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Abstract

We employ in this work the first airglow dataset registered at the Remote Optical Facility (ROF) in Culebra, Puerto Rico,

during the descending phase of the solar cycle #24. From November 4, 2015, to September 26, 2019, observations were carried

out during 633 nights at ROF using a small all-sky imager, while events were identified in 225 of 499 nights classified as clear.

A quantitative analysis of these and their dependency by geophysical parameters (solar and geomagnetic activities) are the

main focus of this study. We introduce an original statistical methodology that examines the unique features of the dataset

and minimizes the cross-contamination of individual modulators onto one another, avoiding bias in the results. Our findings

include a primary peak of occurrence in the December solstice and a secondary peak in the June solstice. We observed a

remarkable correlation in the occurrence rate of the with the geomagnetic activity. A notable modulation of the occurrence

rate with the solar activity is also found, which includes periods of correlation and anti-correlation depending on the season.

This modulation has an annual component that is ˜33% and ˜83% stronger than the semi-annual and terannual components,

respectively. We discuss these findings based on the behavior of the thermospheric neutral winds derived from 30 years of Fabry-

Perot interferometer observations. Our results, which are valid for low to moderate solar activity, point out circumstances that

might explain differences in previous climatological studies of nighttime
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Abstract 19 

We employ in this work the first O(
1
D) 630.0-nm airglow dataset registered at the 20 

Remote Optical Facility (ROF) in Culebra, Puerto Rico, during the descending phase of the solar 21 

cycle #24. From November 4, 2015, to September 26, 2019, observations were carried out during 22 

633 nights at ROF using a small all-sky imager, while MSTID events were identified in 225 of 23 

499 nights classified as clear. A quantitative analysis of these MSTIDs and their dependency by 24 

geophysical parameters (solar and geomagnetic activities) are the main focus of this study. We 25 

introduce an original statistical methodology that examines the unique features of the dataset and 26 

minimizes the cross-contamination of individual modulators onto one another, avoiding bias in 27 

the results. Our findings include a primary peak of MSTIDs occurrence in the December solstice 28 

and a secondary peak in the June solstice. We observed a remarkable correlation in the 29 

occurrence rate of the MSTIDs with the geomagnetic activity. A notable modulation of the 30 

MSTIDs occurrence rate with the solar activity is also found, which includes periods of 31 

correlation and anti-correlation depending on the season. This modulation has an annual 32 

component that is ~33% and ~83% stronger than the semi-annual and terannual components, 33 

respectively. We discuss these findings based on the behavior of the thermospheric neutral winds 34 

derived from 30 years of Fabry-Perot interferometer observations. Our results, which are valid 35 

for low to moderate solar activity, point out circumstances that might explain differences in 36 

previous climatological studies of nighttime MSTIDs. 37 

Plain Language Summary 38 

The medium scale traveling ionospheric disturbances (MSTIDs) are one of the most 39 

observed perturbations in the nighttime ionosphere in mid latitudes. Arguably, many aspects of 40 

their nature are still poorly understood. This paper focuses on a quantitative analysis of the 41 

MSTIDs observed at the Arecibo Observatory Remote Optical Facility (ROF) located in Culebra, 42 

Puerto Rico, using airglow images of the red line emission (630.00-nm). We show the 43 

occurrence rate of the MSTIDs found at ROF and their dependency on solar and geomagnetic 44 

activities. We discuss our findings based on the relation between the MSTIDs and the behavior of 45 

the background thermospheric neutral winds over Puerto Rico. 46 

1 Introduction 47 

Traveling Ionospheric Disturbances (TIDs) are fluctuations in the electron density and 48 

altitude of the ionospheric plasma that can occur in all latitudes. These fluctuations are thought to 49 

be an ionospheric manifestation of atmospheric gravity waves generated at high latitude and/or 50 

propagated from the lower atmosphere (Otsuka et al., 2013). The first observations of the TIDs 51 

dated from the 1950s (Munro, 1950; Price, 1953) using radio techniques. Later, it was observed 52 

that TIDs could propagate in a broad spectral range of speeds, scales and, periods (Georges, 53 

1968; Francis, 1974). Those with a typical scale between 100km and 1000km were classified as 54 

medium-scale (MSTIDs) and those larger than 1000km as large-scale (LSTIDs) (Hunsucker et al., 55 

1982).  56 

MSTIDs can occur in the daytime and nighttime, and their source mechanisms can be 57 

different (e. g. Kotake et al., 2006; Makela and Otsuka, 2012). Hines (1960) was the first to 58 

suggest the atmospheric gravity waves as the cause of the irregular motions in the ionosphere. 59 

Hooke (1968) extended this theory by showing that the gravity waves propagating into the 60 

thermosphere affected the ionospheric plasma through collisions or recombination/production 61 

rate changes under the influence of the geomagnetic field. While the daytime MSTIDs 62 
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propagation agrees with the gravity waves seeding theory, the geometry for the direction of 63 

propagation and for the alignment of the nighttime MSTIDs generate many doubts about this 64 

source mechanism, opening discussions about the role of the Perkins instability (Perkins, 1973) 65 

in the generation of these nighttime events (Behnke, 1979; Miller et al., 1997; Shiokawa et al. 66 

2003b). But further studies demonstrated that the growth rate of the Perkins mechanism was not 67 

enough to explain the evolution of the nighttime MSTIDs (e. g., Garcia et al., 2000; Kelley et al., 68 

2002). Besides that, the nighttime MSTIDs drift in a direction contrary to the plasma background 69 

