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Abstract: Estimates of solar irradiance at the earth’s surface from satellite observations are useful
for planning both the deployment of distributed photovoltaic systems and their integration into
electricity grids. In order to use surface solar irradiance from satellites for these purposes, validation
of its accuracy against ground observations is needed. In this study, satellite estimates of surface
solar irradiance from Geostationary Operational Environmental Satellite (GOES) are compared with
ground observations at two sites, namely the main campus of the University of Texas at San Antonio
(UTSA) and the Alamo Solar Farm of San Antonio (ASF). The comparisons are done mostly on an
hourly timescale, under different cloud conditions classified by cloud types and cloud layers, and at
different solar zenith angle intervals. It is found that satellite estimates and ground observations of
surface solar irradiance are significantly correlated (p < 0.05) under all sky conditions (r: 0.80 and 0.87
on an hourly timescale and 0.94 and 0.91 on a daily timescale, respectively for the UTSA and ASF
sites); on the hourly timescale, the correlations are 0.77 and 0.86 under clear-sky conditions, and 0.74
and 0.84 under cloudy conditions, respectively for the UTSA and ASF sites, and mostly >0.60 under
different cloud types and layers for both sites. The correlations under cloudy-sky conditions are
mostly stronger than those under clear-sky conditions at different solar zenith angles. The correlation
coefficients are mostly the smallest with solar zenith angle in the range of 75–90◦ under all sky,
clear-sky and cloudy-sky conditions. At the ASF site, the overall bias of GOES surface solar irradiance
is small (+1.77 Wm−2) under all sky while relatively larger under clear-sky (−22.29 Wm−2) and
cloudy-sky (+40.31 Wm−2) conditions. The overall good agreement of the satellite estimates with the
ground observations underscores the usefulness of the GOES surface solar irradiance estimates for
solar energy studies in the San Antonio area.

Keywords: surface solar irradiance; downward shortwave radiation; global horizontal irradiance;
cloud category; correlation analysis

1. Introduction

Solar irradiance is the solar power per unit area (Wm−2) received from the Sun in the form of
shortwave electromagnetic radiation. Because it is an abundant source of green energy, solar irradiance
has a great potential for various types of applications in the near future including water treatment
plants [1,2], water supply and sanitation [3,4], environmental protection [5–7], and as an alternative to
fossil fuel energy generation [8,9]. For developing these applications, worldwide accurate measurement
of solar irradiance and of its variability over space and time are needed. Due to its global coverage,

Remote Sens. 2017, 9, 1268; doi:10.3390/rs9121268 www.mdpi.com/journal/remotesensing

http://www.mdpi.com/journal/remotesensing
http://www.mdpi.com
https://orcid.org/0000-0003-3516-1210
http://dx.doi.org/10.3390/rs9121268
http://www.mdpi.com/journal/remotesensing


Remote Sens. 2017, 9, 1268 2 of 15

satellite estimates of solar irradiance offer obvious advantages over in situ measurements. Nevertheless,
the quality of satellite estimates still need to be ground-truthed with direct in situ measurements.

Since January 1996, the National Oceanic and Atmospheric Administration (NOAA)/National
Environmental Satellite, Data, and Information Service (NESDIS) has retrieved parameters for
evaluating the surface shortwave radiation balance from the Geostationary Operational Environmental
Satellite system (GOES) in real time [10,11]. These satellite observations have allowed the
implementation of radiative transfer models for solar radiation. Validation of the GOES-derived
satellite surface solar irradiance (Gs), estimated from these types of models, with ground measured
global horizontal irradiance (Gg) has been conducted by many previous studies [12–18]. For example,
Pinker et al. [13] compared Gs, retrieved from the GOES Surface and Insolation Products (GSIP),
and Gg from about 50 stations and found the correlation coefficients between them on different
timescales were all greater than 0.90, with a bias and RMSE (root mean squared error) of −36–5 Wm−2

and 87–104 Wm−2 on an hourly timescale, −11–8 Wm−2 and 22–29 Wm−2 on a daily timescale,
and −11–8 Wm−2 and 14–19 Wm−2 on a monthly timescale, respectively. Otkin et al. [16] found
that the correlation coefficient for the seasonal comparison of Gs retrieved from a physical model
and Gg on different timescales at 11 sites was also high (0.95), with a bias of 8 Wm−2 (GOES_E)
and −9 Wm−2 (GOES_W) and RMSE of 63 Wm−2 on an hourly timescale, and the bias of 4 Wm−2

