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Abstract

This paper presents a statistical analysis to investigate the day-to-day variability of field-aligned irregularities (FAI) occurrence

in nighttime F-region ionosphere over the Equatorial Atmosphere Radar (EAR), West Sumatra, Indonesia. FAI echoes were

identified based on signal intensity of backscatter radar observations. We analyzed nighttime F-region FAI during 3 years starting

in January 2011 to December 2013. For the first time, a combinatorics analysis was applied to examine the statistical likelihood

of various day-to-day FAI occurrence patterns. The empirical day-to-day combinatorics analysis was performed based on binary

classification of EAR observation data into either FAI occurrence (+) or absence (-) for each calendar date. Permutations of

various day-to-day occurrence patterns, from 1-day to 6-day patterns, were sorted into histograms. The combinatorics analysis

was performed in 4 separate time intervals to account for seasonal variation: two equinoxes (March and September) and two

solstices (June and December). EAR data show that FAI occurrence probability is maximum for the two equinoxes, and that it

is minimum for the two solstices. Our analysis shows that certain day-to-day patterns are more likely to occur than others, and

such “combinatorics fingerprints” depend on season. During the solstices, persistent absence of FAI over several consecutive

days far outweighed persistent FAI occurrence over an equivalent grouping of days with the same length. Meanwhile, during

the equinoxes, we found a generally more equitable distribution between persistent day-to-day FAI occurrence and persistent

day-to-day FAI absence. These findings may open new ways to help forecast FAI occurrence on a regional basis.
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Key Points.

◦ We analyzed the day-to-day variability of field aligned irregularities (FAI)

occurrence in nighttime F-region ionosphere over Kototabang

◦ A statistical combinatorics analysis was used to identify which day-to-day

occurrence patterns were dominant during different seasons

◦ The “combinatorics fingerprints” revealed by the analysis may offer new

ways to help forecast FAI occurrence on a regional basis

Abstract. This paper presents a statistical analysis to investigate the day-5

to-day variability of field-aligned irregularities (FAI) occurrence in nighttime6

F-region ionosphere over the Equatorial Atmosphere Radar (EAR), West Suma-7

tra, Indonesia. FAI echoes were identified based on signal intensity of backscat-8

ter radar observations. We analyzed nighttime F-region FAI during 3 years9

starting in January 2011 to December 2013. For the first time, a combina-10

torics analysis was applied to examine the statistical likelihood of various day-11

to-day FAI occurrence patterns. The empirical day-to-day combinatorics anal-12

ysis was performed based on binary classification of EAR observation data13

into either FAI occurrence (+) or absence (-) for each calendar date. Permu-14

tations of various day-to-day occurrence patterns, from 1-day to 6-day pat-15

terns, were sorted into histograms. The combinatorics analysis was performed16

in 4 separate time intervals to account for seasonal variation: two equinoxes17

(March and September) and two solstices (June and December). EAR data18

show that FAI occurrence probability is maximum for the two equinoxes, and19

that it is minimum for the two solstices. Our analysis shows that certain day-20

to-day patterns are more likely to occur than others, and such “combinatorics21
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fingerprints” depend on season. During the solstices, persistent absence of22

FAI over several consecutive days far outweighed persistent FAI occurrence23

over an equivalent grouping of days with the same length. Meanwhile, dur-24

ing the equinoxes, we found a generally more equitable distribution between25

persistent day-to-day FAI occurrence and persistent day-to-day FAI absence.26

These findings may open new ways to help forecast FAI occurrence on a re-27

gional basis.28
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1. Introduction

Plasma density irregularities in nighttime low-latitude and equatorial ionosphere, known29

as equatorial spread-F (ESF) or equatorial plasma bubbles (EPB), occur in a vast range30

of scale sizes and amplitudes, and can cover a wide range of altitudes, latitudes, and31

longitude sectors. The formation of ESF/EPB depends on the background ionospheric32

conditions that determine the growth rate and seeding of the Rayleigh-Taylor instabil-33

ity [e.g. Kelley, 2009]. Several ionospheric parameters play key roles in this mechanism.34