(Narayanan et al., 2014). Numerical simulations pointed out that the electrodynamics involved in 70 

the coupling between the E- and F- ionospheric regions could resolve the discrepancies observed 71 

in the Perkins instability theory and reproduce the generation and proper direction of propagation 72 

of nighttime MSTIDs (Tsunoda and Cosgrove, 2001; Otsuka et al., 2007). Different types of 73 

structures in the E region were considered in this coupling theory as the quasiperiodic echoes, 74 

unstable sporadic E layers (Es), Es layer instability and just the presence of Es layers (Martinis et 75 

al., 2019). On other hand, Otsuka et al. (2013) suggested that the longitudinal and seasonal 76 

MSTIDs occurrence on Europe was not controlled by the Es layer occurrence alone. 77 

Climatological studies of the nighttime MSTIDs, including their features and geophysical 78 

modulators (solar and geomagnetic activities), have been carried out in several locations around 79 

the globe, attempting to elucidate the possible sources and evolution of these events that are still 80 

poorly understood. The seasonal occurrence of the nighttime MSTIDs was found to have a semi-81 

annual behavior in the Japanese sector with a primary peak in summer (June solstice) and the 82 

secondary peak in winter (December solstice) (Shiokawa et al. 2003a). In the North American 83 

sector, Martinis et al. (2010) also observed a semi-annual behavior in the occurrence of these 84 

events but with a primary peak in December solstice and a secondary one in June solstice. Duly 85 

et al. (2013) observed large number of occurrences of nighttime MSTIDs during the solstices in 86 

Central Pacific and South American. In the Brazilian sector, a peak of occurrence of nighttime 87 

MSTIDs near the June solstice months was reported by various studies (e. g., Figueiredo et al., 88 

2018; Pimenta et al., 2008; Paulino et al., 2016). Some authors studied the MSTIDs occurrence 89 

from two or more locations and concluded that it varies with the longitude (e. g., Kotake et al., 90 

2006; Tsuchiaya et al., 2019). 91 

An anti-correlation of the nighttime MSTIDs occurrence on the solar activity was 92 

observed in various studies (e. g., Amorim et al., 2011; Duly et al., 2013; Garcia et al., 2000; 93 

Martinis et al., 2010; Narayanan et al., 2014; Shiokawa et al., 2003a). Nonetheless, Fukushima et 94 

al. (2012) reported a decrease in the MSTIDs occurrence as the result of a decrease in the solar 95 

activity, while Fedorenko et al. (2013) using numerical simulations, claimed that MSTIDs 96 

occurrence does not depend on solar activity. 97 

Studies relating the occurrence of the MSTIDs with the geomagnetic activity are also 98 

controversial. For instance, Seker et al. (2011) suggested a negative correlation between the 99 

occurrence of MSTIDs and the geomagnetic activity by analyzing optical data registered at 100 

Arecibo Observatory (AO). Burke et al. (2016), stated that MSTIDs manifest no apparent 101 

dependence on geomagnetic activity variation. Paulino et al. (2016) reported that the 102 

geomagnetic activity was not an essential factor for the occurrence modulation of MSTIDs at low 103 

latitude stations. Frissel et al. (2016) also found no correlation between the geomagnetic activity 104 

and occurrence of MSTIDs observed with SuperDARN. Conversely, Chen et al. (2019) found 105 

that under different geomagnetic conditions, the occurrence rate of the MSTIDs presented some 106 

variation, i.e., an increase of the occurrence rate with the rise of the geomagnetic activity.  107 
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In this scenario of several studies describing distinct dependencies of the MSTIDs 108 

occurrence on the solar and geomagnetic activities, it is clear that more details about their 109 

climatology and modulators needed to be investigated. Nevertheless, rather than more 110 

experiments, a crucial factor is how to improve the usual statistical methodologies to understand 111 

this phenomenon better. The literature shows that the classic methods, which are usually based 112 

on pre-established thresholds or average values for the classification of solar and geomagnetic 113 

activities, result in a non-optimal sample, even when the database consists of years of 114 

observations. Also, these methods do not minimize the cross-contamination of individual 115 

modulators onto one another, generating bias in the results. We propose a statistical methodology 116 

that maximizes the unique features of the data distribution according to the parameters to be 117 

investigated. This unusual method allowed us to extract what we believe is the closest to the real 118 

scenario of the variability of nighttime MSTIDs occurrence with equivalent samples for the 119 

different geophysical conditions and season, resulting in more reliable results.  120 

This work focuses on the nighttime MSTIDs observed at the Arecibo Observatory 121 

Remote Optical Facility (ROF) during the descending phase of the solar cycle #24. Note that in 122 

the remainder of this paper, the term “MSTIDs” refers to nighttime MSTIDs. While this paper is 123 

focused on the quantitative (occurrence) analysis of the MSTID events observed at ROF over 124 

almost four years of observation, a complete qualitative analysis of these events will be 125 

presented and discussed in a separate work. 126 

2 The Arecibo Observatory Remote Optical Facility (ROF)  127 

The O(
1
D) 630.0-nm airglow emission images used in this work are the first set of optical 128 

data collected at ROF, located in Culebra, a small island in the east of Puerto Rico’s archipelago 129 

(approximately 150 km from AO). Culebra is a federal nature reserve and was chosen due to its 130 

geographical and climatological characteristics, as well as the low light contamination, making it 131 

a strategic site for optical experiments. The main goal of establishing the ROF was to add new 132 

resources to the observing optical capability of AO by increasing the statistics of observations 133 

under optimal sky conditions, and also by adding a new geometry for the study of the wave 134 

structures propagating in the mesosphere and low thermosphere (MLT) region.  135 

Initially, the ROF was deployed in an area of 340 m
2
 at the central portion of Culebra 136 

