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Abstract. Field research campaigns in 2019 and 2020 col-
lected hourly atmospheric profiles via radiosonde surround-
ing the 2 July 2019 and 14 December 2020 total solar
eclipses over South America from locations within the paths
of eclipse totality. As part of these atmospheric data col-
lection campaigns, the eclipse module of the Advanced Re-
search Weather Research and Forecast (WRF-ARW) model
was utilized to model meteorological conditions before, dur-
ing, and after the eclipse events. The surface and upper-
air observational datasets collected through these campaigns
have enabled further assessment and validation of the WRF-
ARW’s eclipse module performance in simulating atmo-
spheric responses to total solar eclipses. We provide descrip-
tions of the field campaigns for both 2019 and 2020 and
present results from comparisons of meteorological variables
both at the surface and aloft using observational datasets ob-
tained through the campaigns. The paper concludes by rec-
ommending further scientific analyses to be explored utiliz-
ing the unique datasets presented.

1 Introduction

Numerical weather prediction models are utilized widely
in the fields of meteorology and climatology for character-
izing atmospheric states, general weather forecasting, and
research purposes. At present, many such predictive mod-
els exist with various intended applications, inherent as-
sumptions, and levels of complexity. One such numerical

model, the Advanced Research Weather Research and Fore-
cast model (WRF-ARW; Skamarock et al., 2008; Skamarock
et al., 2021), is of particular interest because it features an
eclipse module (WRF-eclipse) for calculating solar eclipses
in model simulations. Of course, one major research appli-
cation of this module is for investigation of atmospheric re-
sponses to a total solar eclipse (TSE). WRF-eclipse (Mon-
tornès et al., 2016) is implemented here for assessing model
performance during two TSE events occurring over South
America in 2019 and 2020. Due to their precise temporal and
spatial predictability, eclipses can offer valuable research op-
portunities through measurements of atmospheric responses
to the reduction or removal of incoming solar irradiance both
at the surface and aloft. However, comprehensive meteoro-
logical studies of eclipses are made difficult by the relatively
short duration of eclipse totality (i.e., ∼ 2 min) compared
to typical model output and observational measurement fre-
quencies. Such measurements (Amiridis et al., 2007; An-
derson et al., 1972; Anfossi et al., 2004; Aplin and Harri-
son, 2003; Eaton et al., 1997; Founda et al., 2007; Giles and
Hanna, 2016; Hanna, 2000; Ramchandran et al., 2002; Sza-
lowski, 2002; Fowler et al., 2019) can be carried out through
field research campaigns surrounding an eclipse. Specifi-
cally, field campaigns dedicated to high-temporal-resolution
balloon-borne radiosonde observations during a TSE can
produce valuable datasets for establishing a more robust sci-
entific understanding of the atmospheric responses to TSEs,
such as eclipse-induced atmospheric gravity waves (AGWs).
Such campaigns were performed during the TSEs of 21 Au-
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gust 2017 (Fowler et al., 2019), 2 July 2019 (Colligan et al.,
2020), and 14 December 2020 and were led by the Montana
Space Grant Consortium and other collaborators. This study
presents basic WRF-eclipse model validation of not only sur-
face variables but also – for the first time – preliminary vali-
dation using relatively-high-frequency profile observations.

To build upon the findings of eclipse-focused ballooning
research campaigns (Fowler et al., 2019), another similar
eclipse ballooning campaign was proposed for the 2 July
2019 TSE over South America, described by Colligan et al.
(2020). The 2019 campaign collected balloon-borne ra-
diosonde data for 30 h surrounding the 2019 TSE. Soundings
collected during the 2019 TSE specifically targeted higher
altitudes and were launched with greater temporal frequency
before and after the eclipse, relative to previous campaigns,
to maximize stratospheric measurements. A brief overview
of the 2019 campaign is provided in Sect. 2. To verify the
findings of the 2019 eclipse campaign, a subsequent field
campaign was proposed and carried out during the only TSE
of 2020 over Chile and Argentina. Figure 1 shows the paths
of eclipse totality for the 2019 and 2020 TSEs. These two
TSEs over South America presented a unique opportunity
to conduct this research; the passage of two TSEs over the
same general region will not occur again until the 2037 and
2038 eclipses over Australia and New Zealand. In contrast
to their relative geographic similarities, the 2019 and 2020
TSEs occurred at different times of day, during opposite
seasons in the Southern Hemisphere, and during markedly
different meteorological conditions. Further, measurements
were performed at a much higher elevation in 2019 relative
to 2020. While these differences slightly reduce the feasi-
bility of making direct comparisons between the two TSEs,
a general assessment of WRF-eclipse’s ability to simulate
eclipse impacts across various meteorological, temporal, and
seasonal conditions is possible. If profile data generated by
WRF-eclipse are within a reasonable range of accuracy rel-
ative to observations from 2019 and 2020, this finding may
support the use of model forecasts to estimate future TSE
impacts on the atmosphere.