(GOES_E) and −17 Wm−2 (GOES_W) and RMSE of 16 Wm−2 on the daily timescale.
All the above-mentioned studies have showed that there is overall good agreements between

Gs and Gg under all sky conditions, with RMSE and bias mostly in the ranges of 63–104 Wm−2

and −36–5 Wm−2 on an hourly timescale and 15–49 Wm−2 and −11–8 Wm−2 on a daily timescale,
respectively. None of the cited studies, however, has examined the cloud effect on the surface solar
irradiance mapping from GOES satellites. The only study that considered the cloud effect was the one
by Habte et al. [17] that compared Gs and Gg under clear-sky and cloudy-sky conditions on an hourly
timescale and found (1) better correlation under clear-sky conditions than that under cloudy-sky
conditions and (2) that Gs is biased higher (overestimation) under clear-sky conditions than under
cloudy-sky conditions, especially at low solar zenith angles.

Although many factors (such as aerosol, water vapor and ozone) could attenuate the solar
radiation reaching the Earth’s surface, clouds are considered as the primary effect [19–21] and their
attenuation is much larger than that of the atmosphere. Therefore, the objective of this work is to
explore the correlation between Gs and Gg on hourly (and daily) timescales, under different cloud
conditions in terms of cloud types and cloud layers, and at different solar zenith angle intervals.
The ultimate goal is to determine if real time satellite estimates are reliable and acceptable for future
solar forecasting and mapping.

2. Data

The radiation hitting the surface of the earth can be represented in a number of different ways.
In this paper, we focus on global horizontal irradiance (G) which is the amount of shortwave radiation
received from above (downwelling) by a surface horizontal to the ground and includes both direct
normal irradiance and diffuse horizontal irradiance. The observational data of G comes from satellite
estimates (Gs) and ground direct measurements (Gg).

2.1. Satellite Estimates

For GSIP, the physical radiative transfer model of Pinker and Ewing [12] was modified and
expanded by Pinker and Laszlo [22,23] to derive estimates of Gs in the 0.2–4.0 µm spectral range from
GOES satellite observations. Reflectivity (R), transmissivity (T), and absorptivity of the atmosphere can
be determined, respectively, by optical depth, single-scattering albedo, and phase function/asymmetry
parameter recovered from geostationary satellite data. The method is based on relating T to R, which
describe the radiative state of the atmosphere and that of the surface. Once the relationship T = f(R) is
known, T can be determined from satellite observations of top-of-the-atmosphere (TOA) reflectivity
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R. The downwelling radiation at the Earth’s surface can be computed if T is known. This model
accounts for solar zenith angle, absorption by ozone and water vapor, multiple scattering by molecules,
multiple scattering and absorption by aerosols and cloud droplets and multiple reflection between the
atmosphere and the surface. The information of these input atmosphere and surface parameters are
from the NOAA National Centers for Environmental Prediction (NCEP) at NESDIS in real time [24–27].
The surface albedo is calculated from the observed “clearest” shortwave TOA albedo over a number of
days and then corrected for Rayleigh scattering, aerosol extinction, and absorption by ozone and water
vapor. The aerosols come from Standard Radiation Atmospheres, clouds from Stephens et al. [28],
ozone is obtained from the McClatchy atmospheres, and water vapor from the NCEP Eta model.
A large number of radiative transfer computations should be conducted to determine T = f(R) for all
possible realistic combinations of all parameters [22,23]. These computations applied to GOES were
described in detail in Pinker et al. [10,13]. Laszlo et al. [11] gave an overview of remote sensing of
shortwave radiation budget retrieved from the GOES series. Satellite solar irradiance (Gs) at the earth’s
surface is related to that at the top of the atmosphere (Gtop) as follows:

Gs = T × Gtop, (1)

where T is primarily determined by the composition of the atmosphere, the length of the path that
solar radiation travels through the atmosphere, and the albedo of the Earth’s surface [13].