(18
o
19’03” N; 65

o
16’40” W). One climate-controlled container was placed on this site hosting 137 

the optical and radio receiver instrumentation. The ROF operated continuously from November 138 

4, 2015, to September 4, 2017. Due to the slow recovery following hurricanes Irma and Maria in 139 

Puerto Rico (September 5 and 20, 2017, respectively) and subsequent re-competition of the 140 

cooperative agreement for the management of the Arecibo Observatory, the ROF was 141 

temporarily disassembled. Finally, on May 27, 2018, an updated ROF resumed operations in a 142 

more secluded location in Culebra, under the new management of the University of Central 143 

Florida (UCF). Since then, the ROF is in continuous operation and expanding its cluster of 144 

optical and radio instrumentation. 145 

At present, the ROF occupies an area of 500 m
2
 at the north coast of Culebra (18

o
19’47” 146 

N; 65
o
18’25” W). There are two climate-controlled containers on site: one hosts optical and 147 

radio instruments and a control room; the other is lodging for scientists and technicians. One of 148 

the relevant features of the updated ROF is its sustainability: a solar system with backup feeds 149 

the facility, and the water collected from the rain is kept in a reservoir for use. This feature is 150 

particularly crucial for maintaining operations during the Atlantic Hurricane Season. Figure 1 151 
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shows the two locations of ROF (actual-ROF2 and former-ROF1 sites) as well as some features 152 

of the facility. 153 

 154 

Figure 1. The Arecibo Observatory Remote Optical Facility (ROF) location to the Caribbean 155 

Sea/Puerto Rico sector. The ROF2 and ROF1 denote the current and previous locations of ROF, 156 

respectively. The container with the domes on top in the left bottom pane hosts the optical and 157 

radio instrumentation and a control room, while the other is lodging for scientists and 158 

technicians. 159 

3 Instrumentation and Airglow Data 160 

Mendillo et al. (1997) were the pioneers in detecting MSTIDs using all-sky imagers to 161 

observe the thermospheric OI 630.0-nm airglow emission. Since then, this optical technique has 162 

been widely used to obtain two-dimensional images of these events in the upper atmosphere (e. 163 

g. Amorim et al., 2011, Duly et al., 2013; Garcia et al., 2000; Martinis et al., 2010; Pimenta et 164 

al., 2008; Seker et al., 2011; Sivakandan et al., 2019).  165 

A two-step process produces the 630.0-nm airglow emission: i) a neutral-ion charge 166 

exchange reaction where the neutral oxygen molecules (O2) are ionized by the ions of oxygen 167 

atoms (O
+
), and ii) the dissociative recombination of O2

+
 that produces excited atomic oxygen at 168 

the 
1
D level. When the excited oxygen atomic O(

1
D) decays to the ground state (

3
P), a photon 169 

with a wavelength of 630.0-nm is emitted. The concentration of O
+ 

is higher around ~300 km of 170 

altitude and the O2
+ 

concentration decrease with height due to the atom/molecule mass diffusion. 171 

As a consequence, the 630.0-nm airglow emission peak occurs in the bottom of the ionospheric 172 

F-layer (around 250-280 km), being a very sensitive indicator of F-layer height and density 173 
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variations. The fluctuations of the ionospheric plasma in this layer caused by the presence of 174 

MSTIDs are observed in the 630.0-nm airglow images as bright and dark bands that can occur 175 

individually or as multiple structures.  176 

The OI 630.0-nm airglow emission data used in this work were acquired with a Walden 177 

Small all-sky imager, which is a relatively low-cost, small all-sky fisheye spectral imager with an 178 

Atik 314L+ detector and a charge-coupled device (CCD) chip of 1392x1040 pixels. The five-179 

position filter wheel holds narrow bandpass 2-inch interference filters. Observations of the 180 

atmospheric airglow emissions in a given sequence throughout the night can be adjusted 181 

depending on the desired wavelength emission. The small all-sky imager was built by the 182 

Computational Physics, Inc - CPI New England (formerly known as Scientific Solutions, Inc. or 183 

SSI). The manufacturer also provides the Imagetool Control software. More details about this 184 

system is found at https://www.cpi.com/spectral.html#imagers.  185 

For this study, two filters that record oxygen emissions from the thermospheric OI 630.0-186 

nm emission and from the off-band OI 643.4-nm were used. Two minutes of exposure time was 187 

used for each filter, except during campaigns. We removed the background and dark count 188 

frames from the images, which were then treated to find an optimal contrast level, allowing a 189 

better visual inspection of the data and detection of the MSTID events. As the images were taken 190 

with a fisheye-type lens, an unwrapping procedure was applied to correct lens distortions. This 191 

unwrapping procedure maps the field of view onto a 512x512 pixel grid with resolution of 2 192 

km/pixel, shifts the image in x and y directions to bring the zenith pixel to the center of the 193 

image, and rotates the array to align the geographic north of the field of view to the top of the 194 

frame (mapped images retain ~120 degrees of the original field-of-view). 195 

Figure 2 show a MSTID observed at ROF on July 04, 2016 (top left panel). The image 196 

shows the Northwestward (NW) wave front of the MSTID traveling Southwestward (SW). At the 197 

top right panel is the image from the O(
1
S) 643.4-nm used to remove the background from the 198 

previous image. The bottom panels show the resulting mapping procedure for the images shown 199 

on the top panels. Notice how the fisheye lens effect distorts the MSTID wave front across the 200 

field-of-view. 201 

 202 

 203 

 204 

 205 

 206 

 207 

 208 

 209 
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 211 

Figure 2. The left top panel shows an example of a MSTID observed on the OI 630.00-nm 212 

airglow emission at ROF on July 04, 2016, at 06:41:03 UT using a Walden Small All-Sky 213 