These include the evening prereversal enhancement in vertical plasma drift (PRE), wave35

structure in plasma density, and electric field polarization to seed the instability. Hori-36

zontal geomagnetic field lines at the magnetic equator perpendicular to gravity, prevailing37

neutral wind, and background electric field are vital factors to the development of such38

ionospheric plasma density irregularities. Vertical plasma density gradient at the bot-39

tomside of ionospheric F-layer is also a significant factor in controlling the growth rate of40

ESF/EPB. Statistical studies have addressed aspects of ESF/EPB development and oc-41

currence patterns under different geophysical conditions [e.g. Ogawa et al., 2006; Aswathy42

and Manju, 2017; Yamamoto et al., 2018; Abdu, 2019] which generally involve major43

changes in one category of the abovementioned ionospheric parameters at a time.44

Large-scale structures of ESF/EPB in general are geomagnetic field aligned. They have45

zonal (east-west) widths of typically a few tens of km and extend meridionally (north-46

south) along the geomagnetic field lines for hundreds to thousands of km depending on47

the apex altitude of the bubbles [e.g. Sobral et al., 2002], while their vertical heights range48

from a few tens of km to several hundreds of km [e.g. Labelle et al., 1997]. Within the49
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confine of large-scale plumes of ESF/EPB in the nighttime ionosphere, there are also50

meter-scale and down to centimeter-scale plasma density irregularities. These interior51

plasma density irregularities are likewise aligned with the geomagnetic field lines, and52

they are commonly known as field aligned irregularities (FAI) associated with ESF/EPB.53

When radio signals propagate through these FAI-filled ionospheric regions, they may54

experience scintillations. This type of radio wave diffraction-propagation phenomenon55

results in a fade in the received signal power, which could mean a loss of signal. The region56

of equatorial scintillations extends 30◦ latitude on either side of the Earth’s magnetic57

equator and the strongest effects are found around 10◦N and 10◦S magnetic latitude [e.g.58

Wanninger, 1993].59

Variability in the occurrence and severity of ESF/EPB is also present on a wide range60

of time scales. In multi-year or decadal time scale, long-term variability in the occurrence61

and severity of ESF/EPB is dependent on the 11-year solar activity cycle. Within each62

year, the ESF/EPB variability is dependent on the changing season as well as on the63

systematically varying level of solar flux. Finally, there is variability in terms of the64

day-to-day occurrence pattern of ESF/EPB. The seasonal variability is relatively better65

understood and much more predictable, whereas the day-to-day variability is not so easy66

to predict because of the highly transient nature of the driving sources.67

In the present study, we investigated the day-to-day variability of FAI occurrence in68

nighttime F-region ionosphere over the Sumatra region. The investigation was based on69

observations by the Equatorial Atmosphere Radar (EAR), and here we introduced the70

use of statistical combinatorics analysis to keep track of the day-to-day FAI occurrence71

variability. The combinatorics analysis examines and reveals the existence of day-to-day72
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occurrence patterns with certain properties. Using such a combinatorics analysis we char-73

acterized the patterns of day-to-day FAI occurrence intrinsic to the locally-performed EAR74

observation data, and established the statistical likelihood for any particular permutation75

pattern to be followed by another set of permutation pattern in the coming days. In76

other words, we traced the empirical rules of transformation chain from one permutation77

pattern into another, as well as sub-configurations of a given permutation pattern. In the78

following sections below, we provide a general description of the day-to-day combinatorics79

analysis and discuss the empirical results.80

2. Data and Methodology

The Equatorial Atmosphere Radar (EAR) located at Kototabang, West Sumatra, In-81

donesia (geographic coordinate 0.20◦S, 100.32◦E; dip latitude 10.36◦S) is a large monos-82

tatic radar which operates at a frequency of 47.0 MHz. This instrument was developed to83

study the dynamics of lower and upper atmosphere [Fukao et.al., 2003]. It has a circular84

antenna array approximately 110 m in diameter and a 3.4◦ beam width. It also has an85

active phased-array antenna system, in which each of 560 three-element Yagi antennas is86

driven by separate solid-state transceiver module. This system configuration allows the87

radar beam to be steered on a pulse-to-pulse basis up to 5,000 times per second. EAR88

has been operated to investigate wind, waves, and turbulences in the neutral atmosphere89

from 1.5 to 20 km altitude (lower atmosphere). For upper atmospheric studies, EAR was90

primarily designed to be able to receive coherent backscatter echoes from Field Aligned91

