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Abstract

The temporal variation in the direct normal irradiance, diffuse horizontal irradiance, global horizontal irradiance, and ambi-
ent temperature was quantified during the 21 August 2017 solar eclipse. The magnitude and obscuration of the eclipse at the
observation location were 0.97 and 96.94%, respectively. A two-axis sun tracker equipped with a pyrheliometer, a shaded
pyranometer, an unshaded pyranometer, and a pyrgeometer were utilized to obtain the solar irradiance measurements. Ther-
mistors contained within the pyrheliometer and the pyrgeometer were used to quantify changes in temperature. Unfortunately,
on the day of the eclipse, the weather conditions were not ideal and periodic cloud coverage impacted measurements of the
direct normal irradiance. As such, solar irradiance and temperature data from 2 days prior, when the weather conditions
were near-ideal, are presented for comparison. The temperature of the air as measured by the thermistors enclosed within the
pyrheliometer and pyrgeometer recorded an average temperature drop of 8.49 °C. The minimum temperature was recorded
approximately 47 min after totality. The diffuse horizontal irradiance reached a maximum value of 495.9 W/m? shortly after
the start of partial eclipse and dropped to a minimum value of 0 W/m? near totality. Similarly, the global horizontal irradi-
ance reached a maximum value of 1138 W/m? and dropped to a minimum value of 1.54 W/m? near totality. For reference,
at the same time of day, but 2 days prior, the diffuse horizontal irradiance and global horizontal irradiance were at values of
89.2 W/m? and 962 W/m?, respectively, under clear sky conditions. The rate of decrease in the temperature of the air as well
as in the diffuse and global horizontal irradiances after first contact and before totality was greater than the rate of increase in
these parameters after totality. The difference in the magnitude of these gradients before and after totality is largely attributed
to normal diurnal variations as the solar eclipse occurred in the afternoon.
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Introduction

A total solar eclipse provides a unique opportunity to study
temporal changes in the direct and diffuse components of
solar irradiance at the surface not associated with normal
diurnal variations. In addition to changes in the magnitude
of the solar irradiance, the occultation of the sun by the
moon also impacts various meteorological variables such
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as temperature, wind speed, and relative humidity. The solar
eclipse on 21 August 2017 in the United States afforded
researchers the opportunity to collect measurements in the
path of totality. The path of totality crossed the United States
from the Northwest to the Southeast. The first point of con-
tact was near Lincoln Beach, Oregon at 16:05 UT and the
last point of contact was near Charleston, South Carolina at
20:09 UT. The longest duration of totality, 2 min and 40.2 s,
occurred near Carbondale, Illinois at 16:52 UT.

The authors in this study observed the solar eclipse from
Statesboro, Georgia (Latitude: 32.4205°N, Longitude:
81.7865°W, elevation: 77 m) at Georgia Southern Univer-
sity. The magnitude and obscuration of the eclipse at this
location were 0.97 and 96.94%, respectively. The start of
partial eclipse, or first contact, occurred at 17:13:10.3 UT
where the sun was located at an altitude and azimuth of
69.1° and 168.3°, respectively. Maximum eclipse occurred at
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18:44:06.5 UT where the sun was located at an altitude and
azimuth of 63.3° and 223.8°, respectively. Finally, the end
of partial eclipse, or fourth contact, occurred at 20:08:03.6
UT where the sun was located at an altitude and azimuth of
48.4° and 249.6°, respectively. The path of totality, in rela-
tion to the state of Georgia and the observation location, can
be seen in Fig. 1. Of interest to the authors was the temporal
variation of the direct normal irradiance, diffuse horizontal
irradiance, global horizontal irradiance, and ambient tem-
perature during the eclipse. An overview of these measure-
ments in a historical context can be found below.

Historical solar irradiance observations

Fernandez et al. [1] investigated changes in solar irradi-
ance and atmospheric turbidity during the 11 July 1991
solar eclipse. Fernandez et al. measured both the global
solar irradiance and the spectral solar irradiance—Ilargely
within the visible light and ultraviolet spectrums. In their
analysis, Fernandez et al. adopted the divisions of the solar
spectrum in various color bands as recommended by the
World Radiation Center (WRC) and presented by Igbal [2].
The authors found that there was not a more significant
contribution by any specific wavelength band (i.e., color)
within the visible spectrum and each color band followed,
qualitatively, the same trend during the solar eclipse. Later,
Fernandez et al. [3] observed changes in global solar irra-
diance, air temperature, relative humidity, and wind speed
during the 3 November 1994 solar eclipse. Of interest in this
analysis is the authors’ measurements of solar irradiance
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Fig. 1 Path of totality and observation location in Statesboro, Geor-
gia, United States
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and air temperature. The global solar irradiance decreased
after first contact and reached a minimum at totality. After
fourth contact, and because the solar eclipse occurred in the
morning, the solar irradiance resumed following a normal
diurnal trend.

