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1 INTRODUCTION

During a solar eclipse the insolation change is more
rapid than in the evening and morning, making this as-
tronomical event an interesting one from a meteorolog-
ical perspective. Hence, there have been numerous
studies reporting meteorological measurements made
during both partial and total eclipse conditions. Gen-
erally, the phase of the eclipse can be described using
the terms first, second, third and fourth contact which
refer to the times at which the eclipse starts, totality
starts, totality ends, and the eclipse ends, respectively.
For a partial eclipse, there is no second and third con-
tact and instead one uses the time of maximum ob-
scuration to separate the phases of the eclipse.

Except for a few remote sensing experiments
Kapoor et al. (1982); Eaton et al. (1997); Girard-
Ardhuin et al. (2003); Amiridis et al. (2007), obser-
vations of atmospheric surface layer properties have
been limited to surface observations. Generally, the
decrease in insolation which occurs during the eclipse
is accompanied by a corresponding decrease in tem-
perature Bala Subrahamanyam et al. (2011); Gray &
Harrison (2016); Edward (2000). The minimum tem-
perature occurs after third contact, or maximum ob-
scuration, with time lags typically on the order of 10
to 20 minutes reported Winkler et al. (2001); Foken
et al. (2001); Founda et al. (2007) with a lag of 30 min-
utes reported over the Antarctic Takao et al. (2009)
attributed to the reduced insolation at this location.
Observations of the surface winds indicate less con-
sistent behavior. Although some studies report a de-
crease in wind corresponding to the decrease in tem-
perature Krishnan et al. (2004); Bala Subrahamanyam
et al. (2011); Gray & Harrison (2016), others note
no change in the surface winds Girard-Ardhuin et al.
(2003).

One of the difficulties in interpreting surface winds,
in particular their decrease and change in direction, is
the potential suppression of turbulence which may oc-
cur due to re-stabilization of the atmospheric surface
layer which could occur as the surface cools relative
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to the air Girard-Ardhuin et al. (2003); Gray & Harri-
son (2016). Most studies that report on surface layer
stability indicate that there is an increase in stability
of the boundary layer, although both fully stable condi-
tions Amiridis et al. (2007); Winkler et al. (2001); Eaton
et al. (1997); Antonia et al. (1979) and marginally un-
stable conditions Gorchakov et al. (2008); Bala Sub-
rahamanyam et al. (2011); Kastendeuch et al. (2016);
Amiridis et al. (2007) have been reported to occur dur-
ing the eclipse. When stable conditions are reported,
they persist for as long as 45 minutes after maximum
obscuration Foken et al. (2001); Eaton et al. (1997);
Girard-Ardhuin et al. (2003).

The study reported here takes advantage of recent
advancements in unmanned aerial vehicle (UAV) tech-
nology and employed multiple, instrumented, UAVs in
the atmospheric surface layer to resolve the dynam-
ics of the turbulence and coherent motions as they
respond to the rapid insolation changes which occur
during a total eclipse. The study was conducted in
Russellville, Kentucky, USA (36.797326° latitude, -
86.812341° longitude) during the total eclipse of Au-
gust 21, 2017. In addition to being within the path of
totality, at this location, first contact initiated at 11:58,
when the insolation during the uninterrupted diurnal
cycle is at a maximum, and hence also the impact of
the eclipse. Second contact occurred at 13:26, third
contact at 13:28, and fourth contact at 14:53. Note all
times provided are in local time, Central Daylight Time
(CDT). On this day, the sky was virtually cloudless, fur-
ther maximizing the response of the atmospheric sur-
face layer to the eclipse.

2 METHODS

The measurements were conducted at the Russellville
airport (36°47°50.0"N, 86°49’02.1"W, 210 m above sea
level) located 6 km to the southeast of Russellville,
Kentucky, USA. The measurement area is shown in
Fig. 1. The airport is surrounded by heterogeneous
land use, mostly consisting of farmland with associ-
ated scattered stands of trees and ponds within a 5



km radius. A larger stand of trees was located 1.5 km
to the north of the airport.

Mean winds for the day reported in METAR data
from the nearby Bowling Green airport were 1.4 m/s
from the SSW, with mean temperatures of 27° C, sea
level pressure of 102.0 kPa, mean humidity of 71%.