Irregularities (FAI) with 3-meter scale length in the ionospheric E- and F-regions (100–92

600 km). When operating as a coherent scatter radar as such, EAR needs to point its93

radar beam in directions perpendicular to the geomagnetic field direction. With the rapid94
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beam forming and pointing, EAR has a unique capability for surveilling and investigating95

the spatial structures and temporal variations of ionospheric FAI in different directions96

simultaneously.97

Figure 1 shows a situational map of the geographical region around EAR, along with Figure 198

a conceptual illustration of the routine FAI observations conducted at the radar facility.99

When FAI are present in the ionosphere, the signal-to-noise ratio (SNR) of backscatter100

radar echoes will be notably high at the altitude range where the irregularities are. Multi-101

beam operations with a fan beam configuration (spanning east-west) for these routine102

FAI observations also help resolve spatial FAI structures and reduce false positive FAI103

identifications due to instrumental noise in individual radar beams. Since EAR start of104

operation in 2001, intense FAI echoes had been observed in nighttime ionospheric E- and105

F-regions over Kototabang. Furthermore, there is also some distinction between post-106

sunset [e.g. Huang, 2018; Tsunoda et al., 2018] and post-midnight FAI [e.g. Dao et al.,107

2015, 2017; Otsuka, 2018] in the continually developing equatorial/low-latitude aeronomy108

research.109

For the purpose of this study, we focused our attention specifically on the nighttime110

ionospheric F-region FAI, where post-sunset and post-midnight FAI occurrences were111

bundled as single category. This choice was motivated by practical consideration that112

ionospheric F-region irregularities, both post-sunset and post-midnight types, are the113

dominant contributor to disruptions in high-frequency (HF) radio communications in the114

largely archipelagic Southeast Asia-Pacific region. The investigation was conducted using115

EAR observation data recorded in 2011–2013, which correspond to the solar maximum116

phase in Solar Cycle 24. We examined the EAR observation data archive and tabulated a117

D R A F T September 4, 2020, 6:45am D R A F T



X - 8 MARTININGRUM ET AL.: DAY-TO-DAY VARIABILITY OF NIGHTTIME F-REGION FAI

full list of the calendar dates in 2011–2013 accompanied by their respective classifications:118

FAI occurrence, FAI no-occurrence, or uncertain (due to missing or incomplete data). The119

tabulated list of FAI classifications for all examined calendar dates during 2011–2013 are120

provided in the Supplementary Material. Based on the tabulated list, we subsequently121

performed the day-to-day combinatorics analysis of nighttime F-region FAI occurrence.122

The day-to-day combinatorics analysis can be outlined as follows. In an ideal scenario123

with no missing data, one may consider the tabulated FAI classifications as a long discrete124

sequence S = {a1, a2, a3, . . . , aN} where ai is either ‘+’ (representing FAI occurrence) or ‘-’125

(representing FAI no-occurrence). Here the index i = 1, 2, 3, . . . , N signifies the calendar126

dates arranged in a chronological order. One may then consider a short contiguous chain127

K = {aj, aj+1, . . . , aj+k−1} of length k� N . The short chain’s start index j may vary128

from 1 to N − k. Theoretically, there are 2k possible unique permutations for such a129

chain of length k; but only some of these theoretically possible permutations may actually130

materialize within the empirically-provided S. By sampling the entire long sequence S131

(or certain range of S) one would be able to determine which permutations of possible132

K actually materialized within S (or certain range of S). In addition, one would also be133

able to determine the relative prevalence among the K ’s that actually materialized.134

In a non-ideal scenario, there would be some missing or incomplete data. In that case,135

S = {a1, a2, a3, . . . , aN} where the element ai is either ‘+’ (representing FAI occurrence),136

or ‘-’ (representing FAI no-occurrence), or ‘?’ (representing missing or incomplete data).137