While some researchers have chosen to focus on the total
solar irradiance, others have focused their efforts on spec-
tral, or wavelength-dependent solar irradiance. Of particular
interest is solar irradiance in the ultraviolet (UV) spectrum
due to the impact that exposure to UV radiation has on
biological organisms. For example, Zerefos et al. [4] inves-
tigated changes in solar irradiance in the ultraviolet spec-
trum during the 11 August 1999 solar eclipse. The authors
found that the distribution of solar irradiance in the ultra-
violet spectrum was wavelength dependent. Within the UV
spectrum, the solar irradiance at shorter wavelengths was
found to decrease by a greater amount than solar irradiance
at longer wavelengths. In addition, the authors found that
the direct component of the solar irradiance decreased by a
more significant amount than the diffuse component during
the solar eclipse. The decrease in the direct component of the
solar irradiance is directly proportional to the obscuration of
the solar disk. However, when considering the diffuse com-
ponent, one must consider that the solar irradiance measured
could have originated from regions of the sky under different
eclipse conditions due to scattering in the atmosphere.

Several researchers have sought to quantify the impact
of limb darkening on the spectral distribution of solar irra-
diance. The phenomenon of limb darkening is exhibited
by a gradual decrease in the brightness of the solar disk
as observed from its center to its edge (or limb). This phe-
nomenon occurs because the solar atmosphere increases in
temperature with depth. In addition, the visible light near
the edge of the solar disk must traverse through a greater
length of the photosphere (the visible surface of the sun)
than visible light emanating from near the center of the disk.
Therefore, the relative contribution of radiation emanating
from the center and the limb varies during an eclipse. The
emission characteristics are also dependent on wavelength
due to the varying temperatures within the photosphere
(from 4400 K at the top of the photosphere to 6600 K at the
bottom). Thus, during an eclipse, the extraterrestrial solar
irradiance is both spectral (wavelength dependent) and tem-
poral (time dependent).

Blumthaler et al. [5] quantified the spectral distribution of
solar irradiance in the UV spectrum and subsequent changes
in the total ozone column based on the measurements taken
during the 29 March 2006 solar eclipse. The authors’ meas-
urements indicated a decrease in the total ozone column
before totality followed by a symmetric increase after total-
ity. Blumthaler et al. found that the limb darkening phe-
nomenon had an insignificant impact on changes to the total
ozone column. Instead, the authors attributed the measured
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reduction in the total ozone column to contamination of
direct normal irradiance measurements by diffuse compo-
nents. In good agreement with Zerefos et al. [4], the authors
found that the attenuation of solar irradiance during the
eclipse was not purely a function of the geometrical sun
coverage but was also wavelength dependent. More specifi-
cally, the authors found that the solar irradiance at shorter
wavelengths was reduced by a greater amount during the
eclipse than solar irradiance at longer wavelengths. It should
be noted that a consortium of researchers participated in the
quantification of surface and extraterrestrial solar irradiance
during the 29 March 2006 solar eclipse from the same loca-
tion and similar conclusions can be found in the manuscripts
of Kazadzis et al. [6] and Kazantzidis et al. [7].

Historical atmospheric temperature observations

Phillips [8] developed a semi-theoretical model for predict-
ing air temperature fluctuations as a function of time during
a solar eclipse. In his model, Phillips assumed that the inten-
sity of the solar radiation was constant. Thus, absorption of
the solar irradiance in the atmosphere and the optical depth
of the atmosphere were neglected. In addition, scattering
of solar radiation in the atmosphere was neglected. Despite
the aforementioned limitations, Philips’ model was in good
agreement with experimental measurements taken during
the solar eclipse on 20 May 1966. Phillips noted that the
occultation of the sun by the moon would affect the diur-
nal variation of the air temperature. However, a tempera-
ture drop need not necessarily occur. In fact, while a small
temperature drop was experimentally measured, Phillips’
model did not predict a temperature drop. This is because
the solar eclipse occurred in the morning at the author’s
location. As such, the rate of change in the air temperature
was predicted to decrease until the time of maximum eclipse
after which the temperature would increase again. To reiter-
ate, the author pointed out that a decrease in the magnitude
of the air temperature is not a physical requirement. Instead,
only a decrease in the magnitude of the temperature gradi-
ent is mandated during a morning eclipse. However, in the
literature reviewed in the present study, temperature drops
were in fact recorded in all instances.