Measurements were conducted between approx-
imately 9:00 CDT and 15:00 CDT using 5 differ-
ent types of systems. These systems consisted of
two BLUECATS fixed-wing unmanned aerial vehicles
(UAVs), one SOLO rotary wing vehicle, a portable
weather station, ground temperature sensors, and a
sonic anemometer. The locations of each system is
indicated in Fig. 1.

Two BLUECATS5 aircraft were flown simultaneously
at 50 m and 100 m AGL. Each flight consisted of re-
peatedly traversing the same 800 m long straight line
transects at 20 m/s, indicated on Fig. 1, with typically
40 transects made in alternating directions with 50 s
between each transect. After approximately 40 min-
utes of flight time, the aircraft were recovered, data
downloaded and batteries changed, making the air-
craft ready for the next flight. Five of these multi-
aircraft flights were conducted, approximately once
per hour, between 10:20 CDT and 14:45 CDT.

The portable weather station logged continuously
at 1 Hz from 9:20 CDT to 14:57 CDT. Ground temper-
ature data was logged at 1 Hz between 9:08 CDT and
15:19 CDT. The sonic anemometer was mounted on
a 7 m tower with data logged continuously from 9:33
CDT to 15:00 CDT at 100 Hz.

The SOLO rotorcraft was flown between 10:23
CDT and 14:39 CDT. This aircraft was operated above
the sonic anemometer, flying vertical ascents and de-
scents at 2 m/s between 10 m and 100 m. Up to 10
ascent/descent combinations would be flown in a sin-
gle flight before the aircraft’s batteries required chang-
ing. Once the batteries were changed, the aircraft was
returned to flight. Fifteen of these flights were flown
during the measurement day, with times between flight
altered depending on battery availability and charge
rates, with most flights separated by less than 5 min-
utes but flights 8 and 9 separated by 37 minutes.

3 RESULTS

3.1 Solar Radiation

These boundary conditions to the atmosphere are re-
flected in the information recovered from the ground
sensors during the day of the eclipse. The clearest
indicator of the phase eclipse is the measured solar
radiation shown in Fig. 2. For the cloudless, summer
morning of the eclipse, the solar radiation increases

gradually with the sun’s elevation at approximately 5
W/(m? min) during the uninterrupted diurnal evolution.
The impact of the eclipse, however, is readily evident
in an almost linear decrease in measured solar radia-
tion from a peak of 850 W/m? at first contact to 0 W/m?
at second contact at a rate of 10 W/(m? min). There is
no measured radiation during totality, but there is a 10
W/(m? min) linear recovery from third contact to fourth
contact.

For convenience, we will divide the atmospheric
surface layer processes into six different phenomeno-
logical regimes. Regime | is the unaffected evolution
of the boundary layer. At first contact, Regime Il ini-
tiated. We define this regime as being one where all
heat fluxes are close to being in balance, resulting in
steady state temperature conditions for both the air
and surface. Regime Il lasted for approximately 30
minutes before the solar radiation dropped below the
combined rate of conduction and turbulent flux away
from the surface, and the initiation of Regime Ill. Last-
ing until second contact, Regime Il is characterized by
a strong decrease in both soil and air temperatures.

Regime IV occurred between second and third
contact and encompasses totality. Within this regime
the solar radiation was zero, and the the ground sur-
face had cooled to become equal, or near equal, to the
air temperature.

Regime V is defined around the region when when
the soil and air temperature were at minimum, with
both the soil and air temperature reaching a mini-
mum at 13:39, 11 minutes after third contact. At this
time, the solar radiation had increased back to approx-
imately 15% of its first contact value.

We define Regime VI as the recovery regime.

3.2 Atmospheric Surface Layer Structure

The measured solar radiation suggests a very dy-
namic process could be occurring during the eclipse,
with changes observed in all measured properties at
the surface. However, without measurements of these
properties at higher altitudes, we can only infer the
source of many of these changes. The advantages
of unmanned aerial vehicles become evident in their
ability to interrogate a wider range of altitudes within
the the surface layer than can be accessed via ground
instrumentation. With this information, we can con-
nect the regimes established during the discussion
of boundary conditions to boundary layer dynamics,
most notably through the formation and suppression of
coherent structures throughout the eclipse evolution.
To make this connection, we present isocontours of
temperature and potential temperature measured dur-
ing each flight as a function of altitude and time in Fig.



