration a 

coefficient + 150 Wm '2 
3) Final iteration 

i) NSW normalization coefficient (b in Equation 
(1)) from previous iteration 

ii) NSW max/min limits set to previous iteration a 
coefficient + 100 Wm '2 

b) Maximum Diffuse Limit Test 
1) All iterations 

i) Limit constant (D,,•x in Equation (2)) set to 
between 150 and 200 W m '2 

c) Change in irradiance with time test 
1) All iterations 

i) Maximum Limit constant (C in Equation (4)) set 
to 2.0 Wm '2 

ii) Minimum Limit set as described in Equation (5) 
d) Normalized diffuse ratio (NDR) variability test 

1) Initial pass through data 
i) NDR normalization coefficient (b in Equation 

(6)) set to -0.8 
2) All subsequent iterations 

i) NDR normalization coefficient (b in Equation 
(6)) from previous iteration 

3) For ALL iterations, calculate an 11-min running 
mean and standard deviation from the mean (for 
1-min data) of the NDR 

4) For ALL iterations, set the limit of allowable 
standard deviations calculated in 3) between 
0.001 and 0.0015 

Figure 17. 

II) Empirical Fitting (using MEDFIT routine from Press et al. 
[1986]) 

a) Fit only days that have at least 100 to 120 one-minute 
data identified as clear 

1) NOTE: This is the ONLY constraint applied in 
actually generating fit coefficients during each 
iteration. After daily coefficients are generated, 
then they are examined as part of the interpolation 
process. Whether a given coefficient is used or not 
is determined according to the rules below. 

III) Coefficient Interpolation for Cloudy Days 
a) The coefficients generated for days that had 100- 

120 clear measurements are examined, and the 
following constraints are applied: 

1) Clear sky total shortwave coefficients 
i) For ALL BUT the last iteration, if the maximum 

clear go is not >80% of •,ooo, then DO NOT 
use this day's total shortwave a and b 
coefficients, but replace them with interpolated 
coefficients. DO use the diffuse ratio a and b 
coefficients. 

ii) For the LAST iteration, if 45% of the clear go 
values are not >60% of •,oo,, then DO NOT 
use this day's total shortwave a and b 
coefficients, but replace them with interpolated 
coefficients. DO use the diffuse ratio a and b 
coefficients. 

2) Clear sky diffuse ratio coefficients (ALL iterations) 
i) If the minimum clear go is not <0.4, then DO 

NOT use this day's diffuse ratio b coefficient, 
but replace it with an interpolated coefficient. 
DO use the diffuse ratio a coefficient, and the 
total-shortwave a and b coefficients. 

ii) If the diffuse ratio b coefficient is < -0.95, then 
DO NOT use this day's diffuse ratio b 
coefficient, but replace it with an interpolated 
coefficient. DO use the diffuse ratio a 

coefficient, and the total shortwave a and b 
coefficients. 

iii) If the diffuse ratio b coefficient is > -0.4, then 
DO NOT use this day's diffuse ratio a and b 
coefficients, but replace them with interpolated 
coefficients. DO use the total shortwave a and 
b coefficients. 

Outline of the clear detection, empirical-fitting, and coefficient interpolation limits and tests. 

21 shows the comparison of the total shortwave cloud effect 
calculations corresponding to the data in Figure 20. In the 
BSRN-SIRS case the standard deviation from x = y of the 
cloud effect calculations remains about the same as that for the 

measurement comparison, 9 Wm -2. For the BSRN-SIROS 
comparison, however, the standard deviation from x = y has 
decreased to 14 Wm -2, or by -33%, though there is still a bias 
exhibited between the two for large negative cloud effect val- 
ues. Another means of comparing the measurement and cloud 
effect differences is to take the absolute difference between the 

measurements or cloud effect and divide by the corresponding 
BSRN estimated clear-sky total irradiance. For the BSRN- 
SIRS comparison the measurement difference is on average 
-0.8% of the clear-sky total irradiance, and the cloud effect 
difference is again about the same (0.9%). For the BSRN- 
SIROS comparison, however, the cloud effect difference is on 
average -1.8% of the corresponding clear-sky irradiance, 
compared to a 2.9% average of the measurement differences 
themselves. Thus, while not all, it appears that at least some of 
the uncertainty is removed. 

One might argue that the decrease in cloud effect irradiance 
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Figure 18. Daily average total (circle) and diffuse (diamond) 
shortwave cloud effect for April 1994. Crosses denote the total 
downwelling shortwave irradiance daily average. Note that 
April 27 is excluded because of missing data. 
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differences in the above comparisons might be due to a de- 
crease in magnitude of the numbers being compared, which to 
some extent is true. We can eliminate the magnitude from 
consideration if we compare the cloud effect ratio, i.e., the 
ratio of the measured to fitted clear-sky irradiance for each 
system. If the uncertainty is not decreased in the cloud effect 
calculations, then there will be significantly larger differences 
between a BSRN-SIROS comparison of cloud effect ratio than 
for a BSRN-SIRS comparison, given the demonstrated bias in 
irradiance measurements. For the two comparison periods, 
however, the average and standard deviation of the cloud ef- 
fect ratios are nearly identical. The BSRN average and stan- 
dard deviation of cloud effect ratio, from 1-min data, are 
0.7516 and 0.3269, respectively, for the BSRN-SIRS compari- 
son. The corresponding SIRS average and standard deviation 
are 0.7536 and 0.3259, respectively, showing good agreement. 
The BSRN average and standard deviation of cloud effect 
ratio, from 1-min data, are 0.7470 and 0.3216, respectively, for 
the •l<:'•-•uiu• comparison. The corresponding SiROS av- 
erage and standard deviation are 0.7468 and 0.3197, respec- 
tively, showing virtually the same agreement as the BSRN- 
SIRS comparison. In both cases the difference in the averages 
between BSRN and the other system is <0.3% of the BSRN 
average. 