The Gs, cloud type, and cloud layer data used in this study come from the NOAA GOES Surface
and Insolation Products (GSIP) based on the visible and infrared channels of GOES satellites (GOES East
and GOES West), 45 min after the hour and on the hour during daytime [29]. The identification of
cloud types and layers (Table 1) is based on the work of Pavolonis et al. [30]. The resolution of the
GSIP products in San Antonio is about 2.3 km in longitude × 4.9 km in latitude (i.e., about 11 km2).

Table 1. GOES surface and insolation products cloud categories adapted from [31].

Cloud Category Classified ID Description

Cloud type

0 Clear
1 partly (partly cloudy/fog)
2 water(water cloud)
3 mixed (supercooled/mixed-phase cloud)
4 glaciated (optically thick ice cloud)
5 cirrus (optically thin ice cloud)
6 multi-layered(cirrus over lower cloud)

Cloud layer
1 low (0–2 km)
2 mid (2–7 km)
3 high (5–13 km)

2.2. Ground Observations

In situ measurements of Gg at the main campus of the University of Texas at San Antonio (UTSA)
and the Alamo Solar Farm of San Antonio (ASF), Texas (Figure 1) are used to compare with Gs. At the
UTSA site (29.5833◦N, 98.6199◦W), Gg was recorded at 5 min resolution from 1 May to 25 October 2015
by a horizontally installed LI-200R pyranometer with a typical uncertainty of 3%, including direct
and diffuse solar radiation in the 0.4–1.1 µm spectral range. At the ASF site (29.7010◦N, 98.4432◦W),
Gg was recorded at irregular time intervals with a sampling distribution having a mean of 0.16 min
and standard deviation of 0.23 min from 1 July to 30 September 2014 and 22 September, 2015 to
18 October 2016. The instrument used was a horizontally installed CMP11_L pyranometer with an
uncertainty of <2% and spectral range of 0.285–2.8 µm. The number of observations is 3265 and 9840
for the UTSA and ASF sites, respectively. The sampling intervals of both ground-based pyranometers
are thus significantly finer than that of the satellite’s sensor. The accuracy of the radiative model and
pyranometers degrades rapidly at larger zenith angles, especially near the horizon [32].
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Figure 1. Map of the state of Texas showing the locations of the City of San Antonio (left panel) and 
of the in situ measurement sites, UTSA and ASF, relative to main roads in the San Antonio Area (right 
panel). 
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conditions (clear, partly cloudy, water, mixed, glaciated, cirrus, and multilayered) in three layers 
classified by altitude (low, mid and high) at UTSA and ASF sites. Overall, the clear-sky condition is 
the most frequent sky condition at both sites (~66% and ~62%, respectively), followed by water clouds 
(~13% and ~14%) and cirrus clouds (~12% and ~15%). At the low cloud layer, water clouds occur most 
frequently (~7% and ~10%). At the mid cloud layer, both water (~5% and ~4%) and cirrus clouds (~4% 
and ~5%) are the most frequently occurring. At the high cloud layer, cirrus clouds lead the frequency 
of occurrence at both sites (~6% and ~7%). 

Figure 1. Map of the state of Texas showing the locations of the City of San Antonio (left panel) and of the
in situ measurement sites, UTSA and ASF, relative to main roads in the San Antonio Area (right panel).

3. Method

Comparisons between collocated estimates of Gs and Gg are performed on hourly and daily
timescales, for clear-sky and cloudy sky conditions, and at different solar zenith angles. The statistical
measures used to describe comparisons are correlation coefficient (r), simple differences (e), bias, root
mean square error (RMSE), and relative RMSE in percentage (%RMSE) as follows

e = Gs − Gg (2)

bias = ∑ e
n

(3)

RMSE =

√
∑ (e2)

n
(4)

%RMSE =
RMSE

∑ Gg
n

× 100 (5)

where Gs and Gg denote the satellite estimates and ground measurements of G, respectively, and n is
the number of collocated samples, following Mellit and Pavan [33] and Lave et al. [29].