Fernandez et al. investigated changes in air temperature
and wind speed during the 11 July 1991 solar eclipse [9].
Fernandez et al. reported temporal changes in the tempera-
ture of the air at multiple locations. In good agreement with
Anderson [10], the smallest temperature drop recorded was
between 2.0 and 2.5 °C while the largest was 8.5 °C. In addi-
tion, the minimum temperatures were reached between 10
and 30 min after totality, depending on the locality. Three
years later, during the 3 November 1994 solar eclipse,
Fernandez et al. [3] measured a 3 °C drop in the temper-
ature of the air. The minimum temperature was recorded

approximately 7 min after totality. The rate of temperature
decrease between the start of partial eclipse and maximum
eclipse was greater than the rate of temperature increase
between maximum eclipse and the end of partial eclipse.
This behavior was attributed to the solar eclipse occurring
in the morning.

Anderson [10] reviewed the meteorological changes
associated with solar eclipses in advance of the 11 August
1999 solar eclipse. Anderson addressed the shortcomings of
historical measurements of atmospheric conditions during
solar eclipses and indicated areas in which more comprehen-
sive data collection was required. Anderson surveyed eight
studies that analyzed the temporal change in the tempera-
ture of the atmosphere near the surface and found that there
was an average decrease in temperature of approximately
4 °C. The average minimum temperature was found to occur
approximately 11 min, on average, after the point of maxi-
mum eclipse. The measurements were taken at an average
of 4 m above ground level. Pefialoza-Murillo and Pasachoff
[11] developed a semi-empirical mathematical model of
the temporal change in the temperature of the air during
a total solar eclipse. Their mathematical model was able
to accurately predict the time delay between the minimum
solar irradiance, which occurs at totality, and the minimum
ambient temperature. In a supplementary material docu-
ment accompanied with their manuscript, the authors also
provided a comprehensive list of publications, organized
chronologically, which focused on temperature observations
during solar eclipses.

Solar irradiance and atmospheric parameters
quantified

It should be noted that several researchers have quantified
the spectral, or wavelength dependent, variations of irra-
diance during total solar eclipse conditions [12—14]. How-
ever, in the present analysis, the total solar irradiance will be
quantified. Of particular interest is measurement of the direct
normal irradiance, diffuse horizontal irradiance, global hori-
zontal irradiance, and ambient temperature. This informa-
tion is of particular interest because a total solar eclipse
provides a unique opportunity for researchers to study the
atmosphere’s reaction to abrupt changes in irradiance. In
addition, subsets of the data presented in this analysis could
be used by researchers to assist in the quantification of aero-
sol optical depth and total column ozone [4, 15, 16].

Experimental methodology
Of interest to the authors in this analysis was the quantifica-

tion of the temporal variation of the direct and diffuse com-
ponents of the solar irradiance under near-total solar eclipse
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conditions. The direct normal irradiance (DNI) was meas-
ured by a pyrheliometer (Kipp & Zonen CHP1). The dif-
fuse horizontal irradiance (DHI) was measured by a shaded
pyranometer (Kipp & Zonen CMP10) while the global hori-
zontal irradiance (GHI) was measured by an unshaded pyra-
nometer (Kipp & Zonen CMP10). Long-wave atmospheric
radiation was measured by a shaded pyrgeometer (Kipp &
Zonen CGR4). The aforementioned instruments were each
equipped with ventilation units (Kipp & Zonen CVF4) as
necessatated by the temperature and humidity of the test-
ing environment. The pyrheliometer, two pyranometers, and
pyrgeometer were mounted on a two-axis sun tracker (Kipp
& Zonen SOLYS 2). The sun tracker has a passive tracking
accuracy of 0.1°. However, a sun sensor was equipped to
correct for clock drift and possible movement of the sup-
port platform. The sun sensor, which utilizes active tracking,
increased the tracking accuracy to 0.02°. The sun tracker
and the attached instrumentation were located on a platform
10 m above ground level. The spectral range, sensitivity,
response time, temperature dependence of sensitivity, non-
linearity, and field of view of the instruments can be found
in Table 1. Please note that two sensitivities are listed for the
pyranometers (Kipp & Zonen CMP10). The first sensitivity
is for the shaded pyranometer while the second sensitivity
is for the unshaded pyranometer.