3a-b.

Regime | was characterized by the development
of mixed layer conditions typical of a cloudless day.
These convective structures, most clearly observed
in the temperature fields, appear as vertical pertur-
bations which get stronger as the temperature differ-
ence between the air and surface increases. Although
their presence is most easily visualized in the temper-
ature field, the potential temperature fields reveal the
vertical scale of the structures, with many of them ex-
tending throughout the domain, and several structures
detached from the surface also observed.

These mixed layer conditions continued in
Regimes Il and Ill, however the convective structures
are strongest during Regime Il due to the maximiza-
tion of temperature difference between the air and
surface. As the ground and air cooled within Regime
Il the convective behavior weakened, but mixed layer
conditions persisted until second contact.

During Regime 1V, the convective motions were
completely suppressed and stable conditions began to
form. This stabilization is reflected in the mean poten-
tial temperature profile, which shows a positive tem-
perature gradient formed.

Regime V was the most dynamic in the surface
layer and is by far the most interesting regime. Cor-
responding to this regime is the formation of a tem-
perature inversion Above this stable layer, the wind
speed reduced slightly, but the mean flow largely re-
mained unaffected by the changes at the surface. The
stable layer grew in time, reaching approximately 50
m in height at 13:45, when the ground temperature
and near-surface air temperature were at a minimum.
At this time, there is evidence that Kelvin-Helmholtz
waves formed in the temperature field, and to a lesser
extent the wind field (not shown), at the interface be-
tween the stable layer and the residual layer above it.
As the surface warmed towards the end of the regime,
the temperature inversion retreated toward the surface
and neutral conditions returned, signaling the end of
Regime V. Thus, Regime V represents the formation
of a short-lived nocturnal layer, lasting 45 minutes af-
ter third contact.

During Regime VI, convective structures were
once again evident, driven by the increased thermal
gradients at the surface, and increasing in strength to-
wards fourth contact.

3.3 Effect on Turbulence

The above discussion illustrates the changes which
were observed in the large-scale dynamics within the
surface layer throughout Regimes | to VI. Now, we ex-
amine how these dynamics influenced the turbulence,

as reflected in some of the turbulence statistics mea-
sured by the fixed-wing UAVs flying at 50 m and 100
m and shown in Fig. 4. Where possible, we also
include the same statistics measured at 7 m by the
tower-mounted sonic anemometer.

For most of the day, as evidenced in Fig. 3, the
surface layer exhibited classical mixed layer behavior,
with transport and mixing driven by large-scale con-
vective eddies. This buoyant forcing can be quanti-
fied by the buoyant production term of the turbulent ki-
netic energy budget, shown in Fig. 4a. Although it os-
cillated significantly due to large-scale mixing events,
the buoyant production displayed a general increase
in time within Regime |, producing a corresponding in-
crease in turbulent kinetic energy. The turbulent kinetic
energy, which is shown in Fig. 4b, provides a concise
quantification of the intensity of the turbulence, and in-
creased within Regime |, three- to four-fold at 7 m, 50
m and 100 m over an hour long period from 10:30 to
11:30 as the convective eddies observed in Fig. 3a
increase in intensity and introduce additional shearing
and turbulence production.

During Regime Il the conditions at the surface were
in an approximately steady state and, although the
buoyant production measured at 50 m and 100 m ap-
pears to have decreased, the corresponding turbu-
lent kinetic energy remained near its maximum values.
However, the measurements at 7 m suggest that the
turbulent kinetic energy at this height may have begun
to decrease.

The decrease in solar radiation, and corresponding
reduction in convective activity during Regime lll, was
quite dramatic. This resulted in the buoyant production
at 50 m and 100 m becoming completely damped out
by Regime IV and the initiation of totality. The turbulent
kinetic energy experienced a corresponding decrease
and is near zero by Regime IV. Damped by the stable
layer forming in Regime V, the Buoyant production and
turbulent kinetic energy remain near zero until Regime
VI, at which point they begin to recover as the solar
radiation increases back to non-eclipse levels.