4. Results

4.1. Descriptive Statistics of Cloud Occurrence and Surface Solar Irradiance

Table 2 shows the number of observations and percentage of occurrences for various sky
conditions (clear, partly cloudy, water, mixed, glaciated, cirrus, and multilayered) in three layers
classified by altitude (low, mid and high) at UTSA and ASF sites. Overall, the clear-sky condition
is the most frequent sky condition at both sites (~66% and ~62%, respectively), followed by water
clouds (~13% and ~14%) and cirrus clouds (~12% and ~15%). At the low cloud layer, water clouds
occur most frequently (~7% and ~10%). At the mid cloud layer, both water (~5% and ~4%) and cirrus
clouds (~4% and ~5%) are the most frequently occurring. At the high cloud layer, cirrus clouds lead
the frequency of occurrence at both sites (~6% and ~7%).
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Table 2. The number and percentages of occurrence of clear-sky and cloudy-sky conditions
from GOES products at UTSA (1 May–25 October 2015) and ASF (July–September 2014 and
22 September 2015–18 October 2016) sites.

Clear/Cloudy
UTSA ASF

N Percentage (%) N Percentage (%)

clear (0) 2153 65.94 6057 61.50

low

partly (1) 37 1.13 121 1.23
water (2) 242 7.41 941 9.56
mixed (3) 19 0.19
cirrus (5) 91 2.69 348 3.54

mid

partly (1) 20 0.61 67 0.68
water (2) 167 5.11 435 4.42
mixed (3) 56 1.72 223 2.26
cirrus (5) 119 3.65 466 4.74

high

partly (1) 7 0.22 20 0.20
water (2) 3 0.09 2 0.02
mixed (3) 324 0.98 156 1.59

glaciated (4) 62 1.90 120 1.22
cirrus (5) 197 6.03 669 6.80

multilayered (6) 79 2.42 197 2.00

Figure 2 shows mean hourly surface solar irradiance (Gs and Gg) at both sites for both clear-sky
and cloudy-sky conditions. Under clear-sky conditions, it is found that Gs is larger than Gg at the
UTSA site but the opposite is generally true at the ASF site. It is also found that Gs and Gg increase
with decreasing solar zenith angle (before solar noon) and decrease with increasing solar zenith angle
(after solar noon), at both sites. As expected, G for clear-sky conditions is higher than that for any
cloudy condition and depends only on aerosol optical depth, amount of water vapor, amount of ozone,
illumination geometry, and surface albedo.

Under cloudy-sky conditions, G is high with water clouds, followed by mixed-phase and cirrus
clouds at both sites. For most cloud types, Gs is larger than Gg at both sites. Partly cloudy mainly
occurs at the low layer and is thicker than high clouds, thus reflecting more radiation back to space.
Water clouds are composed of liquid water drops. They are the dominant absorbers of infrared
radiation [34,35]. It is the same for mixed phase clouds, which is composed of supercooled water
droplets or both ice and supercooled water [36]. Both the Gs and Gg are low for glaciated clouds. It is
because glaciated clouds are entirely composed of ice crystals or opaque clouds with glaciated tops
that are constantly with deep convection [37]. They are non-transmissive clouds thus they do not allow
as much solar energy to reach the earth’s surface. Instead, they reflect much of the solar energy back to
space [38]. It is the same for multilayered clouds. Cirrus clouds are high, thin clouds. They act in a
similar way to clear sky because they are highly transparent to shortwave radiation, therefore Gs and
Gg under cirrus clouds are relatively high [39].
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Figure 2. Mean hourly surface solar irradiance Gs (red solid) and Gg (blue dash) and total number
of pairs (black dash) plotted against the time of day (hours) for clear-sky and cloudy-sky conditions,
during the respective time periods: 1 May–25 October 2015 at the UTSA site (left two panels) and
July–September 2014 and 22 September 2015–18 October 2016 at the ASF site (right two panels).