The pyrheliometer was calibrated by the manufacturer
with a reference pyrheliometer that was calibrated at the
World Radiation Centre (WRC) in Davos, Switzerland. The
accuracy of the pyrheliometer calibration is +0.5%. The
CHP1 is classified as a first class pyrheliometer per ISO
standard 9060:1990. The two pyranometers were calibrated
by the manufacturer in accordance with the ISO standard
9847:1992. The CMP10 pyranometers are classified as sec-
ondary standard pyranometers per ISO standard 9060:1990.
As with the pyrheliometer, the pyrgeometer was calibrated
with a reference pyrgeometer that was calibrated at the
WRC. The pyrheliometer and pyrgeometer contain 10 kQ
thermistors (YSI 44031) that have an accuracy of +0.1 °C.

The instruments were connected to a data logger (Camp-
bell Scientific CR1000) that communicated via ethernet to

Table 1 Solar irradiance instrumentation specifications

Specification CHP1 CMP10 CGR4
Spectral range (nm) 200—4000 285-2800 4500-42000
Sensitivity (WW/W/m?) 8.06 8.13,9.04 11.56
Response time (s) 5.0 5.0 18.0
Temperature dependence 0.5 1.0 1.0

of sensitivity (%)
Nonlinearity (%) 0.2 0.2 1.0
Spectral sensitivity (%) 5.0 3.0 5.0
Field of view (°) 5.0+0.2 180 180
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a remote desktop operating a data logger support software
package (Campbell Scientific LoggerNet 4.5). Data from
each of the instruments was acquired with a temporal reso-
lution of 1 s. However, average values, with a temporal reso-
lution of 1 min, are presented in figures for clarity. The solar
irradiance and temperature data are presented from a time of
2 h before the start of partial eclipse, or first contact, to 2 h
after the end of partial eclipse, or fourth contact.

Results and discussion
Weather conditions

Unfortunately, on the day of the total solar eclipse (21
August 2017), the weather conditions were not ideal. Cloud
coverage, reported in oktas (or eighths), was recorded by the
local climatological data station at the Statesboro-Bulloch
County Airport (Airport Code: TBR, WBAN ID: 63818).
The station data were accessed via the Climate Data Online
(CDO) tool available at the National Centers for Envi-
ronmental Information’s (NCEI) website (the NCEI was
formerly known as the National Climatic Data Center, or
NCDC). While there was no precipitation, cloud coverage
fluctuated between clear (1-2 oktas), scattered (3—4 oktas),
and broken (5-7 oktas) throughout the observation window
reported in this study. As such, and to quantify the impact
of the eclipse on solar irradiance and ambient temperatures
near the surface, data were also collected 2 days prior to the
eclipse (19 August 2017). On this day, the meteorological
conditions were near ideal with clear sky conditions reported
throughout the observation window.

Environmental temperature observations

The temperatures reported were recorded by the thermistors
enclosed within the pyrheliometer (Kipp & Zonen CHP1)
and the pyrgeometer (Kipp & Zonen CGR4). As the ther-
mistors were contained within the instruments’ enclosures,
they were not exposed to the environment directly. There-
fore, it was expected that the magnitude of the temperatures
recorded would be higher than that of the actual ambient
temperature. However, the temperatures should follow a
qualitatively similar trend to the actual environmental tem-
perature. In any case, the actual magnitude of the tempera-
ture is less significant than the change in temperature during
the duration of the eclipse. The temperatures recorded by the
thermistors enclosed within the pyrheliometer (CHP1) and
pyrgeometer (CGR4) as well as the temperatures as recorded
by the local climatological data station (TBR) 2 days prior
to the eclipse can be seen in Fig. 2. As an example, the
temperatures recorded by the enclosed thermistors 2 days
prior to the eclipse follow a qualitatively similar trend as
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Fig.2 Ambient temperature as a function of time on 19 August 2017
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Fig.3 Ambient temperature as a function of time on 21 August 17

the ambient temperature recorded by the local climato-
logical data station. However, the temperatures recorded by
the enclosed thermistors were, on average, 3.7 °C higher
than those recorded by the local climatological data station
(TBR).