Imager. The exposition time was 240s. Note the Northwest - Southeast alignment. The right top 214 

panel shows the image from OI 643.4-nm airglow used to remove the background removed from 215 

the image on the left. The bottom panels are images shown on the top panels mapped in a 216 

512x512 pixel grid with a resolution of 2 km/pixel.  217 

4 Methodology and Analyses  218 

A total of 633 nights of observations were registered from November 4, 2015, to 219 

September 26, 2019, with 78.83% of them (499 nights) considered as “clear nights”. Our criteria 220 

for a clear night was a sequence of at least 3 hours of relative cloud-free sky. This percentage of 221 

clear skies found at ROF shows an improvement of the optical capability, in comparison to 222 

previous studies using airglow emissions from the AO. For example, in Garcia et al. (2000) 223 

analysis of images from January 5, 1997, to April 10, 1998, approximately 61% of their database 224 

were considered clear nights. However, they labeled “clear nights” as nights with at least 1.5 225 

hours of clear-sky condition (this is half of the time considered in our statistics). Martinis et al. 226 

(2010) also presented a detailed statistical distribution of clear nights at AO. They observed the 227 

630.0-nm airglow emission during 942 nights for approximately 5-years (from 2002 to 2007). 228 

Clear nights were found in 57.96% (546 nights) of the period. Their criterion was 3 hours or 229 

more of good weather conditions allowing for the viewing of the background airglow. In 230 

summary, ROF presented 33% or more clear skies than these previous studies using data from 231 

AO.  232 
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The signatures of the MSTIDs in the OI 630.0-nm airglow emission were observed in 225 233 

nights (45.09% of the total clear nights) of our dataset. Figure 3 (top and middle panels) shows 234 

the distribution of the clear nights and the nights with MSTID events, respectively, according to 235 

the day of the year (DOY). The entire database (499 nights) was divided into bins of 28 days for 236 

optimal sampling (represented by the bar chart), and also by season which is represented by the 237 

blue line, and encompasses about 92 nights around the solstices and the equinoxes (the center of 238 

the seasons is indicated below the DOY axis in blue). It is observed that the clear nights at ROF 239 

are highly dependent on season (top panel of Figure 3), presenting a large annual variation, with 240 

a maximum in June solstice (local summer, 155 nights) and the minimum during the September 241 

equinox (~55% fewer occurrences, 85 nights). The appearance of clear skies for the March 242 

equinox seems to be only the smooth transition of the number of clear skies from the winter to 243 

summer. The same feature is not seen for the September equinox, which is way smaller, probably 244 

due to the hurricane season in the Atlantic North and Caribbean regions, which peaks around the 245 

August-September months. 246 

The occurrence rate of the MSTIDs is shown at the bottom panel of Figure 3, as well as 247 

the seasonal dependence of the MSTIDs detected at AO in previous studies by Seker et al. 248 

(2011), Martinis et al. (2010) and Garcia et al. (2000), which are represented by green crosses, 249 

black dots and magenta arrows, respectively. Seker et al. (2011) used image data from 2003 to 250 

2007, with F10.7cm (F10.7) SFU (Solar Flux Unit, 1 SFU = 10
-22

W/m
2
/Hz) varying from ~148 251 

to ~80 SFU; Martinis et al. (2010) analyses were based on image data from 2002 to 2007 and 252 

F107 varying from ~150 to ~80 SFU; and Garcia et al. (2000) observations were from January 253 

1997 to February 1998 with F10.7 varying from ~60 to ~110 SFU.  254 

 255 

 256 

 257 
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 258 

Figure 3. The top and middle panel shows the distribution of 499 clear nights and MSTID events 259 

according to the day of the year, respectively. In all the panels, the bar chart corresponds to 28 260 

days bins of data. The bottom panel shows the occurrence rate of MSTIDs found at ROF. The 261 

monthly occurrence of MSTIDs registered at AO by Seker et al. (2011) is represented by the 262 

green crosses, ones found by Martinis et al. (2010) is represented by the black dots, and the ones 263 

found by Garcia et al. (2000) by magenta arrows, which are shown here for comparison. The 264 

blue line in all panels represent the distribution of clear nights and MSTID events by season. The 265 

center of the seasons is indicated by the abscissa in blue. 266 

The main point of the methodology introduced here is to analyze the occurrence of 267 

MSTIDs based on the unique features of our dataset. Therefore, the identification of the 268 

variability of the solar and geomagnetic activities in our data is a key point in this work. Figure 4 269 

shows these variabilities quantified by the F10.7 and Kp indexes, respectively. In the left top 270 

panel, the dots represent the clear nights. The red dots indicate the nights with MSTID events, 271 

while the blue dots represent the nights were MSTIDs were not detected. The right top panel 272 

shows the occurrence rate of our dataset for different levels of F10.7. It is observed that most of 273 

the data were registered during low solar condition (F10.7< ~80 SFU), and some were detected 274 

during moderate activity (80 SFU < F10.7 <110 SFU). Another important feature observed in the 275 

top panels of Figure 4 is that even though the dataset was registered during the descending phase 276 

of the solar cycle #24, there is a period (from 2015 to 2017) with a large variability of F10.7 277 

when compared to the period encompassing the years of 2018 and 2019. This particular feature 278 

needs to be taken into consideration when investigating the modulation of the MSTIDs 279 
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occurrence rate by the geomagnetic activity. Why? Lower F10.7 variability in the sample 280 

analyzed implies less cross-contamination of the solar activity dependency into the geomagnetic 281 

activity modulation of the MSTIDs occurrence, avoiding bias in the results. Therefore, the 282 

analysis regarding the geomagnetic activity need to be time restricted to the period where the 283 