Given that the stable layer forming during Regime
V forms within the lowest 50 m (Fig. 3), this is the
depth at which one would expect most of the turbu-
lence to be damped. Therefore the reduction in turbu-
lence at 50 m and 100 m is attributed to the lack of a
production mechanism coupled with a high rate of dis-
sipation. The residual layer conditions which formed
above the stable layer were well mixed, and as a re-
sult, lack the mean temperature and humidity gradi-
ents required for buoyant and mechanical production
of turbulence. Without a mechanism for sustaining its
energy, the turbulence dissipation took over, causing
the turbulent kinetic energy to rapidly decay.



4 DISCUSSION AND CONCLUSIONS

In summary, these measurements provide a unique
view of the atmospheric surface layer processes dur-
ing a solar eclipse and thereby present a much more
complete picture of the evolution of these processes
during the rapid decrease and increase of insola-
tion which occurs. Although these types of observa-
tions are not necessarily limited to UAVs, the use of
these systems for these measurements enabled de-
tailed measurements of a transient phenomena oc-
curring within the lower 100 m of the boundary layer.
Prior observations of the atmospheric surface layer
processes were made via surface installations, or via
remote sensing measurements, resulting in a gap be-
tween the surface and the minimum altitude resolved
by the remote sensing instruments.

Using the boundary conditions measured at the
surface, we were able to identify six different regimes
of behavior during the eclipse. These regimes gen-
erally describe the typical diurnal evolution, damping
of turbulent behavior, formation of a stable nocturnal
layer, and recovery back to the typical diurnal evo-
lution. Note that which regimes are observed at a
particular location can be expected to vary depend-
ing on several factors including: the time of day of
the eclipse; time of the year; geography; and synop-
tic scale weather. These factors will influence cloud
cover, and relative surface and near-surface air tem-
perature which will produce different phenomenology
and surface observations.

During the measurement campaign reported here,
the conditions were optimal for observing significant
transient behavior, allowing us to observe the forma-
tion and decay of large-scale convective events as the
temperature gradients near the surface reduced be-
tween first and second contact. A temperature inver-
sion and 50 m deep stable layer formed following total-
ity, which thinned as the solar radiation increased and
warmed the surface.

The existence of this layer results in observations
made at ground level being very different from obser-
vations made at altitude. For example, this layer re-
sults in the calming of the wind and the cooling of
the air, phenomena which have been assumed to be
linked to the formation of a nocturnal layer, but here
we see via direct observation that this behavior is lim-
ited to the lowest 50 m of the atmospheric surface
layer and associated with the suppression of mixing
inducing convective eddies. The formation, or lack
thereof, of such a stable layer which may form during
an eclipse explains some of the confusion surrounding
the eclipse wind behavior, as its suppression of con-
vective events and turbulence will confound observa-

tions of wind conditions near the surface. Conversely,
the properties of the turbulence above the stable layer
are influenced by the elimination of production mech-
anisms at the surface, resulting in a rapid decay of the
turbulence throughout the measurement domain.
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Figure 1: Aerial image of Russellville airport showing locations of different measurement stations.
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Figure 2: Solar radiation measured from 9:30 CDT to 15:00 CDT. Vertical lines indicate boundaries between
regimes with regimes identified by roman numerals.
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Figure 3: Time evolution of large-scale features of the atmospheric surface layer measured between 10 m and
100 m: (a) Isocontours of temperature measured by profiling UAV interpolated from ascending and descending
quadrotor aircraft (as described in Methods). Gaps between isocontours indicate times between flights. (b)
Isocontours of potential temperature calculated from pressure and temperature as described in methods section.
Vertical lines in (a) and (b) indicate boundaries between regimes with regimes identified by roman numerals in

(a).
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Figure 4: Time evolution of turbulence statistics measured at 7 m, 50 m and 100 m: (a) Buoyant production

calculated from fixed wing aircraft flying at 50 m and 100 m; (b) Corresponding turbulent kinetic energy, compared
to estimated turbulent kinetic energy measured by sonic anemometer located at 7 m. Vertical lines in (a) and (b)
indicate boundaries between regimes with regimes identified by roman numerals in (a). Gray data points indicate
statistics gathered from a single pass, with lines produced via a rolling average of 5 passes. Upward pointing

triangles indicate a measurement made at 100 m and downward pointing triangles indicate a measurement made
at 50 m.