The only TSE of 2020 occurred amid a global pandemic
on 14 December over southern South America. Overcom-
ing numerous logistic challenges, a field project entitled At-
mospheric Gravity Wave Radiosonde Field Campaign for
Eclipse 2020 was successfully conducted in Chile, collect-
ing surface measurements and hourly radiosonde profiles
from two locations 24 h before, during, and 24 h after eclipse
totality. Prior to the COVID-19 pandemic, the 2020 cam-
paign was intended to complete measurements from four
sites spanning the continental extent of the path of total-
ity. However, due to the increased logistical complexity pre-
sented by the pandemic, the final launch locations were ulti-
mately reduced to two locations in Chile. Both launch sites
were located along the centerline of eclipse totality, allowing
for additional validation of AGW detection methods com-
pared to measurements from a single site as performed by

Colligan et al. (2020). The goals of the 2020 campaign were
to replicate the methods employed during previous field cam-
paigns (Colligan et al., 2020; Fowler et al., 2019), to study the
atmospheric impacts of a TSE, and to detect eclipse-induced
AGWs in the stratosphere via balloon-borne radiosonde mea-
surements. While totality occurred during the last few hours
of daylight for the 2019 TSE, totality of the 2020 TSE oc-
curred near mid-day. Additionally, thick cloud cover and
persistent precipitation during the 2020 campaign obscured
views of the eclipse and reduced the overall reduction in so-
lar irradiance at the surface caused by the TSE. These me-
teorological conditions, in stark contrast to the clear skies
experienced during the 2019 TSE campaign, offered further
opportunity to assess the performance of WRF-eclipse (Mon-
tornès et al., 2016) in simulating TSE events across a range of
meteorological conditions. A further description of the 2020
campaign is provided in Sect. 2.2.

The primary goals of this paper are as follows: (1) provide
descriptions and present comparisons of the field campaigns
for the 2019 and 2020 TSEs, (2) introduce the resulting
dataset from the 2020 campaign, and (3) present preliminary
results for assessment and validation of the performance of
WRF-eclipse version 4.3.2 (Skamarock et al., 2021) in sim-
ulating atmospheric responses to the 2019 and 2020 TSEs.
Though the ability to represent TSEs with WRF-eclipse was
included in the fourth major release of WRF-ARW (Ska-
marock et al., 2019), few studies (Montornès et al., 2016;
Moss et al., 2020, 2021; Spangrude et al., 2019) have uti-
lized radiosonde-sounding data to validate WRF-eclipse’s
upper-air performance. Observational data obtained during
the 2019 and 2020 eclipse field campaigns by both radioson-
des and in situ surface weather stations (Spangrude et al.,
2023) are analyzed here to assess and validate the perfor-
mance of WRF-eclipse in simulating TSEs across a range of
environmental and temporal conditions. Section 2 provides
descriptions of the 2019 and 2020 eclipse campaigns and de-
scribes the modeling methods implemented in this study re-
lated to WRF-ARW. Section 3 presents preliminary results
from comparisons between measurements and model results
for the 2019 and 2020 eclipse events. The study’s resulting
conclusions and implications for future research are provided
in Sect. 4.

2 Field campaigns, measurements, and modeling
methods

2.1 Description of the 2019 radiosonde eclipse
campaign

The 2019 campaign utilized balloon-borne radiosondes
launched hourly before, during, and after eclipse totality to
detect eclipse-induced AGWs in the stratosphere. Both sur-
face and profile observations were made from a single site
within the path of eclipse totality beginning 24 h prior to
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Figure 1. Map of eclipse totality paths (gray shaded areas) for the 2 July 2019 and 14 December 2020 TSEs. The 2019 launch site at
Collowara Tourism Observatory (CTO; pink point) and 2020 launch sites, Toltén (yellow point) and Villarrica (blue point), are shown. Map
created by Carl Spangrude using QGIS software ver. 3.22.0. Eclipse paths courtesy of Xavier M. Jubier (http://xjubier.free.fr/en/site_pages/
SolarEclipsesGoogleEarth.html, last access: 13 July 2022; Jubier, 2022).

first contact of the eclipse and continuing until ∼ 3 h af-
ter fourth contact. An additional radiosonde flight was per-
formed 30 min prior to totality. First contact (C1) of the
2019 eclipse occurred at 19:22:41 UTC and fourth contact
(C4) occurred at 21:46:24 UTC. Eclipse totality occurred
at 20:39:17 UTC and lasted approximately 1 min. The ra-
diosonde launch location was determined by intended “co-
incident measurements with the Andes LiDAR Observatory”
(Colligan et al., 2020). By characterizing and distinguish-
ing wave parameters of AGWs generated by specific sources
(e.g., topography, wind shear, convection), the 2019 cam-
paign resulted in the first unambiguous detection of eclipse-
induced AGWs in the stratosphere (Colligan et al., 2020).
The AGW analysis for the TSE of 2 July 2019 is described
in detail by Colligan et al. (2020).

The 2019 field site is located in the Coquimbo region, ap-
proximately 2 km southeast of Andacollo, Chile, at the Col-
lowara Tourism Observatory (−30.250◦,−71.063◦; 1283 m).
The site has a primarily easterly aspect and little surface veg-
etation. During the campaign, 2 m air temperature ranged
from 11–21 ◦C and 2 m winds were generally low and from
the west. The sky was nearly cloud free for much of the cam-
paign, with “little convective activity” and “no frontal system
passages” (Colligan et al., 2020).

The 2019 campaign personnel were highly trained in ra-
diosonde operations and followed a detailed launch sched-
ule and flight checklists during the campaign. In to-
tal, 25 radiosonde flights were performed hourly between

19:18:00 UTC on 1 July 2019 and 22:35:00 UTC on 2 July
2019. Graw brand DFM-09 radiosondes were suspended
from 600 g latex balloons and measured air temperature,
pressure, relative humidity, wind speed, and wind direction
every 1 s (∼ 5 m vertically). All radiosondes were initialized
using 2 m surface meteorological values provided by an in
situ Lufft brand WS502-UMB Smart Weather Sensor mea-
suring temperature, relative humidity, pressure, wind speed,
wind direction, and solar irradiance every 2 s. Measurement
uncertainties for the DFM-09 radiosonde and the WS502-
UMB station are provided by the manufacturer’s technical
datasheets. Each radiosonde flight lasted approximately 2 h.
Graw brand GRAWMET software Version 5.12 was used for
all ground station systems. The lowest maximum radiosonde
altitude was 10.6 km and the highest maximum altitude was
34.2 km. The average maximum altitude for the 25 flights
was 30.5 km.