4.2. Comparison of Gs and Gg on Hourly and Daily Timescales under All Sky Conditions

Comparisons of Gs derived from GOES East and GOES West imagery with Gg from the two
sites at hourly and daily timescales are presented in Figure 3. On an hourly timescale, the correlation
coefficients between Gs and Gg are 0.80 and 0.87, with biases of 58.99 and 1.77 Wm−2, RMSE of 192.49
and 144.89 Wm−2, and %RMSE of 40.86% and 29.04%, at UTSA and ASF, respectively. On a daily
timescale, the correlation coefficients between Gs and Gg are 0.94 and 0.91 with slightly reduced biases
of 58.77 and 2.77 Wm−2, significantly reduced RMSE of 78.17 and 74.00 Wm−2, and reduced %RMSE
of 16.70% and 15.08% at the two sites, all better than those on the hourly scale. This means that
daily averaging could reduce the biases and cancel out the random errors which could contribute to
the discrepancies, as compared with those on the hourly timescale. Absolute values of bias, RMSE
and %RMSE are lower at the ASF site than those at the UTSA site. Overall, as compared with Gg,
satellite-derived Gs tends to be higher when G is low and lower when G is high.
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On an hourly basis, Gs and Gg are compared separately for clear-sky and cloudy-sky conditions 
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conditions at both sites. As noted before, Gs appears to lie above the 1:1 line when G is low and lie 
below the line when G is high, which indicates that Gs often overestimates when G is low and 
underestimates when G is high. As can be seen from the histograms, solar irradiance under clear-sky 
conditions falls in the whole range of 0–1200 Wm−2 with peaks falling between 800 to 1000 Wm−2, 
while under cloudy-sky condition it mainly falls in the lower ranges, which indicate that clouds 
attenuate solar radiation reaching the surface of the Earth. Therefore, the frequency counts of Gs and 
Gg for cloudy-sky conditions are higher in the lower range of solar irradiance than in the higher range. 
Also, the biases at the ASF site are smaller than those at the UTSA site. They are negative under clear-
sky conditions and positive under cloudy-conditions at the ASF site. 

Figure 3. Scatter plots showing the correlation of Gs versus Gg on hourly and daily timescales for all-sky
conditions at UTSA (left panel) and ASF (right panel) with the corresponding statistical parameters, r,
bias, RMSE, %RMSE and N (number of observation pairs). The units of bias and RMSE are in Wm−2.
The red-dash lines indicate the one-to-one lines.

4.3. Comparison of Gs and Gg on an Hourly Timescale under Clear-Sky and Cloudy-Sky Conditions

On an hourly basis, Gs and Gg are compared separately for clear-sky and cloudy-sky conditions in
Figure 4. It is interesting to see that, by separating clear-sky from cloudy-sky conditions, the correlation
coefficients between Gs and Gg slightly decrease to, respectively, 0.77 and 0.86 for clear-sky condition
and 0.74 and 0.84 for cloudy-sky conditions on an hourly timescale at UTSA and ASF. As expected, the
comparisons show higher scatter for cloudy-sky conditions than for clear-sky conditions at both sites.
As noted before, Gs appears to lie above the 1:1 line when G is low and lie below the line when G is
high, which indicates that Gs often overestimates when G is low and underestimates when G is high.
As can be seen from the histograms, solar irradiance under clear-sky conditions falls in the whole range
of 0–1200 Wm−2 with peaks falling between 800 to 1000 Wm−2, while under cloudy-sky condition
it mainly falls in the lower ranges, which indicate that clouds attenuate solar radiation reaching the
surface of the Earth. Therefore, the frequency counts of Gs and Gg for cloudy-sky conditions are higher
in the lower range of solar irradiance than in the higher range. Also, the biases at the ASF site are
smaller than those at the UTSA site. They are negative under clear-sky conditions and positive under
cloudy-conditions at the ASF site.
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layers, are all higher than 0.60 with the bias absolute values being lowest for the low cloud layer and 
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Figure 4. Scatter plots showing the correlation of hourly Gs versus Gg for clear-sky and cloudy-sky
conditions at UTSA (upper two panels) and ASF (bottom two panels). The corresponding histograms
of Gs versus Gg are shown in the right panel with the red indicating Gs and the blue indicating Gg.