The combinatorics analysis can still be performed almost exactly like in the ideal case,138

except that now we shall discard the K ’s that contain ‘?’ since they are not very useful139

to us.140
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In less abstract terms, the day-to-day combinatorics analysis basically compares the141

relative prevalence between + and - (1-day patterns⇔ k=1); between ++, +-, -+, and --142

(consecutive 2-day patterns ⇔ k = 2); between +++, ++-, +-+, . . . , and --- (consecutive143

3-day patterns ⇔ k = 3); and so on. For the purpose of the present study, the longest144

combinatorics under consideration were 6-day patterns (k = 6). Presented in the next145

section are the main empirical findings from the investigation.146

3. Results and Discussion

Figure 2 shows a plot of FAI occurrence probability over EAR Kototabang based on Figure 2147

the 2011–2013 data. The FAI occurrence probability for each day-of-year was determined148

using a 15-day sliding window (the date in question ±7 days). Based on EAR data149

that fell within this 15-day date range (selected samples = 3 × 15 = 45 since we used150

2011–2013 data), the value of FAI occurrence probability for the date in question is equal151

to the number of days with FAI occurrence divided by the number of days with valid152

observations. Calculations were done for all calendar dates from 1 Jan until 31 Dec.153

Both post-sunset FAI and post-midnight FAI cases were included. The calendar dates154

were treated as cyclical (31 Dec looped back to 1 Jan), and 29 Feb in a leap year was155

treated as 1 Mar that happened twice (an extra data sample). Solid black curve on the plot156

depicts the FAI occurrence probability values obtained from this computation, and dashed157

gray curves represent 1-sigma binomial proportion confidence interval bounds. Shown on158

the bottom rows are stem plots of individual FAI occurrences in each year. Blue stems159

indicate days with FAI occurrence, blank/white spaces indicate days with no occurrence160

of FAI, and short downward magenta stems indicate days with no (or incomplete) EAR161

observations.162
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This FAI occurrence probability curve shows a clear seasonal dependence. Here the FAI163

occurrence probability reaches maximum around March and September equinoxes; and it164

is generally lower (or minimum) around June and December solstices. This seasonal pat-165

tern is in agreement with the long-term global climatology of equatorial plasma bubbles166

(EPBs) and scintillations determined from past satellite-borne and ground-based mea-167

surements [see e.g. Aarons, 1993; Caton and Groves, 2006; Gentile et al., 2006a, 2006b;168

Comberiate and Paxton, 2010; Dao et al., 2011; Yizengaw and Groves, 2018]. Over EAR169

Kototabang, the March and September maxima in FAI occurrence probability curve cor-170

respond to the time of year when the sunset terminator is aligned with the magnetic171

meridian, which naturally maximizes the Rayleigh-Taylor instability growth rate that172

drives the development of EPBs in nighttime ionosphere [see e.g. Tsunoda, 1985, 2010].173

Following this seasonal pattern, we divided a full year into 4 (four) separate intervals for174

the purpose of conducting the combinatorics analysis. These designated intervals largely175

coincide with the two equinoxes and the two solstices. This seasonal partition is indicated176

by red and green horizontal line segments on the plot in Figure 2. The designated date177

range for March equinox time period is 15 Feb – 21 May, that for June solstice is 21 May –178

20 Aug, that for September equinox is 20 Aug – 15 Nov, and that for December solstice is179

15 Nov – 15 Feb. Hence the basic size of these time intervals varied between 88 and 96 days180

in a year. Note that since we used 3 years worth of EAR data, the total sample size was181

between 264 and 288 days for each time interval. Depending on the combinatorial length182

(i.e. 1-day patterns, 2-day patterns . . . , or 6-day patterns), we allowed for an additional183

buffer of up to 5 days at the end of each time interval when performing the day-to-day184

combinatorics analysis to help smooth out the between-season transition.185
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Figure 3 shows the results of our day-to-day combinatorics analysis for the March and Figure 3186