WRF-ARW Version 3.8 (Skamarock et al., 2008) was uti-
lized in the planning phase of the 2019 campaign. Meteo-
rological predictions for the campaign were generated using
WRF-ARW for two reasons: firstly to provide local weather
predictions for operational and logistical planning and sec-
ondly to provide Chilean aviation authorities and regional air
traffic controllers with predicted volumes of operational in-
tent for the campaign’s radiosonde flight trajectories, based
on local weather conditions surrounding measurements of
the TSE. Data collected during the 2019 campaign were sub-
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sequently used for preliminary validation of the WRF-eclipse
model by Spangrude et al. (2019).

A major update to the WRF-ARW model from Version
3.9 to Version 4.0 occurred on 8 June 2018. However, WRF-
eclipse was not fully included in Version 4 until the Ver-
sion 4.3.1 release on 28 October 2021. As such, WRF-ARW
was originally run using Version 3.8, which did include the
eclipse module, for the 2019 campaign. Since the inclusion
of WRF-eclipse in the WRF-ARW Version 4.3.1 update, the
2019 WRF-ARW model simulations have been re-run for
comparison to the model simulations of the 2020 TSE, with
results presented in Sect. 3. For full clarity, all WRF-ARW
and WRF-eclipse model results presented here were gener-
ated with Version 4.3.2 of the WRF-ARW model (Skamarock
et al., 2021).

2.2 Description of the atmospheric gravity wave
radiosonde field campaign for the eclipse in 2020

The 2020 TSE passed over southern South America on
14 December 2020. During the 2020 campaign, surface and
upper-air data were collected over 2 d (13–15 December
2020) from two sites in Chile, Toltén (−39.236◦, −73.160◦;
3 m) and Villarrica (−39.307◦, −72.104◦; 276 m) (Fig. 1).
C1 of the eclipse occurred at 14:39:17 UTC (14:41:21 UTC)
at Toltén (Villarrica) and C4 occurred at 17:28:59 UTC
(17:31:22 UTC). Eclipse totality lasted approximately 2 min,
occurring at 16:01:45 UTC at Toltén and 16:04:12 UTC at
Villarrica. Both sites are located in the Araucanía region
in southern Chile. Toltén is less than 10 km from the Pa-
cific coast, while Villarrica is located along the Andean
foothills, about 100 km inland from Toltén. The area sur-
rounding Toltén features primarily agricultural and native
grasslands and tributaries into the South Pacific Ocean. At
a higher elevation, Villarrica’s surrounding environment is
relatively more forested with both deciduous and conifer
species. Surface winds at each site were generally low and
from the west during the campaign, though gusts were higher
at Toltén due to its coastal proximity. Thick clouds and heavy
rain persisted throughout much of the campaign at each site;
however, measurements of precipitation were not performed
at Villarrica or Toltén.

During the 2020 campaign, hourly atmospheric sound-
ings were collected from Toltén and Villarrica using helium-
filled 600 g balloons carrying Graw DFM-17 radiosondes.
Each radiosonde sounding recorded temperature, pressure,
relative humidity, wind speed, and wind direction every 1 s
(∼ 5 m vertically) from the surface into the mid-stratosphere.
Measurement uncertainties associated with the DFM-17 ra-
diosonde sensors are provided by the radiosonde manufac-
turer’s technical datasheet. Each radiosonde ascent lasted
approximately 2 h. At each site, observations of tempera-
ture, relative humidity, pressure, wind speed, wind direction,
and solar irradiance were recorded every 2 s at 2 m above
ground using Lufft brand WS502-UMB Smart Weather Sen-

sors identical to the 2019 station cited in Sect. 2.1. Surface
measurements from the WS502-UMB station were used for
initialization of all radiosondes. While identical surface sta-
tions were used for the 2019 and 2020 campaigns, the DFM-
17 radiosondes used in 2020 featured slightly improved mea-
surement uncertainties for wind speed relative to the DFM-
09 (0.1 and 0.2 ms−1, respectively). Additionally, the DFM-
09 calculates pressure using a single GPS, while the DFM-17
utilizes multi-GNSS, resulting in improved uncertainties in
pressure, especially aloft. Graw brand GRAWMET software
Version 5.16 was used for all ground station systems.

All radiosonde soundings were collected hourly begin-
ning at 16:01:00 UTC on 13 December 2020 and ending at
18:14:00 UTC on 15 December 2020. A total of 50 balloon-
borne radiosondes were released hourly from each site si-
multaneously. Additionally, a radiosonde was released from
each site at a 30 min interval during eclipse totality, resulting
in six active soundings at various altitudes across two loca-
tions during maximum totality. Continuous surface and pro-
file measurements concluded after 50 h, at 18:14:00 UTC on
15 December 2020, corresponding to termination of the fi-
nal sounding at each site. Standard operating procedures uti-
lized during the 2019 campaign (Colligan et al., 2020) were
adapted for scaling to multiple teams in 2020.