4.4. Comparison of Gs and Gg on an Hourly Timescale under Different Cloud Types and Layers

Figure 5 shows that the correlations between Gs and Gg under different cloud types are ~0.6 or
greater except for the multilayered cloud type at the ASF site. The absolute values of the bias is smallest
for the partly cloudy type at the UTSA site and the water cloud type at the ASF site, and highest for
glaciated clouds at both sites. RMSE is highest for water cloud type at both sites and lowest for the
multilayered cloud type at the UTSA site and the mixed cloud type at ASF site.

Figure 6 shows that the correlation coefficients between Gs and Gg at low, mid and high cloud
layers, are all higher than 0.60 with the bias absolute values being lowest for the low cloud layer and
highest for the high cloud layer. RMSEs are lowest for the high cloud layer and highest for the mid
cloud layer. As always, the absolute value of biases and RMSEs are mostly smaller at the ASF site than
those at the UTSA site, while the opposite is true for the correlation coefficients.
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Figure 6. Scatter plots showing the correlation of Gs versus Gg for the three cloud layers (low, mid,
and high) at UTSA (left panel) and ASF (right panel).



Remote Sens. 2017, 9, 1268 10 of 15

4.5. Comparison of Gs and Gg on an Hourly Timescale Under Different Solar Zenith Angles

Based on the availability of Gs in the GSIP product and Gg, the solar zenith angle ranges from
6.20◦ to 89.80◦ at the UTSA site and ranges from 6.19◦ to 83.52◦ at the ASF site. Figure 7 shows the
comparison between Gs and Gg under all sky conditions on an hourly scale and for the following six
intervals of the solar zenith angle: 0–15◦, 15–30◦, 30–45◦, 45–60◦, 60–75◦, and 75–90◦. As seen from
these comparisons, the correlation coefficients are smallest with solar zenith angles in the range of
75–90◦ at both sites. Again, the absolute values of biases and RMSEs are mostly smaller at the ASF site
as compared to the corresponding one at the UTSA site, and the biases are all positive at the UTSA site
while they are negative with solar zenith angles in the range of 0–45◦ at the ASF site.

Figures 8 and 9 show the correlations between Gs and Gg at five intervals of solar zenith angles
under clear-sky and cloudy-sky conditions at the two sites. The correlation coefficients are always
greater under cloud-sky conditions than the corresponding ones under clear-sky conditions, except at
the solar zenith angle of 60–75◦ at both sites (0.75 and 0.66 under clear-sky conditions versus 0.71 and
0.64 under cloudy-sky conditions). Contrary to expectation, overall the correlation coefficients increase
with the increasing solar zenith angle under clear-sky conditions except for 75–90◦, which might be
caused by the misspecification of aerosol optical depth and surface albedo in the GSIP algorithm and
deserves further examinations [18].
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5. Discussion

This study compares the Gs and Gg mainly on the hourly timescale, under clear and various
cloudy-sky conditions, at different solar zenith angles, and at two different sites in San Antonio,
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Texas, USA. Due to the difference in spectral range and the pyranometer calibrations at the two sites
(0.4–1.1 µm at the UTSA site and 0.285–2.8 µm at the ASF site), a bias could be induced in Gg. The larger
errors found in the comparison at the UTSA site could be explained by the spectral range at the UTSA
site pyranometer being less than that at the ASF site and the potentially improper calibration of the
pyranometer at the UTSA site. The Gg at the UTSA site is always relatively smaller than that at the
ASF site, although the Gs at the two sites would be overall the same (or similar) as expected since
they are very close in space (~40 km). This explains the overall smaller Gg as compared with the
corresponding Gs at the UTSA site (Figures 2 and 3) and the overall positive bias of Gs at the UTSA site.
Also, for both sites the uncertainties in the estimation of cloud properties (cover, type and layer) could
also be another source of error. The rapid changes in cloud cover can be inferred from the ground
measurements, especially at the finer resolution at the ASF site [40,41]. The different areas that the
satellite sensor and ground pyranometer represent could also cause some error, especially for partially
cloud-covered conditions.