September equinox time periods, from 1-day patterns to 4-day patterns. The histogram187

categories include all possible permutations of the day-to-day patterns, where +’s indi-188

cate FAI occurrence and -’s indicate FAI no-occurrence. These histograms depict the189

relative percentage values among categories, with error bars representing theoretical 1-190

sigma binomial proportion confidence interval. At the most fundamental level, we found191

that prob(+) > prob(-) in both equinoxes, which is consistent with the empirical fact192

that FAI occurrence probability reaches maximum during the equinoxes over this geo-193

graphical location. Looking at the 2-day patterns, we found that prob(++) > prob(+-)194

and prob(--) > prob(-+), which indicate that day-to-day persistence tends to prevail195

during the equinoxes. Looking at the 3-day and 4-day patterns, we found that during196

the equinoxes the histograms are in the form of a bimodal distribution with major ac-197

cumulation around persistent FAI occurrence (i.e. consecutive +’s) category and around198

persistent FAI no-occurrence (i.e. consecutive -’s) category. There is also a minor peak199

at the center section of the histogram distribution: at categories +-- and -++ among the200

3-day patterns for the September equinox, and at category -+++ among the 4-day patterns201

for both equinoxes. The shape of this minor peak is slightly more symmetrical during the202

September equinox.203

Figure 4 shows the results of our day-to-day combinatorics analysis for the June and Figure 4204

December solstice time periods, from 1-day patterns to 4-day patterns. The histograms205

follow the same format as those shown in Figure 3. Based on the 1-day patterns, we206

found that prob(-) > prob(+), which is consistent with the empirical fact that FAI oc-207

currence probability reaches minimum during the two solstices over this geographical208
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location. Unlike the equinoxes, the histograms for the June and December solstices are209

heavily skewed toward persistent FAI no-occurrence (i.e. consecutive -’s) categories. The210

histogram readings for persistent FAI occurrence (i.e. consecutive +’s) categories are con-211

sistently low during the June and December solstices. Between the two solstices, the212

skewness of the histogram distribution is much more pronounced during the December213

solstice.214

There are a few notable features that can be discerned from the day-to-day combi-215

natorics patterns depicted in Figures 3 and 4. Most notably, certain day-to-day combi-216

natorics patterns were found to be more dominant, occurring with considerably higher217

likelihood, than others. The dominant day-to-day patterns (or “winning patterns”) were218

generally different for different seasons of the year. During the two equinoxes, persis-219

tent FAI occurrence (i.e. consecutive +’s) patterns were typically the dominant ones —220

although persistent FAI no-occurrence (i.e. consecutive -’s) patterns were not completely221

negligible. On the other hand, during the two solstices, persistent FAI no-occurrence (i.e.222

consecutive -’s) patterns became disproportionately dominant — while persistent FAI223

occurrence (i.e. consecutive +’s) patterns were virtually nonexistent. This fundamental224

statistical feature indicates that the geophysical mechanism controlling the day-to-day225

variability of nighttime FAI is likely not a uniform random process, and it may actually226

leave some “combinatorics fingerprints” that could be identified in several days of most227

recent FAI observation history.228

Another notable feature from the combinatorics data is that there were certain pairings229

of day-to-day patterns with consistent statistical equivalency, particularly those asym-230

metric day-to-day patterns that are mirror image of each other. A case in point here is231
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the pairing of antisymmetric patterns +- and -+, which consistently had a statistically232

equivalent likelihood within each of the seasons. We can similarly consider the pairing of233

antisymmetric patterns +++- and -+++ during both equinoxes, or the pairing of antisym-234

metric patterns +-- and --+ (as well as the pairing ++- and -++) during the September235

equinox, which were in a pairwise statistical tie within their respective domains. Finally,236

we can also look at the two solstices and consider the pairing of antisymmetric patterns237

+-- and --+, or the pairing +--- and ---+, or the pairing -+-- and --+-, which were238

visibly in a pairwise statistical tie within their respective domains. This particular feature239

may indicate some kind of time reversibility properties, which are also statistical charac-240

teristics shared by certain subset of Markov processes [see e.g. Kelly, 1979; Norris, 1998].241

It therefore suggests that, should the day-to-day variability of nighttime FAI occurrence242

be modeled using Markov chains, time reversibility properties may have to be placed as243

major selection criteria.244

Figures 5 and 6 show the complete histogram plots of 5-day and 6-day FAI occurrence Figures 5

and 6

245

patterns for all four seasons — March equinox, June solstice, September equinox, and De-246

cember solstice. The 5-day and 6-day histograms naturally have finer granularity than the247