Our shortwave cloud effect values for the four months of 

PROBE are given in Table 5 and compared with those ob- 
tained using the Waliser et al. [1996] polynomial fit. Both fits 
give the same average value of -102 Wm -2 for the period. 
These estimates are only slightly less than the -108 Wm -2 for 
Kavieng using model-calculated clear-sky shortwave from Long 
[1996], with similar standard deviations of the daily averages 
(Table 5). The individual daily average values of shortwave 
cloud effect also show good agreement with model values at 
Kavieng [from Long, 1996]. For each day the model value is 
slightly greater than the clear-sky fit estimates but well within 
the estimated uncertainty. 

8. Summary 
We have developed a method that identifies clear-sky peri- 

ods, for a 160 ø field of view, using only 1-min measurements of 
the downwelling total and diffuse shortwave irradiance. This 
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Figure 20. Comparison of BSRN to SIROS (black points) 
and SIRS (gray points) 15-min averages of total shortwave 
irradiance manm]rarne. ntq .qn:•nnino rm]ohlv 1 year for each r ......... • .... c::•---d - 

from the ARM site near Lamont, Oklahoma. 

detection method uses the known characteristics of shortwave 

irradiance time series to perform a series of tests that eliminate 
cloudy measurements from the data. A limitation of the 
method for daily estimates is the need for a statistically signif- 
icant number of clear-sky measurements over a sufficient range 
of zenith angle during a diurnal cycle. The method has been 
verified using cloud fraction values and images obtained by the 
WSI, observer reports, and time series of lidar measurements 
during the ARM April 1994 experiment. In addition, the de- 
tection method has been tested using data from the tropical 
western Pacific. Comparison between measurements identified 
as clear sky and clear-sky model calculations shows that the 
agreement in the tropical regime is within the accuracy of the 
model and the pyranometer measurements. This suggests that 
the clear-sky identification method works even in a complex, 
persistently cloudy environment. 

The identified clear-sky measurements are used to fit clear- 
sky irradiance functions. Where possible, daily regression co- 
efficients are determined for clear days and linearly interpo- 
lated for cloudy days. Our studies have shown that both the 
actual and interpolated clear-sky fits produce estimated clear- 
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Figure 19. Daily average downwelling shortwave cloud effect 
for October 1995 derived from Pennsylvania State University 
rotating shading-arm radiometer (RSR) (open circles), ARM 
SIROS (diamonds), and BSRN (triangles) data. 
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Figure 21. Comparison of BSRN to SIROS (black points) 
and SIRS (gray points) 15-min averages of total shortwave 
cloud effect calculations corresponding to the data in Figure 20. 
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sky irradiances with RMS uncertainty comparable to the un- 
certainty of the measurements themselves. While the esti- 
mated clear-sky irradiance produced by the algorithm naturally 
includes the instrument uncertainty, using the estimated clear- 
sky irradiance to calculate cloud effect appears to decrease the 
uncertainty (in the cloud effect calculations themselves) 
caused by instrument calibration offsets and cosine response 
characteristics. The identification and fitting process has been 
automated by utilizing successive iterations to refine the coef- 
ficients until convergence is reached. Test data sets from ARM 
data and our resultant clear-sky detection and cloud effect 
calculations, and a FORTRAN77 code of the algorithm, are 
available by contacting the corresponding author. 

Research currently in progress includes adaptation of the 
technique to longer time average data and data that includes 
indices of variability for the measurements. For instance, the 
NOAA/ARL Surface Radiation (SURFRAD) Network logs 
data as 3-min averages of 1-s samples, along with the sample 
standard deviation for each average. Preliminary studies indi- 
cate that the inclusion of the standard deviations greatly en- 
hances the ability to detect thin or few clouds. Generally, 
clouds affect the downwelling shortwave irradiance compo- 
nents on timescales approaching a few seconds. Since the most 
sensitive means of detecting clear sky are based on variability 
through time, inclusion of variability statistics in the data de- 
creases the number of iterations necessary to reach coefficient 
convergence. Thus the detection and fitting process becomes 
both more computationally efficient and more accurate. One 
of the primary reasons for increased temporal resolution for 
irradiance data is to include small-temporal-scale variability. 
The desire for high temporal resolution must operationally be 
tempered by system data storage capabilities, which include 
the storage capacity of on-site data loggers. Our preliminary 
SURFRAD results indicate that perhaps decreasing the tem- 
poral resolution of the data but including variability statistics, 
such as the sample standard deviation, is in practice a more 
useful compromise. 

Recently, O'Malley and Duchon [1996] used the time series 
of total shortwave irradiance to categorize cloud type. The 
sensitivity of the diffuse ratio to the presence of clouds greatly 
enhances the possibility of determining the fractional cloud 
coverage and cloud type by similar methods. Currently, re- 
search is underway to use the clear-sky and measured diffuse 
ratio time series, as well as the clear and measured irradiance 
components, to estimate cloud fractions and cloud type from 
diffuse and total shortwave data. 
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