The temperatures recorded by the thermistors enclosed
within the pyrheliometer (CHP1) and pyrgeometer (CGR4)
as well as the temperatures as recorded by the local clima-
tological data station (TBR) on the day of the eclipse (21
August 2017) can be seen in Fig. 3. The vertical lines in the
figure correspond to the start of partial eclipse, maximum
eclipse, and the end of partial eclipse. The start of partial
eclipse occurred at 13:13:10.3 LST and the end of partial
eclipse occurred at 16:08:03.6 LST. During this time frame,
the maximum temperature recorded by the pyrheliometer
and pyrgeometer was 34.03 °C and 34.59 °C, respectively.
In the same time frame, the minimum temperature recorded

by the pyrheliometer and pyrgeometer was 25.86 °C and
25.79 °C, respectively. The difference between the maximum
and minimum temperatures as measured by the pyrheliom-
eter and pyrgeometer was 8.17 °C and 8.80 °C, respectively.
The average temperature drop during this time frame was
8.49 °C. The temperature drop recorded by the local climato-
logical data station was 5.0 °C. It should be noted, however,
that the local climatological data station is located 8.73 km
(5.42 mi) from the location of the solar irradiance instru-
mentation utilized by the author.

Totality occurred at 14:44:06.5 LST. The lowest tempera-
ture measured by the pyrheliometer occurred at 15:28:00
LST while the lowest temperature measured by the pyrgeom-
eter occurred at 15:34:00 LST. Thus, the minimum tempera-
ture recorded by the pyrheliometer occurred approximately
43 min and 53.5 s after totality. Similarly, the minimum
temperature recorded by the pyrgeometer occurred approxi-
mately 50 min and 53.5 s after totality.

While the magnitude of the drop in temperature is in good
agreement with the literature, the time delay between the
time of maximum eclipse and the time at which the mini-
mum temperature was recorded was not. For example, in
the data set utilized by Pefialoza-Murillo and Pasachoff,
the minimum ambient temperature was recorded 8 min and
15 s after totality and remained constant for 9 min and 45 s
(the lowest temperature was thus measured at a median time
of approximately 13 min and 7 s after totality). A 7.34 °C
drop in the temperature was observed between the start and
end of the partial eclipse. The delay in the minimum tem-
peratures recorded in this study can mainly be attributed to
the location of the thermistors. As previously mentioned,
the thermistors were enclosed and were not exposed to the
environment directly. In addition, the eclipse occurred in the
afternoon and, thus, normal diurnal temperature variation
should be considered (sunset occurred at 19:05 LST on 21
August 2017).

Rate of decrease in temperature before minimum
temperature occurrence

As previously stated, the temperature drop recorded in this
analysis (an average of 8.49 °C) was of a similar magnitude
to the temperature drop reported by Pefialoza-Murillo and
Pasachoff (7.34 °C). It should also be noted that the data the
authors utilized were also for an afternoon eclipse. As such,
the temperatures follow a qualitatively similar trend. The
temperature variation during the 21 June 2001 solar eclipse
in Lusaka, Zambia can be seen in Fig. 4.

In the data set utilized by Pefialoza-Murillo and Pasa-
choff, the highest temperature recorded between first con-
tact (the start of partial eclipse) and second contact (the
start of total eclipse) was 27.12 °C. The lowest tempera-
ture recorded after third contact (the end of total eclipse)

]
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Fig.4 Air temperature variation during the total occultation of the
sun on 21 June 2001 [11]

was 20.57 °C. The time between the highest and lowest
recorded temperatures was approximately 91 min. The
temperature thus dropped at a rate of 0.072 °C/min. In
the present analysis, the highest temperatures recorded by
the pyranometer and pyrheliometer between first contact
and second contact were 34.03 °C and 34.59 °C, respec-
tively. The lowest temperatures recorded by the pyra-
nometer and pyrheliometer were 25.86 °C and 25.79 °C,
respectively. The time between the highest and lowest
temperatures recorded by the pyranometer and pyrheli-
ometer was 92 and 94 min, respectively. Therefore, the
temperature dropped at an average rate of 0.091 °C/min,
in good agreement with Pefialoza-Murillo and Pasachoff.