In 2020, the lowest maximum radiosonde altitude for
soundings collected at Toltén (Villarrica) was 16.9 km
(10.6 km) and the highest maximum altitude was 36.5 km
(36.8 km). The average maximum altitude for soundings col-
lected at Toltén (Villarrica) was 31.2 km (29.6 km). The max-
imum average altitude at Villarrica was lower than at Toltén
due to winds aloft and increased interference from topogra-
phy.

Data quality was maintained throughout both campaigns
through extensive team training to ensure adherence to op-
erational standards defined by the Federal Meteorological
Handbook No. 3 (NOAA, 1997). Once all data were col-
lected, three types of screening methods (Meek and Hat-
field, 1994) were employed for quality control of the data.
These methods include checks for (1) range limits to confirm
values are within a reasonably expected range, (2) rate-of-
change limits to identify abrupt data changes during flight,
and (3) continuity of the data over time to identify periods
of interference when ground receivers were not properly re-
ceiving data (Meek and Hatfield, 1994). As a result of careful
data quality control and consistent field procedures, 94 of 100
soundings were of high enough quality and completeness to
be analyzed (49 from Toltén and 45 from Villarrica) from
2020 and 22 of 25 soundings met the criteria for quality and
completeness in 2019. The acceptable soundings from both
campaigns each reached the minimally acceptable pressure
level of 400 hPa as defined by the NOAA National Weather
Service (NWS, n.d.). The omitted profiles either lost teleme-
try completely in flight, failed to properly save data files,
or did not reach a high enough altitude to be considered in
analyses. This study compares the aforementioned surface
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and profile measurements to model simulations generated by
WRF-ARW Version 4.3.2. A further description of the WRF-
ARW model is provided in Sect. 2.3.

2.3 WRF-ARW models

WRF-ARW Version 4.2.1 was originally used to generate
meteorological forecasts for balloon trajectory prediction
during the 2020 campaign. All 2019 and 2020 simulations
have subsequently been re-run using WRF-ARW Version
4.3.2 (Skamarock et al., 2021) for validation of WRF-eclipse.
A three-domain model simulation with 50 vertical levels and
253× 253 grid points (in each domain) was initialized us-
ing boundary conditions provided by Global Forecast System
(Version 16) data with 0.25◦× 0.25◦ horizontal and hourly
temporal resolutions for 2019 and 2020. Models were initial-
ized using the Thompson microphysics scheme (Thompson
et al., 2008), Yonsei University Scheme for planetary bound-
ary layer (PBL) physics (Hong, Noh, and Dudhia, 2006),
and Rapid Radiative Transfer Model for GCMs (RRTMG;
Iacono et al., 2008). A 1 min radiation time step and 45 s
integration time step were used. The model top was set to
the 50 hPa pressure level. The 2020 simulations were con-
figured to begin at 00:00:00 UTC on 13 December 2020 and
run through 00:00:00 UTC on 16 December 2020. The 2019
simulations were run from 00:00:00 UTC on 2 July 2019 to
00:00:00 UTC on 4 July 2019. Three geographic model do-
mains were successively nested with a 1 : 3 parent grid ra-
tio to enable a 1 km horizontal resolution in the innermost
domain, centered over the launch site(s). Further specifica-
tions for WRF-ARW model initialization and configuration
are outlined in Tables S1–S4 in the Supplement. Inclusion of
TSE calculations is the only difference in initialization of the
WRF-ARW and WRF-eclipse simulations.

Three meteorological variables are examined here for
comparison between observations and WRF-ARW/WRF-
eclipse model results for the 2019 and 2020 TSE cam-
paigns. Observational data are comprised of surface-based
in situ measurements of air temperature (◦C) and irradiance
(Wm−2) at 2 m, wind magnitude (ms−1) at 2 m (surface sta-
tion) and 10 m (radiosonde), and air temperature (◦C) profiles
up to ∼ 30 km from the 94 soundings collected. Radiosonde
soundings are not representative of a vertically continuous
column of the atmosphere, but rather can experience signifi-
cant horizontal drift during ascent. As such, model grid cells
corresponding to both the horizontal and vertical flight paths
of soundings are considered in comparisons between model
results and the observations presented in Sect. 3.

3 Results

3.1 Comparison of measured and modeled
near-surface variables

Presented here are near-surface observations of irradiance
(Wm−2), wind speed (ms−1), and air temperature (◦C) com-
pared against WRF-ARW and WRF-eclipse model results
for the 2019 and 2020 eclipses. The two indicators used to
evaluate accuracy of the WRF-ARW models were root mean
square error (RMSE) and mean absolute error (MAE); val-
ues from the radiosonde profiles were used as the reference
values (Sun et al., 2023). The corresponding equations are as
follows:

RMSE=

√∑N
i=1(Tm− Tr)

2

N
, (1)

MAE=
1
N

∑N

i=1
|Tm− Tr| , (2)

where Tr and Tm represent temperature from the radiosonde
and temperature from the model, respectively, with Is, Im,
wr, and wm substituting for temperature in evaluating the
additional parameters. As a note, results for WRF-ARW in
Figs. 2–4 are masked by WRF-eclipse results until the time
of the eclipse; however, both models were run for the entirety
of the time series. As seen in Fig. 2, in situ measurements
for the 2019 eclipse concluded prior to conclusion of the
2020 model simulations, hence the difference in the time se-
ries. Figure 2 shows that the measured irradiance during the
2020 eclipse was far more dynamic relative to the smoother
time series for 2019 (Fig. 2a). Observations of irradiance at
2 m during the 2019 eclipse show an immediate decrease be-
ginning at C1 leading to 0 Wm−2 during totality (Fig. 2a).
WRF-eclipse simulates this decrease in incoming shortwave
radiation well, showing close agreement with observations
(Fig. 2a) based on an RMSE of 14.9 Wm−2 and MAE of
13.1 Wm−2. As expected, results from WRF-ARW do not in-
clude an eclipse-related decrease in irradiance; hence results
are an RMSE of 107.0 Wm−2 and MAE of 75.0 Wm−2.