F10.7 is virtually constant (from June 2, 2018 to September 26, 2019), as shown in the left 284 

bottom panel of Figure 4. The occurrence rate of the Kp level in this period is presented on the 285 

right panel of Figure 4. It is observed that most of the data was acquired during low geomagnetic 286 

activity (Kp<=3
0
), and very few samples during moderate to disturbed geomagnetic activity (3

0 
287 

<Kp<=5
0
). Such Kp distribution is expected, as discussed by Wrenn et al. (1987). 288 

289 
Figure 4. Variability of the solar and geomagnetic activity (quantified by the F107 and the Kp 290 

indexes, respectively) found in our data. In the left top panel, the dots represent the clear nights, 291 

the red dots being the nights with MSTID events, and the blue dots represent the nights that 292 

MSTIDs were not detected. The right top panel shows the occurrence rate of our data regarding 293 

the F107 activity. The left bottom panel shows the time restricted period used on the 294 

geomagnetic dependence analysis. The right bottom panel shows the occurrence rate of the Kp 295 

levels found on our data for this period. 296 

The features presented in Figure 4 were carefully considered and were the base for 297 

defining the samples in our analysis. No pre-established thresholds or monthly averages for the 298 

solar and geomagnetic activities were used, avoiding any masking trend on the results. We also 299 

minimized the well-defined seasonal dependency of the MSTIDs occurrence previously showed 300 

in Figure 3 during the investigation of the modulation by the geophysical parameters. 301 

In Figure 5, the dataset was divided into blocks of two subsequent months to guarantee a 302 

more reliable investigation regarding the modulator being studied (in this case the solar activity). 303 

Six of the twelve groups analyzed are shown in the top panel of Figure 5 (the intermediary 304 

groups were not shown for better visualization). The letters on each plot refer to the initials of 305 

months used in that group (i.e., D-J means December and January and so on). The dots represent 306 

the MSTIDs occurrence rate by the averaged F10.7 of the clear skies for each group in a specific 307 

year. The numbers close to the dots are the number of nights used in each average, and the 308 

horizontal lines represent the standard deviation of the F10.7 variability in those periods. The red 309 

line in each plot is the best linear fitting for that group and shows the dependence of the 310 

occurrence rate of the MSTIDs in respect to F10.7.  311 
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The bottom panel in Figure 5 shows the slopes (occurrence rate of the MSTIDs by SFU) 312 

of the fittings for the 12 groups analyzed (open circles). Through a Fast Fourier Transform (FFT) 313 

following the procedure of Brum et al. (2011) and Brum et al. (2012), the occurrence rate of the 314 

MSTIDs by SFU along the year was decomposed in three harmonics (more significant 315 

periodicities), which are shown by the blue (first harmonic m=1, 12 months), orange (second 316 

harmonic m=2, 6 months), and green (third harmonic m=3, 4 months) lines . The grey line 317 

represents the re-constructed curve from these harmonics. 318 

 319 

Figure 5. Responses of the MSTIDs occurrence to the solar activity variability. The six blocks on 320 

the top panel shows the MSTIDs occurrence rate per periods of two months in function of F107 321 

and its respective best linear approximation. The bottom panel shows the MSTIDs occurrence 322 

rate by the solar decimetric flux (%SFU
-1

, black dots) in function of day of the year along with 323 

the three main periodicities (most relevant ones obtained by FFT). The light grey line represents 324 

the FFT reconstruction based on the three harmonics: blue line is the first harmonic (m=1); 325 

orange line represents the second harmonic (m=2); and the green line is the third harmonic 326 

(m=3). 327 
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As described previously, only the data acquired from June 2, 2018 to September 26, 2019 328 

are used to investigate the dependency of the MSTIDs occurrence rate by the geomagnetic 329 

activity. The effects of the seasonality are minimized by distributing the data into three seasons: 330 

December solstice, equinoxes and, June solstice. Both equinoxes were merged to provide similar 331 

amount of days (samples) than the solstices. Therefore, each season encompasses about 4 months 332 

of observation. We assumed the Kp index as the average of the 6 hours before and 3 hours 333 

during the MSTID events. To guarantee an optimal statistical sampling for each season, our 334 

dataset was sorted out from the lowest to the highest Kp values and subsequently divided into 335 

four sections with the same percentage of samples for each range of Kp (25% each) (upper panel 336 

of Figure 6). The average of the F10.7 (open circles) and its variability (vertical bar) for each 337 

section is also presented on the top panel to show that the methodology adopted (minimize the 338 

solar activity trends) allowed an optimal sampling with very little variations on the F10.7. The 339 

bottom panel of Figure 6 shows the occurrence rate of the MSTIDs according to Kp for each 340 

section of the seasons. The open circles represent the average of Kp for a percentage of nights 341 

that MSTIDs were detected in each section of the top panel, and the horizontal lines are their 342 

variability (standard deviation). The numbers next to the circles represent the total nights used in 343 

the average. The best linear fitting is also shown for each season (blue lines), as well as the slope 344 