Rate of increase in temperature after minimum
temperature occurrence

In the data set utilized by Pefialoza-Murillo and Pasa-
choff, the highest temperature recorded between third
contact (the end of total eclipse) and fourth contact (the
end of partial eclipse) was 22.86 °C. The time between
the highest and lowest temperatures in this time frame
was approximately 50 min, and the temperature rose at a
rate of 0.023 °C/min. In the present analysis, the highest
temperatures recorded by the pyranometer and pyrheliom-
eter between third and fourth contact were 27.28 °C and
26.74 °C, respectively. The time between the highest and
lowest temperatures recorded by the pyranometer and pyr-
heliometer during this time interval was 40 and 34 min,
respectively. Thus, the temperature rose at an average rate
of 0.032 °C/min.

)
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Solar irradiance observations

To qualitatively describe, and quantitatively evaluate, the
impact of the solar eclipse on solar irradiance the direct
normal irradiance, diffuse horizontal irradiance, and global
horizontal irradiance were measured 2 days prior to the
eclipse (19 August 2017). As stated earlier, on this day the
meteorological conditions were near-ideal with a predomi-
nately clear sky throughout the observation window.

Direct normal irradiance

The direct normal irradiance (DNI) was measured by a
pyrheliometer (Kipp & Zonen CHP1). The direct normal
irradiance 2 days prior to the eclipse (19 August 2017) and
on the day of the eclipse (21 August 2017) can be seen in
Figs. 5 and 6, respectively. Two days prior to the eclipse,
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Fig.5 Direct normal irradiance as a function of time on 19 August
2017
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Fig.6 Direct normal irradiance as a function of time on 21 August
2017
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the direct normal irradiance followed a traditional diurnal
trend. A brief drop in the DNI, attributed to a brief presence
of cloud coverage, can be seen between approximately 12:05
LST and 12:15 LST in Fig. 5. The DNI reached a maximum
value of 925 W/m? at 14:04 LST. The maximum value was
measured 37 min after solar noon which occurred at 13:27
LST. Unfortunately, on the day of the eclipse cloud cover-
age throughout the observation window impacted the ability
to ascertain any qualitative trends from Fig. 6. The three
vertical lines in the figure correspond to the start of partial
eclipse, maximum eclipse, and end of partial eclipse. On the
day of the eclipse, the DNI reached a maximum of 869 W/
m? at 12:08 LST. In general, the DNI decreased after the
start of partial eclipse and reached a value of 0 W/m? near
totality. However, the increase in the DNI after totality and
before the end of partial eclipse cannot be ascertained from
this dataset due to the presence of cloud coverage.

Diffuse horizontal irradiance

The diffuse horizontal irradiance (DHI) was measured by a
shaded pyranometer (Kipp and Zonen CMP10). The diffuse
horizontal irradiance 2 days before the eclipse (19 August
2017) and on the day of the eclipse (21 August 2017) can be
seen in Figs. 7 and 8, respectively. The reader should note
that the same scaling is utilized on the axes of the figures
for ease of comparison. The increase in the DHI between
approximately 12:05 LST and 12:15 LST in Fig. 7 corre-
sponds directly to the decrease in the DNI in Fig. 5. The
brief increase in the DHI during this period is attributed to
the scattering of the solar irradiance in the atmosphere due
to transitory cloud coverage. The DHI had an average value
of 81.1 W/m? during the observation window 2 days prior
to the eclipse. On the day of the eclipse, the DHI reached

500

400

300 -

DHI (W/m?)

200 +

100 -

15:00 17:00

LST (HH:MM)

11:00 13:00

Fig.7 Diffuse horizontal irradiance as a function of time on 19
August 2017
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Fig.8 Diffuse horizontal irradiance as a function of time on 21
August 2017