Both WRF-ARW and WRF-eclipse suppress irradiance
too strongly prior to the 2020 eclipse at Toltén and Vil-
larrica, with an RMSE for WRF-eclipse of 75.6 Wm−2

(49.7 Wm−2) for Toltén (Villarrica) and an MAE of
36.2 Wm−2 (26.2 Wm−2) for Toltén (Villarrica). However,
the reduction in irradiance to 0 Wm−2 during eclipse to-
tality is captured by WRF-eclipse at both sites (Fig. 2b
and c). After C4, both WRF-ARW and WRF-eclipse re-
sults show increased fluctuations in irradiance but do not
capture the timing of the fluctuations as compared to ob-
servations (Fig. 2b and c), with an RMSE for WRF-
eclipse of 237.4 Wm−2 (415.7 Wm−2) for Toltén (Vil-
larrica) and an MAE of 194.4 Wm−2 (321.1 Wm−2) for
Toltén (Villarrica). For WRF-ARW, the RMSE post-eclipse
is 302.0 Wm−2 (253.9 Wm−2) for Toltén (Villarrica) and the
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Figure 2. Comparison of irradiance (Wm−2) observations (solid
blue lines) and modeled results at the surface for the 2 July 2019
eclipse (a) and from two sites (Toltén, b; Villarrica, c) during the
14 December 2020 eclipse. Modeled results include WRF simu-
lations with the eclipse enabled (dashed green lines) and disabled
(dashed orange lines). Times of the eclipses are marked by the
shaded gray area. Surface measurements from Andacollo, Chile, in
2019 concluded at 22:30:00 UTC. Prior to the eclipse, WRF-ARW
results are masked by WRF-eclipse results since both were identical
until C1.

MAE is 239.4 Wm−2 (204.5 Wm−2) for Toltén (Villarrica).
Notably, post-eclipse differences in simulated irradiance be-
tween WRF-ARW and WRF-eclipse are resolved relatively
quickly, with the models converging 4–6 h after initial diver-
gence (Fig. 2b and c).

Figure 3 shows comparisons between observations of
air temperature (◦C) and results from WRF-ARW and
WRF-eclipse at 2 m for the 2019 and 2020 eclipses. Both
WRF-ARW and WRF-eclipse underestimated temperature
by ≥ 3 ◦C relative to observations from 2019. WRF-eclipse
results for 2019 show a larger decrease in temperature rel-
ative to observations during the eclipse (Fig. 3a) with an

Figure 3. Comparison of temperature (◦C) observations at 2 m
(solid blue lines) and modeled results at 2 m for the 2 July 2019
eclipse (a) and from two sites (Toltén, b; Villarrica, c) during the
14 December 2020 eclipse. Modeled results include WRF simu-
lations with the eclipse enabled (dashed green lines) and disabled
(dashed orange lines). Times of the eclipses are marked by the
shaded gray area. Surface measurements from Andacollo, Chile, in
2019 concluded at 22:30:00 UTC. Prior to the eclipse, WRF-ARW
results are masked by WRF-eclipse results since both were identical
until C1.

RMSE for WRF-eclipse of 4.1 ◦C and an MAE of 3.8 ◦C.
Post-eclipse comparisons between observed and modeled air
temperature cannot be made since the 2019 measurements
concluded at 22:30:00 UTC.

For the 2020 eclipse, WRF-ARW and WRF-eclipse pro-
duce identical results in temperature prior to the TSE and
agree well with observations at both Toltén and Villarrica
(Fig. 3b and c) with an RMSE for WRF-eclipse of 0.8 ◦C
(0.3 ◦C) for Toltén (Villarrica) and an MAE of 0.7 ◦C (0.3 ◦C)
for Toltén (Villarrica). At Toltén, WRF-eclipse diverges from
WRF-ARW somewhat after C1, briefly showing a decrease
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Figure 4. Comparison of wind speed (ms−1) observations at 2 m
(solid gray lines), observations at 10 m (solid blue lines), and mod-
eled results at 10 m for the 2 July 2019 eclipse (a) and from two
sites (Toltén, b; Villarrica, c) during the 14 December 2020 eclipse.
Modeled results include WRF simulations with the eclipse enabled
(dashed green lines) and disabled (dashed orange lines). Surface
station observations are 3 min averages. Times of the eclipses are
marked by the shaded gray area. Surface measurements from An-
dacollo, Chile, in 2019 concluded at 22:30:00 UTC. Prior to the
eclipse, WRF-ARW results are masked by WRF-eclipse results
since both were identical until C1.

in temperature in agreement with trends in observations
(Fig. 3b). Observations from Villarrica do not indicate a no-
table temperature decrease during the eclipse; however both
models slightly underestimate temperature relative to obser-
vations from C1 to totality (Fig. 3c). From C1 to C4 both
models perform relatively equally with an RMSE for WRF-
eclipse after C1 of 0.6 ◦C (0.6 ◦C) for Toltén (Villarrica) and
an MAE of 0.5 ◦C (0.6 ◦C) for Toltén (Villarrica); for WRF-
ARW, the RMSE after C1 is 0.8 ◦C (0.8 ◦C) for Toltén (Vil-
larrica) and there is an MAE of 0.7 ◦C (0.7 ◦C) for Toltén
(Villarrica).