(SLP) or occurrence rate in respect to the geomagnetic activity variation (%Kp
-1

) and the 345 

correlation factor (R).  346 

 347 

Figure 6. Responses of the MSTIDs occurrence rate to the variation on the geomagnetic activity. 348 

The distribution of clear nights per season is presented in the upper panel sorted by the 349 

geomagnetic activity condition. Notice that each season was divided into four sections of same 350 

amount of nights containing different levels of geomagnetic activity. The bottom panels show the 351 

occurrence rate of MSTIDs by the Kp average of each one of the sections shown in the upper 352 

panels. The slope (variability of the occurrence rate by geomagnetic activity, %Kp
-1

) and the 353 

correlation index obtained by linear regression is also presented as well. 354 
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5 Discussions 355 

The discussions presented in this paper are focused on the quantitative analysis of the 356 

MSTIDs occurrence rate detected at ROF along the studied period, being valid for low to 357 

moderate solar activity (F10.7 cm Solar Flux ranging from ~65 to ~125 SFU). Although this 358 

quantitative analysis does not allow for the investigation of the source of these MSTIDs, it does 359 

result in a detailed climatology of these events that enable the evaluation of their geophysical 360 

modulators.  361 

Our findings are discussed based on the characteristics of the background thermospheric 362 

neutral winds over Puerto Rico. These winds play a direct role in the dynamics of the 363 

ionosphere-thermosphere system, being an indicator of the background conditions that are more 364 

favorable for the generation and/or development (growth) of the MSTIDs by the Perkins 365 

instability. Even though this instability by itself does not explain the observed features of the 366 

MSTIDs, it has an essential role in the MSTIDs occurrence theories. For example, Yokoyama et 367 

al. (2009) and Yokoyama and Hysell (2010) have developed a three-dimensional numerical 368 

model that simulates the MSTIDs by the coupling processes between the E- and F- regions at 369 

midlatitudes. They concluded that an Es layer instability plays a major role in the generation of 370 

the MSTIDs in the F- region, and the Perkins instability is required to amplify the initial its 371 

perturbation. Kelley (2011) presented the theory that MSTIDs originate in the auroral zone as 372 

gravity waves. The waves traveling in the preferred Perkins orientation could reach the 373 

midlatitudes where the E- and F- region coupling effect amplifies MSTID structures observed in 374 

the O(
1
D) nightglow.  375 

At AO (and ROF) latitudes (both locations are expected to have the same dynamics due 376 

to proximity), the eastward component of the thermospheric neutral winds can destabilize the 377 

equilibrium of the ionospheric F-layer and trigger the Perkins instability, while the southward 378 

component is responsible to stabilize this system (Kelley, 2011). The growth rate of this 379 

instability depends on the physics controlled by these two winds components, and on the 380 

unstable k-vector of the wave. The growth rate maximizes when the eastward component of the 381 

thermospheric neutral winds is dominant and the k-vector is at either in the NE of SW quadrants 382 

(Garcia et al., 2000). MSTIDs propagating in those quadrants will draw energy from the global 383 

ionospheric current system, the source of energy for the Perkins process, and grow in amplitude 384 

(Kelley and Miller, 1997). 385 

In our discussions we use detailed studies of the behavior and features of the 386 

thermospheric neutral winds presented by Brum et al. (2011), which were based on 30 years of 387 

Fabry-Perot interferometers observations at AO. These winds at Puerto Rico are mainly 388 

modulated by season (Brum et al., 2011; Tepley et al., 2011) and their response to the solar and 389 

geomagnetic activities have a substantial seasonal and local time dependence (Brum et al., 2011).  390 

5.1 Seasonal dependence of the MSTIDs occurrence rate 391 

We observed a clear semi-annual distribution of the MSTIDs occurrence rate at ROF, 392 

with a primary peak in December solstice (local winter) and a secondary peak in June solstice 393 

(local summer), as shown in the bottom panel of Figure 3. Similar behavior was observed by 394 

Martinis et al. (2010) and Seker et al. (2011) in previous studies using airglow data from AO. 395 

Garcia et al. (2000) also observed a peak in December solstice over AO but they had no available 396 

data for June solstice. These results are also shown on the bottom panel of Figure 3. Some 397 
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differences between the percentage of the occurrence rate found by these previous studies and 398 

our analysis are noted. Our results showed a higher peak on December solstice, which is in 399 

agreement with that found by Garcia et al. (2000). On the other hand, Martinis et al. (2010) and 400 

Seker et al. (2011) had found lower percentage of the occurrence rate peak during the December 401 

solstice. For June solstice the situation reverses, and the occurrence rate from our results is 402 

smaller than those observed by Martinis et al. (2010) and Seker et al. (2011). We will return to 403 

the discussion about these differences in Section 3.2. 404 

Martinis et al. (2010) attributed the semi-annual seasonal behavior of the MSTIDs to the 405 

coupling between the E- and F- layers and to the inter-hemispheric coupling, while Seker et al. 406 

(2011) tried to associate it with the seasonal variation of geomagnetic activity finding no 407 

correlation between them. Studies from other locations suggested that the Es layer plasma 408 

density may control the season variations of the nighttime MSTIDs occurrence rates (e. g., 409 

Otsuka et al., 2007; Park et al., 2010; Saito et al., 2007). A more recent study by Otsuka et al. 410 