a maximum value of 495.9 W/m? at 13:30 LST, or 3 min
after solar noon. This maximum was reached approximately
17 min after the start of partial eclipse which occurred at
13:13 LST. The DHI reached a minimum value of 0 W/
m? at 14:42 LST (2 min prior to totality) and remained at
this value until 14:47 LST (3 min after totality). Thus, the
diffuse horizontal irradiance reached a minimum value of
0 W/m? and remained at that minimum for 5 min, in good
agreement with the data presented by Maturilli and Ritter
[17]. It should be noted that when measuring small values of
solar irradiance, the accuracy of the instrumentation must be
taken into account. The Kipp and Zonen CMP10 pyranome-
ter has a directional response of < 10 W/m?, Zero Offset A of
<7 W/m?, and Zero Offset B of <2 W/m?. The temperature
of the instrument varies proportionally to the ambient tem-
perature and may cause thermal currents within the enclo-
sure which is addressed by Zero Offset B. Zero Offset B is
quantified in ISO 9060:1990 as the response, in W/m?, to a
5 K/h change in the ambient temperature. However, during
an eclipse the ambient temperature changes at a much higher
rate than 5 K/h. Similarly, as the ambient temperature is
changing so is the temperature difference between the detec-
tor’s “view” and the instrument housing. This is quantified
by Zero Offset A. Although, in this instance the presence of
the CVF4 ventilation unit should help minimize Zero Offset
A. Thus, while the diffuse horizontal irradiance did reach a
value of 0 W/m? before totality and remained briefly at that
value after totality, this does not necessarily indicate that
this is a physical characteristic of a solar eclipse. Rather,
this observation could largely be attributed to the measure-
ment device itself. Between the start of partial eclipse and
maximum eclipse, the DHI decreased at a rate of 6.70 W/
m?/min. By the end of partial eclipse at 16:08 LST, the DHI
had increased to a value of 249.0 W/m?. Between maximum
eclipse and the end of partial eclipse, the DHI increased at

]
* @ Springer



154 International Journal of Energy and Environmental Engineering (2019) 10:147-156

a rate of 2.96 W/m?/min. The rate of decrease in the DHI
before totality is greater than the increase in the DHI after
totality due to normal diurnal variations of solar irradiance
during the afternoon.

Global horizontal irradiance

The global horizontal irradiance (GHI) was measured by
an unshaded pyranometer (Kipp & Zonen CMP10). The
global horizontal irradiance 2 days prior to the eclipse (19
August 2017) and on the day of the eclipse (21 August 2017)
can be seen in Figs. 9 and 10, respectively. On 19 August
2017, the GHI reached a maximum value of 1038 W/m? at
12:13 LST. It should be noted, however, that this maximum
was recorded in a period of intermittent cloud coverage. If
the data obtained during the transitory cloud coverage are
neglected, one would note that the maximum would occur
near solar noon (13:27 LST) as expected. Similarly, on
the day of the solar eclipse (21 August 2017), a maximum
value was also recorded near solar noon. Between the start
of partial eclipse and maximum eclipse, the GHI reached a
maximum value of 1138 W/m? at 13:29 LST (2 min after
solar noon). At the time of maximum eclipse (14:44), the
GHI was measured to be 1.68 W/m?. The GHI reached a
minimum value of 1.54 W/m? 1 min after totality. A minute
later, the GHI was measured to be 1.97 W/m? and increased
thereafter. Thus, the GHI dropped below a value of 2.0 W/
m? for 3 min. For reference, the point of greatest eclipse
experienced 2 min and 40.1 s of totality while the point of
greatest duration experienced totality for 2 min and 40.2 s.
By the end of partial eclipse, the GHI had increased to a
value of 272.3 W/m?. As with the direct normal irradiance
and diffuse horizontal irradiance, the rate of decrease in
the global horizontal irradiance between the start of partial
eclipse and maximum eclipse was greater than the rate of
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Fig.9 Global horizontal irradiance as a function of time on 19
August 2017
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Fig. 10 Global horizontal irradiance as a function of time on 21
August 2017

increase between maximum eclipse and the end of partial
eclipse. Between the start of partial eclipse and maximum
eclipse, the GHI decreased at a rate of 14.95 W/m?/min.
Between maximum eclipse and the end of partial eclipse,
the GHI increased at a rate of 3.26 W/m?/min. It should be
reiterated, however, that as the global horizontal irradiance
consists of both direct and diffuse components, the intermit-
tent cloud coverage observed during the measurement period
may impact the magnitude of these rates.

Summary of temperature and irradiance data

For convenience, an overview of the temperature and solar
irradiance data previously presented can be found in Tables 2
and 3. It should be noted that the change in time presented in
Table 2 corresponds to the duration of time after totality at
which the minimum temperature was reached.