Figure 4 shows wind magnitude observations at 2 m (sur-
face station) and 10 m (radiosonde) and model results from
WRF-ARW and WRF-eclipse at 10 m for the 2019 and 2020
eclipses. Both models overestimate wind magnitude relative
to 2019 and 2020 observations. Observations of wind mag-
nitude in 2019 indicate an increase of 1.9 ms−1 leading up
to C1 and a decrease of 1.25 ms−1 during totality with an
RMSE of 2.2 ms−1 and MAE of 1.9 ms−1 prior to C1 and
an RMSE of 1.4 ms−1 and MAE of 1.2 ms−1 during the
eclipse (Fig. 4a). WRF-eclipse results diverge from WRF-
ARW during the 2019 eclipse, showing a slight decrease in
wind magnitude at totality (Fig. 4a). For the 2020 eclipse at
Toltén, results from both models show a decrease in wind
magnitude beginning at C1 not seen in the 10 m observa-
tions (Fig. 4b) and of a greater magnitude than the 2 m ob-
servations. The 2.25 ms−1 decrease in wind magnitude from
C1 to totality calculated by WRF-eclipse at Toltén is greater
than the decrease shown by WRF-ARW (Fig. 4b). Obser-
vations at 2 m show a 1.25 ms−1 decrease in wind magni-
tude during totality at Toltén (Fig. 5b). At Villarrica, both
WRF-ARW and WRF-eclipse calculate a decrease in wind
magnitude of 2.1 ms−1 from C1 to totality which generally
aligns with the observational trend (Fig. 4c). Both models
show a 6.25 ms−1 increase in wind magnitude from totality
to C4, while observations suggest a much smaller increase of
1.25 ms−1 from totality to just after C4 at Villarrica (Fig. 4c).
The RMSE for WRF-eclipse from C1 to C4 is 3.9 ms−1

(3.1 ms−1) for Toltén (Villarrica) and the MAE is 3.7 ms−1

(2.3 ms−1) for Toltén (Villarrica); the equivalent RMSE cal-
culation for WRF-ARW is 3.4 ms−1 (1.7 ms−1) for Toltén
(Villarrica) and the MAE is 3.1 ms−1 (1.4 ms−1) for Toltén
(Villarrica).

3.2 Comparison of measured and modeled profiles

Differences between radiosonde wind magnitude (ms−1) and
air temperature (◦C) profiles and WRF-eclipse model re-
sults at various pressure levels before, during, and after the
eclipses of 2019 and 2020 are presented (Figs. 5 and 6).
Measurements at a given pressure level are subtracted from
the value at the closest corresponding WRF-eclipse model
grid position. The authors accordingly acknowledge the lim-
ited representativeness of these data based on the relatively
small sample size. Horizontal and vertical model grids are
indexed to account for balloon drift during ascent. For 2020
results, pressure levels at (hPa) 980, 750, 500, 250, and 100
are considered. For the 2019 results, the bottommost pressure
level considered is 850 (hPa) since the field site at Andacollo,
Chile, has a surface elevation of 1283 m.

For 2019, the largest differences between observed air
temperature and WRF-eclipse results occurred near the sur-
face. Figure 5a shows WRF-eclipse underestimated air tem-
perature at 850 hPa by 2.5 to 4.5 ◦C before, during, and af-
ter and 750 hPa pressure levels (Fig. 5b and c). The largest
differences between observations and model results for both
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Figure 5. Differences between WRF-eclipse results and profile observations of air temperature (◦C) before (blue), during (orange), and
after (green) the eclipses of 2019 (a) and 2020 (b, c). For Andacollo (a), before-eclipse data are from flight 21, during eclipse-data are
from flight 23, and after-eclipse data are from flight 25 (launched 2 July 2019 at 17:23:00, 19:58:50, and 22:35:39 UTC, respectively;
eclipse totality occurred at 20:39:17 UTC). For Toltén (b), before-eclipse data are from flight 21, during-eclipse data are from flight 24, and
after-eclipse data are from flight 27 (launched 14 December 2020 at 12:01:19, 14:59:02, and 17:30:13 UTC, respectively; eclipse totality
occurred at 16:01:45 UTC). For Villarrica (c), before-eclipse data are from flight 21, during-eclipse data are from flight 24, and after-eclipse
data are from flight 27 (launched 14 December 2020 at 12:02:21, 15:02:03, and 18:02:00 UTC, respectively; eclipse totality occurred at
16:04:12 UTC). Negative values indicate underestimation of air temperature by the model relative to observations; positive values indicate
overestimation by the model. Differences are calculated from pressure levels (hPa) 980, 850, 750, 500, 250, and 100 for profile data and at
the closest corresponding model grid altitudes. For Andacollo, 850 hPa is substituted for the 980 hPa level given the high elevation of the
Andacollo launch site.

sites in 2020 occurred before and during the eclipse at the
100 hPa pressure level (Fig. 5b and c). At Toltén and Villar-
rica, WRF-eclipse overestimated temperature at 100 hPa by
1.75 to 4.25 ◦C before and during the eclipse (Fig. 5b and c).
All three simulations show differences < 2 ◦C before, during,
and after the eclipse at the 250 hPa pressure level (Fig. 5a–c).

Figure 6 shows differences between measured and mod-
eled wind magnitudes before, during, and after the 2019 and
2020 eclipses. In all three cases, the largest differences be-
tween measurements and model results occurred at the 250
and 100 hPa pressure levels. Notably, WRF-eclipse greatly
underestimated wind magnitude at 100 hPa for Villarrica
(Fig. 6c). Table 1 presents the RMSE and MAE values for
these measurements.