(2013) suggested that besides the strong E region activity, other factors should be involved in the 411 

growth of the instabilities in order to explain the local winter peak in the European sector 412 

observed by them. Although all these mechanisms are feasible, we emphasize the importance of 413 

the background conditions of the neutral atmosphere and its influence on our results. 414 

The Figures 5a and 5b of Brum et al. (2012) shows the seasonal residual behavior of the 415 

zonal and meridional components of the thermospheric neutral winds respectively, obtained by 416 

the subtraction of the data value minus the yearly average under the same solar conditions for a 417 

given hour. They found that on average, these winds are more to the NE quadrant during the 418 

local winter (December solstice) and more to the SW quadrant during the local summer (June 419 

solstice). During the equinoxes these winds are transiting from one quadrant to another. This 420 

seasonal behavior of the thermospheric neutral winds found by Brum et al. (2012) coincides with 421 

the semi-annual distribution of occurrence rate of the MSTIDs found in this work (bottom of 422 

Figure 3), which peaks on December solstice and June solstices. These results also corroborate 423 

with the theoretical analysis of the Perkins instability that predicts that the growth rate of the 424 

instability maximizes when the wave k-vector is toward the NE or SW quadrants in the northern 425 

hemisphere (e. g. Garcia et al., 2000). 426 

5.2 Solar activity control of the MSTIDs occurrence rate 427 

From the analysis presented on the top panels of Figure 5, a clear modulation of the 428 

MSTIDs occurrence by the F10.7 is observed, which is season dependent. During the December 429 

solstice (local winter), the occurrence rate of the MSTIDs is anti-correlated with the F10.7. 430 

However, it is correlated during the June solstice (local summer). On March equinox, there is no 431 

significant modulation of the MSTIDs occurrence by the F10.7. The transition between the 432 

maximum and the minimum of the MSTIDs occurrence rate happens during September equinox. 433 

The bottom panel of Figure 5 shows that the annual component of this dependency is the primary 434 

modulator, presenting an amplitude of 1.95 %SFU
-1

, which is ~33% larger than semi-annual 435 

component that is 1.30 %SFU
-1

. The terannual component is less relevant, with amplitude of 436 

0.32 %SFU
-1

. These notable features of the solar activity controlling the MSTIDs occurrence rate 437 

might explain the difference in the amplitude of the occurrence rate found in this study and the 438 

ones from Martinis et al. (2010) and Seker et al. (2011) (presented in bottom panel of Figure 3). 439 

Although both studies were during the descending phase of solar activity, the previous solar 440 

cycle #23 had higher activity than the solar cycle #24. Therefore, the F10.7 values found on 441 
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Martinis et al. (2010) and Seker et al. (2011) database were higher than ours. For example, for 442 

December and June solstices Martinis et al. (2010) had the maximum value of F107 reaching 180 443 

SFU, while the ones on our database reached a maximum of 110 SFU. By analyzing the bottom 444 

panel of Figure 5, we conclude that a higher (lower) F10.7 (as Martinis et al. (2010) and Seker et 445 

al. (2011) compared with our F10.7 range), produces a smaller (bigger) occurrence rate of 446 

MSTID in December (June) solstice. The F10.7 range of Garcia et al., (2000) database was very 447 

similar to ours for December solstice, which explains the close agreement of both results.  448 

Several studies in different locations observed a negative correlation between the occurrence 449 

of MSTIDs and the solar activity (e.g. Shiokawa et al., 2013a; Takeo et al., 2017; Tshuchiya et 450 

al., 2019). They explained this negative correlation in terms of the linear growth rate of the 451 

Perkins instability, which is inversely proportional to the average ion-neutral collision frequency 452 

and the scale height of neutral atmosphere. On other hand, the ion-neutral collision frequency 453 

and the scale height of the neutral atmosphere are positively related with solar activity. Thus, the 454 

growth-rate of the Perkins instability is inversely proportional to solar activity. Vargas (2019) 455 

used another approach to explain this anti-correlation. Using a simulation model, he showed that 456 

it is due to the O(
1
D) 630.0-nm airglow layer vertical structure, which benefits the observation of 457 

longer rather than shorter vertical wavelength MSTIDs during high solar activities. In other 458 

words, he found that as the airglow layer gets thicker as the solar activity increases, its response 459 

to shorter vertical wavelength waves is attenuated, and only longer vertical scale MSTIDs (less 460 

frequent events) will be detectable from the ground. 461 

Our results show that for low-to-moderate solar activity (F10.7 ranging from ~65 to ~125 462 

SFU), there is a component on the MSTIDs growth and/or occurrence that is able to control its 463 

modulation by the solar activity. Also, it was found that this component is seasonally dependent. 464 

As mentioned before, the background thermospheric neutral winds at Puerto Rico responds to the 465 

solar activity with a substantial seasonal and local time dependencies. This behavior is presented 466 

in Figure 7 of Brum et al. (2012). During the local winter (December solstice) the thermospheric 467 

neutral winds propagate more NW, changing to NE at summer (June solstice) and being in the 468 

transition between these two quadrants during equinoxes. Analyzing our results presented on 469 