The purpose of Table 3 is to highlight the differences in
the direct normal, diffuse horizontal, and global horizontal
irradiances on the day of the eclipse and 2 days prior to the
eclipse when the weather conditions were near-ideal. The
maximum diffuse horizontal irradiance 2 days prior to the
eclipse was 201.0 W/m? while the maximum diffuse hori-
zontal irradiance on the day of the eclipse was 495.9 W/m?.
The discrepancy can be attributed to the fact that there was
almost zero cloud coverage during the observation window
on 19 August 2017. However, on the day of the eclipse there

Table 2 Maximum and minimum temperatures on 21 August 2017

T, (°C) T, (°C) AT (°C) At (MM:SS)
CHP1 34.03 25.86 8.17 43:53.5
CGR4 34.59 25.79 8.80 50:53.5
TBR 317 26.7 5.0
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Table 3 Direct, diffuse, and global solar irradiance on 19 August 2017 and 21 August 2017

19 August 2017 21 August 2017

Max LST (HH:MM) Min LST (HH:MM) Max LST (HH:MM) Min LST (HH:MM)
DNI (W/m?) 925.0 14:04 404.9 12:13 869.0 12:08 0.0 14:24
DHI (W/m?) 201.0 12:13 63.2 18:08 495.9 13:30 0.0 14:43
GHI (W/m?) 1038.0 12:12 67.5 18:08 1138.0 13:29 1.5 14:45

was intermittent cloud coverage throughout the observation
window. Thus, there was more scattering of the solar irradi-
ance in the atmosphere due to the presence of clouds. Simi-
larly, one may find it abnormal that the minimum direct nor-
mal irradiance (404.9 W/m?) on 19 August 2017 occurred at
12:13 LST (approximately, 74 min before solar noon) when
the direct normal irradiance should still be rising due to nor-
mal diurnal trends. However, the drop in the direct normal
irradiance can be attributed entirely to the brief presence
of cloud coverage at that time (see Fig. 5). Two days prior
to the eclipse, the diffuse horizontal and global horizontal
irradiances reached a minimum at the end of the observation
window as expected. Though outside of the observation win-
dow reported, these irradiances would continue to decrease
until shortly after sunset. As expected, on the day of the
eclipse (21 August 2017) the diffuse horizontal and global
horizontal irradiances reached a maximum value near solar
noon which occurred at 13:27 LST. In a similar manner, the
diffuse horizontal and global horizontal irradiances reached
a minimum near totality which occurred at 14:44 LST.

Conclusions

The direct and diffuse components of near-surface solar
irradiance, as well as the temperature of the surrounding
air, were quantified during the total solar eclipse on 21
August 2017. Data from the same observation window,
2 days prior to the eclipse when the weather conditions
were near-ideal, were also presented for comparison. Ther-
mistors contained within a pyrheliometer and pyrgeometer
recorded temperature drops of 8.17 and 8.80 °C, respec-
tively. The lowest temperatures measured by the pyrheli-
ometer and pyrgeometer were recorded approximately 44
and 51 min after totality. The longer than expected tem-
perature lag was attributed to the location of the thermis-
tors within the instruments’ enclosures. The temperature
decreased at an average rate of 0.091 °C/min between first
contact and the minimum temperature occurrence. The
temperature increased at an average rate of 0.032 °C/min
between the minimum temperature occurrence and fourth
contact. The difference in the magnitude of the tempera-
ture gradients can be largely attributed to normal diurnal

variations in the temperature of the air as the solar eclipse
occurred in the afternoon (maximum eclipse occurred at
14:44 LST). Unfortunately, on the day of the solar eclipse
cloud coverage impeded the ability of the authors to
ascertain any qualitative trends in the direct normal irra-
diance. However, temporal variations in the diffuse (and
thus global) horizontal irradiance could be characterized.
Between the start of partial eclipse and maximum eclipse,
the diffuse horizontal irradiance decreased at a rate of
6.70 W/m?/min. Between maximum eclipse and the end of
partial eclipse, the diffuse horizontal irradiance increased
at a rate of 2.96 W/m?/min. As with the ambient tempera-
ture, the rate of decrease in the diffuse horizontal irradi-
ance before totality was greater than the rate of increase in
the DHI after totality. Thus, the total occultation of the sun
by the moon markedly impacted both the temperature of
the atmosphere as well as the quantity of solar irradiance
reaching the surface. These well-documented changes, in
addition to other meteorological parameters such as rela-
tive humidity, wind speed, and wind direction, could be
used to further model the dynamic response of the atmos-
phere to rapid changes in solar irradiance. In addition, the
data provided could be used by researchers to quantify
additional items of interest such as aerosol optical depth
and total column ozone.
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