3.3 WRF modeling of atmospheric gravity waves
during a total solar eclipse

Preliminary results comparing the WRF-ARW and WRF-
eclipse models in simulating AGWs are presented in Figs. 7
and 8. In each case, the gravity-wave-focused model sim-

ulations mirror the configuration of those previously de-
scribed here, with the following exceptions: (1) model ver-
sion 4.3.3 (Skamarock et al., 2021) was used, (2) time step
reduced to 36 s, (3) model top increased to 5 hPa (∼ 35 km),
(4) time off-centering damping (epssm) set to 0.2, and
(5) smooth_cg_topo set to true.

Comparisons between eclipse and non-eclipse simulations
for both 2019 (Fig. 7) and 2020 (Fig. 8) show such similar re-
sults that very few differences are discernable in either case.
Relative to the observations collected during the 2019 TSE
by Colligan et al. (2020), which showed AGW signatures at
∼ 25 km after eclipse totality, WRF-eclipse did not simulate
a similar signal with the present model physics configuration
(Fig. 7c and d). The WRF-eclipse simulation for 2020 was
also not indicative of notable AGW activity with the present
model physics configuration, showing minimal fluxes in the
W (vertical) wind component around the time of the TSE.
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Figure 6. Differences between WRF-eclipse results and profile observations of wind magnitude (ms−1) before (blue), during (orange),
and after (green) the eclipses of 2019 (a) and 2020 (b, c). For Andacollo (a), before-eclipse data are from flight 21, during-eclipse data
are from flight 23, and after-eclipse data are from flight 25 (launched 2 July 2019 at 17:23:00, 19:58:50, and 22:35:39 UTC, respectively;
eclipse totality occurred at 20:39:17 UTC). For Toltén (b), before-eclipse data are from flight 21, during-eclipse data are from flight 24, and
after-eclipse data are from flight 27 (launched 14 December 2020 at 12:01:19, 14:59:02, and 17:30:13 UTC, respectively; eclipse totality
occurred at 16:01:45 UTC). For Villarrica (c), before-eclipse data are from flight 21, during-eclipse data are from flight 24, and after-eclipse
data are from flight 27 (launched 14 December 2020 at 12:02:21, 15:02:03, and 18:02:00 UTC, respectively; eclipse totality occurred at
16:04:12 UTC). Negative values indicate underestimation of wind magnitude by the model relative to observations; positive values indicate
overestimation by the model. Differences are calculated from pressure levels (hPa) 980, 850, 750, 500, 250, and 100 for profile data and at
the closest corresponding model grid altitudes. For Andacollo, 850 hPa is substituted for the 980 hPa level given the high elevation of the
Andacollo launch site.

4 Conclusions

The variability of WRF-eclipse’s performance in simulat-
ing atmospheric responses surrounding a TSE under differ-
ing meteorological conditions is made clear through the re-
sults presented. Figure 2a highlights the consistency of ob-
served and modeled irradiance under stable, clear-sky con-
ditions. Under such conditions, WRF-eclipse simulates ir-
radiance reasonably well based on RMSE and MAE val-
ues and demonstrates a marked reduction during the eclipse,
corresponding well to observations. In contrast, thick cloud
cover and heavy precipitation over the 2020 campaign’s field
sites are most likely responsible for the highly dynamic ob-
served and simulated irradiance values at each site (Fig. 2b
and c), which are also reflected in the RMSE and MAE val-
ues. Both models likely overestimated cloud cover leading up
to the eclipse, causing an underestimation of irradiance from
12:00:00 to 16:00:00 UTC on 14 December 2020 (Fig. 2b
and c).

Conversely, both models simulated air temperature with
reasonable accuracy relative to 2020 observations (Fig. 3b
and c), while both underestimated temperature by ≥ 3 ◦C
relative to observations from the 2019 campaign (Fig. 3a),
which is consistent with the resulting RMSE and MAE val-
ues from both campaigns. This potential temperature bias in
the 2019 data was shown by Spangrude et al. (2019); how-
ever the present results indicate that a reduction in this bias
between 15:00:00 and 22:00:00 UTC was achieved, likely
through increased resolution of meteorological input data
and a lower radiation time step. Other factors possibly con-
tributing to the variable accuracy of modeled air temperature
between the 2019 and 2020 TSEs are the 1000 m difference
in elevation between the 2019 and 2020 field sites and the
significant differences in the surrounding surface vegetation
for each campaign.

While results from previous studies on changes in wind
magnitude during a TSE are varied, many have shown winds
decreasing during TSEs (Fernández et al., 1993, 1996; Ram-
chandran et al., 2002; Krishnan et al., 2004; Stoev et al.,
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Table 1. RMSE and MAE values for upper-air data and WRF-eclipse model comparison.