As for the comparison between Gs and Gg at the ASF site, the Gs biases are lower (Figures 2 and 3),
which is similar to the previous studies under all sky conditions, with bias of 1.77 Wm−2 (ASF site)
vs. −36–5 Wm−2 (previous studies) on the hourly timescale, and 2.77 Wm−2 (ASF site) vs. −11–8 Wm−2

(previous studies) on the daily timescale [12–18,42]. However, the RMSE at the ASF site is relatively
higher than that of previous studies: 144.89 Wm−2 vs. 63–104 Wm−2 on the hourly scale and
74.00 Wm−2 vs. 15–49 Wm−2 on the daily scale.

The most novel aspect of this study as compared with previous studies is that we compare
Gs and Gg under all sky and different cloudy-sky conditions and at different solar zenith angles.
The correlation coefficients between Gs and Gg and the RMSE at the ASF site are similar under
clear-sky and cloudy-sky conditions, although the %RMSE under the clear-sky conditions is 20%
smaller than that under cloudy-sky conditions (i.e., 23.71% vs. 43.56%, Figure 4). This indicates that the
satellite can map the surface solar radiance better in clear-sky conditions than in cloudy-sky conditions.
The miscalculation of clear conditions as cloudy could cause the underestimates in Gs of GSIP, which
resulted in negative bias [43]. Cloudy fragmentation could be another reason that contributes to a larger
bias in Gs [44]. The bias under clear-sky conditions is negative, while it is positive under cloudy-sky
conditions (−22.29 Wm−2 vs. 40.31 Wm−2, Figure 4). Compared with Habte et al. [17], the results in
the two studies are consistent in terms of correlation coefficients, i.e., better correlation under clear-sky
conditions than under cloudy-sky conditions, but they differ in terms of bias; that is, higher bias under
clear-sky conditions than under cloudy-sky conditions in Habte et al. [17]. This consistent result further
supports that the satellite underperforms under cloudy-sky conditions with high errors [18].

Under all sky and clear-sky conditions, the overall correlation coefficient between Gs and Gg

increases and the absolute values of bias and RMSE of Gs decreases, as the solar zenith angle increases
except for 75–90◦ (Figures 7 and 9); under cloudy-sky conditions, the overall correlation coefficient
between Gs and Gg and the absolute values of bias decrease as the solar zenith angle increases (Figure 9).
Higher bias at the low solar zenith angle under all sky and clear-sky conditions found in this study is
consistent with the reports from Habte et al. [17]. A possible explanation of this is that the GSIP model
reports lower Gs under clear-sky conditions, especially around solar noon (low solar zenith angle),
when the solar irradiance values are the highest [17]. The correlation coefficients are the smallest at the
largest solar zenith angle interval, which could be a result of less accuracy in the retrieval of cloud
properties from satellites (Figure 8) [40].

6. Conclusions

This paper examines the correlations between Gs and Gg on different timescales (mainly hourly),
under different sky conditions, different cloud categories and solar zenith angles. The correlation
from the two sites shows Gs is in good agreement with Gg (0.80–0.87 on the hourly timescale and
0.94–0.91 on the daily timescale) and the trends and patterns of Gs and Gg are quite similar under both
clear-sky and cloudy-sky conditions, although it is clear that the magnitude of Gg measured in the
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UTSA site was smaller than that from the GOES satellite, potentially due to the improper calibration of
the pyranometer at the UTSA site. To our knowledge, this study is the first to examine the effects of
different cloud types, cloud heights, and solar zenith angles on the solar surface irradiance mapped
from the GOES satellite. It is found that errors in cases of cloudy-sky conditions are higher than those
under clear-sky conditions. In terms of cloud type, the correlation coefficient between Gs and Gg

was the highest (r = 0.94) for the mixed cloud type at the ASF site. Overall, the correlation coefficient
between Gs and Gg decreases (and the absolute values of bias and RMSE decrease) with the increase
of solar zenith angle for cloudy-sky conditions. The correlation coefficients are mostly greater under
cloud-sky conditions than the corresponding ones under clear-sky conditions. It is necessary to point
out that the significance of this comparison between Gs and Gg is that it validates the GOES products
in the San Antonio, Texas, USA area. With the above statistics, it can be seen that the real-time satellite
estimates from GOES, Gs, are thus reliable and acceptable for future application on solar mapping and
forecasting in this region.
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