Figure 5 and based on this behavior of the thermospheric neutral winds, the negative correlation 470 

between the MSTIDs occurrence and the F107 happens in December solstice when these winds 471 

are in the NW quadrant (not favorable to the Perkins instability), and the positive correlation 472 

happens during June solstice when the TNW are in the NE quadrant (favorable to the Perkins 473 

instability). During equinox our results do not show any significative modulation by the F107, 474 

which coincides with the transition of the thermospheric neutral winds between one quadrant to 475 

another.  476 

5.3 Geomagnetic activity control of the MSTIDs occurrence rate 477 

Figure 6 shows a positive correlation between the occurrence rate of the MSTIDs at ROF 478 

with the geomagnetic activity. Note that our dataset presents very few geomagnetic disturbed 479 

periods however, we found that even small increases in the Kp index implies an increase of the 480 

occurrence of MSTIDs. We believe that this result suggests that the interaction between the 481 

thermosphere and ionosphere has another component besides the variations of photoionization 482 

and recombination rates produced by gravity wave pressure fronts, indicating that the 483 

thermospheric neutral wind transport plasma along the geomagnetic field is a key factor in the 484 

occurrence of the MSTIDs.  485 
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Returning to the investigation of the background thermospheric neutral winds over Puerto 486 

Rico, the two top rows of Figure 10 from Brum et al. (2012) show that an increase in the 487 

geomagnetic activity (Kp index), under low solar activity conditions, will intensify these winds 488 

in the SW direction (favorable to the Perkins instability). This intensification is dependent on the 489 

season, being ~ 9 ms
-1

Kp
-1 

in December solstice, ~ 7-8 ms
-1

Kp
-1

 during the equinoxes and ~ 4-5 490 

ms
-1

Kp
-1 

during the June solstice. Comparing this behavior with our results presented in bottom 491 

panel of Figure 6, the strongest modulation of the occurrence rate of the MSTIDs occur in June 492 

solstice followed by the December solstice. During the equinoxes this modulation is weaker than 493 

the other seasons. 494 

6 Summary  495 

We employed the first O(
1
D) 630.0-nm airglow dataset registered at the Arecibo 496 

Observatory Remote Optical Facility (ROF) during the descending phase of the solar cycle #24. 497 

The establishment of the ROF in the island of Culebra accomplished with the expectation of 498 

providing new resources to the observing optical capability of the AO, increasing the statistics of 499 

observations. In summary, clear nights conditions were found in 78.83% of the observation 500 

period, representing 33% or more clear skies than previous studies using data from AO. The 501 

clear nights at ROF were found to be highly dependent on season, presenting a large annual 502 

variation, with a maximum in June solstice and the minimum during the September equinox.  503 

Signatures of the MSTIDs in the OI 630.0-nm airglow emission were observed in 225 504 

nights (45.09% of the total clear nights). The purpose of this work was to investigate the 505 

occurrence of these MSTIDs and its modulation by solar and magnetic activities. We introduced 506 

an original statistical methodology that allowed us to extract the variability of the MSTIDs 507 

occurrence with equivalent samples for the different geophysical conditions, based on the 508 

examination of the unique features of our dataset. This method also minimized the cross-509 

contamination of individual modulators onto one another, avoiding bias in the results. 510 

The occurrence rate of the MSTID events showed a clear semi-annual distribution with a 511 

primary peak in December solstice (local winter) and a secondary peak in June solstice (local 512 

summer). This climatology coincides with the thermospheric neutral winds behavior at Puerto 513 

Rico, which is more to the NE quadrant during the local winter (December solstice), more to the 514 

SW quadrant during the local summer (June solstice) and transient between these two quadrants 515 

during the equinoxes. Also, these results corroborate with the theoretical analysis of the Perkins 516 

instability that predicts that the k-vector of the instability maximizes toward the NE or SW 517 

quadrants in the northern hemisphere. 518 

We found a notable modulation of the MSTIDs occurrence rate with the solar activity. 519 

This modulation included periods of correlation and anti-correlation depending on the season, 520 

presenting an annual component that is ~33% and ~83% stronger than the semi-annual and 521 

terannual components, respectively. This result pointed out circumstances that might explain the 522 

differences in previous climatological studies of nighttime MSTIDs from AO. Our results show 523 

that the MSTIDs occurrence rate dependence on the solar activity seems to be controlled by the 524 

thermospheric neutral winds. The negative correlation between the MSTIDs occurrence rate and 525 

the F107 happens in December solstice when these winds are in the NW quadrant (not favorable 526 

to the Perkins instability), and the positive correlation happens during June solstice when the 527 

winds are in the NE quadrant (favorable to the Perkins instability). During equinox our results do 528 
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not show any significative modulation by the F107, which coincides with the transition of the 529 

thermospheric neutral winds between one quadrant to another.  530 

A remarkable positive correlation between the MSTIDs occurrence rate and the 531 

geomagnetic activity was also found. We observed that even small increases in the Kp index 532 

implies an increase of the occurrence of MSTIDs. This result was interpreted as an indicator that 533 

the neutral wind transport plasma along the geomagnetic field is a key factor in the MSTIDs 534 

occurrence over ROF. Studies from the thermospheric neutral winds over Puerto Rico showed 535 

that an increase in the Kp index, under low solar activity conditions, intensify these winds in the 536 

SW direction (favorable to the Perkins instability). This intensification is dependent on the 537 

season, being ~ 9 ms
-1

Kp
-1 

in December solstice, ~ 7-8 ms
-1

Kp
-1

 during the equinoxes and ~ 4-5 538 

ms
-1

Kp
-1 

during June solstice. Comparing this behavior with our results, the strongest modulation 539 

of the occurrence rate of the MSTIDs occur in June solstice followed by the December solstice. 540 

For the equinoxes, this modulation is weaker than the other seasons.  541 

We emphasize that our results are valid for low to moderate solar activity (F10.7 cm 542 

ranging from ~65 to ~125 SFU). A complete qualitative analysis of these MSTID events 543 

observed at ROF is the focus of future work in progress.  544 
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