Temperature before eclipse

2019 Andacollo, Chile 2020 Toltén, Chile 2020 Villarrica, Chile

MAE 1.8 ◦C 0.6 ◦C 1.6 ◦C
RMSE 2.4 ◦C 0.8 ◦C 2.3 ◦C

Temperature during eclipse

2019 Andacollo, Chile 2020 Toltén, Chile 2020 Villarrica, Chile

MAE 1.5 ◦C 1.2 ◦C 1.3 ◦C
RMSE 1.8 ◦C 1.4 ◦C 1.7 ◦C

Temperature after eclipse

2019 Andacollo, Chile 2020 Toltén, Chile 2020 Villarrica, Chile

MAE 1.2 ◦C 0.6 ◦C 1.6 ◦C
RMSE 1.5 ◦C 0.6 ◦C 1.8 ◦C

Wind speed before eclipse

2019 Andacollo, Chile 2020 Toltén, Chile 2020 Villarrica, Chile

MAE 2.5 ms−1 2.1 ms−1 3.6 ms−1

RMSE 3.5 ms−1 2.5 ms−1 4.9 ms−1

Wind speed during eclipse

2019 Andacollo, Chile 2020 Toltén, Chile 2020 Villarrica, Chile

MAE 2.5 ms−1 2.2 ms−1 5.4 ms−1

RMSE 3.3 ms−1 2.3 ms−1 8.2 ms−1

Wind speed after eclipse

2019 Andacollo, Chile 2020 Toltén, Chile 2020 Villarrica, Chile

MAE 1.9 ms−1 2.6 ms−1 5.9 ms−1

RMSE 2.1 ms−1 3.5 ms−1 6.2 ms−1

2005; Founda et al., 2007). A decrease in wind magnitude
during eclipse totality was indeed observed in 2019, though
results from 2020 are less conclusive. The observed wind
magnitudes in 2020 were likely impacted by the passage of
a low-level jet associated with strong horizontal water vapor
transport which occurred during the campaign. The differ-
ences in variability and overall wind magnitude observed at
Toltén and Villarrica (Fig. 4b and c) are likely explained by
the coastal environment at Toltén compared to Villarrica’s
higher elevation and closer proximity to the Andes Moun-
tains, given that other meteorological variables were other-
wise similar. Both models simulated a sharp rise in wind
magnitude after totality at Villarrica which was far more
gradual at Toltén.

Comparisons of vertical air temperature measurements
against results from WRF-eclipse show greater disagreement
near the surface during the clear-sky conditions in 2019,
while results from 2020 at both Toltén and Villarrica show
the greatest disagreement occurring aloft, at the 100 hPa

pressure level (Fig. 5). Overall, the RMSE and MAE values
indicate better agreement between models and observations
for the 2020 eclipse (Table 1). However, the authors acknowl-
edge the limits of this preliminary analysis (a tertiary goal
of this study) based on the relatively small sample size and
encourage future studies to carry out more comprehensive
analyses.

That the WRF-eclipse model (in the present configuration)
did not simulate an AGW signature similar to the observa-
tions reported by Colligan et al. (2020) for the 2019 TSE
suggests additional investigation of model physics configu-
rations is warranted to further assess the model’s ability to
predict eclipse-induced AGWs. The authors thus recommend
additional analyses focused on AGWs be performed, leverag-
ing the unique observational datasets presented here.

In conclusion, the above results comparing surface and
profile observations indicate that the WRF-eclipse model is
indeed capable of simulating atmospheric responses to an
eclipse with reasonable accuracy; however, overall accuracy

Atmos. Meas. Tech., 16, 5167–5179, 2023 https://doi.org/10.5194/amt-16-5167-2023



C. E. Spangrude et al.: WRF modeling and measurements of the 2019 and 2020 total solar eclipses 5177

Figure 7. Vertical cross sections of WRF-ARW and WRF-eclipse model domain 3 over the 2019 field site. Plots show hourly model outputs
surrounding the eclipse from 19:00:00 UTC (a, f) to 23:00:00 UTC (e, j). Horizontal lines indicate potential temperature, arrows indicate
wind magnitude and direction, and shading indicates the W wind component (ms−1). The model domain’s topographic profile is shown in
black along the bottom. Model simulations shown here were modified to optimize for investigation of AGWs. Version 4.3.3 of the WRF
model (Skamarock et al., 2021) was used.

Figure 8. Vertical cross sections of WRF-ARW and WRF-eclipse model domain 3 over the 2020 field sites. Plots show hourly model outputs
surrounding the eclipse from 14:00:00 UTC (a, f) to 18:00:00 UTC (e, j). Horizontal lines indicate potential temperature, arrows indicate
wind magnitude and direction, and shading indicates the W wind component (ms−1). The model domain’s topographic profile is shown in
black along the bottom. Model simulations shown here were modified to optimize for investigation of AGWs. Version 4.3.3 of the WRF
model (Skamarock et al., 2021) was used.

https://doi.org/10.5194/amt-16-5167-2023 Atmos. Meas. Tech., 16, 5167–5179, 2023



5178 C. E. Spangrude et al.: WRF modeling and measurements of the 2019 and 2020 total solar eclipses

across meteorological variables is shown to be partly influ-
enced by local or regional atmospheric conditions. Beyond
applications of this dataset to future atmospheric and model-
ing studies, additional research is recommended to validate
the performance of other WRF-ARW physics schemes since
this study does not attempt to provide a comprehensive as-
sessment of the multiple physics and dynamics options avail-
able within WRF-ARW. PBL schemes within WRF-ARW
are of particular interest since eclipse-induced atmospheric
responses are expected primarily in this lowest region of the
atmosphere.

One future research opportunity, the Nationwide Eclipse
Ballooning Project (https://eclipse.montana.edu/, last access:
13 July 2022), will perform hourly radiosonde measurements
from sites across the US during eclipses in 2023 and 2024.
This project will result in an abundance of atmospheric pro-
file and surface data for before, during, and after the eclipses
which would be highly valuable for further validation stud-
ies of the WRF-eclipse model to expand on the results pre-
sented here. Additionally, since previous eclipse ballooning
campaigns have focused on TSEs, the 14 October 2023 annu-
lar eclipse presents an opportunity to perform measurements
and subsequent validation studies for an additional type of
solar eclipse.
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