3-day and 4-day histograms, but comparatively lower bin counts and noisier statistics as a248

consequence. Nevertheless, we found the patterns in the 5-day and 6-day histograms gen-249

erally consistent with what we have discerned earlier in the 3-day and 4-day histograms.250

During the solstices, consecutive -’s dominate over every other combinatorial patterns.251

Meanwhile during the equinoxes, there is a more balanced composition between consec-252

utive +’s and consecutive -’s relative to the rest of the combinatorial patterns. For the253

benefit of readers at large, full tables of raw histogram counts and percentage values from254
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the day-to-day combinatorics analysis (from 1-day to 6-day patterns) in each season are255

provided in the Supplementary Material.256

In addition to examining the prevalence of various day-to-day patterns quantitatively257

with percentage values (cf. Figures 3–6), we also explored a more qualitative approach258

for examining the prevalence of day-to-day patterns in terms of their ordinal ranks. The259

purpose is to elucidate the basic hierarchical structure (i.e. who is number one in terms of260

prevalence, who are in lower ranks, and who is in the last place) and how the hierarchical261

status shift between seasons. This topic is discussed below.262

Figure 7 depicts a series of line plots showing the rank of each combinatorial pattern Figure 7263

during various seasons of the year. For the sake of clarity, here we include only 1-day264

to 3-day patterns from the combinatorics analysis. Combinatorial pattern with highest265

histogram count is ranked 1st in its group, and that with lowest histogram count is266

ranked last in its group. Whenever we have a statistical tie, the pattern listed further267

up along the y-axis in the standard histograms (cf. Figures 3 and 4) is assigned higher268

rank. These line plots provide a complementary perspective to the standard histogram269

plots, showing how each combinatorial pattern either gain or lose rank/dominance as the270

seasons change. Most prominently, we find that consecutive +’s (i.e. + or ++ or +++ in the271

plot) are patterns with the most drastic hierarchical gain and loss between consecutive272

seasons — rapidly switching from the 1st rank to the last rank and vice versa. On the273

other hand, consecutive -’s (i.e. - or -- or --- in the plot) are the most hierarchically274

stable patterns — only alternating between the 1st rank to the 2nd rank between seasons.275

This dynamical tendency further reveals how various day-to-day combinatorial patterns276
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experienced certain shifts in relative hierarchy between seasons, which is a valuable set of277

information that could be exploited in practical settings.278

Figure 8 shows a conceptual diagram that illustrates one basic application by which Figure 8279

the results from this day-to-day FAI occurrence combinatorics analysis can be used in280

practical settings. Given the relative regularity in the seasonal variation of FAI occurrence281

probability and the unique “combinatorics fingerprints” among various permutations of282

the day-to-day patterns for each season, an informed estimate on the likelihood of FAI283

occurrence may be made using past few days of FAI observations (in addition to seasonal284

climatology). This scheme is quite straightforward to administer, but it contains some285

inherent limitations in that it may have to be implemented on a regional basis only.286

The aforementioned regional limitation stems from the prospect that the combinatorics287

fingerprints may not be universally transferrable to other longitude sectors. Nonetheless,288

with such a scheme, one may be able to start estimating the local FAI occurrence likelihood289

12–24 hours in advance of its onset time. Additional set of preparations specific to the290

desired operational area would be necessary in order to suppress statistical uncertainties291

as much as possible. This regional scheme may be used in conjunction with a number of292

other methods for forecasting the occurrence of EPBs, spread-F, and scintillations [e.g.293

Secan et al., 1995; Groves et al., 1997; Redmon et al., 2010; Carter et al., 2014a, 2014b;294

Anderson and Redmon, 2017].295

4. Conclusion

We have analyzed the day-to-day variability of FAI in nighttime F-region ionosphere296

based on observations using EAR at Kototabang, Indonesia. Specifically, we applied a297

combinatorics analysis on EAR FAI data collected during 2011-2013, including both post-298
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sunset and post-midnight FAI occurrences. The introduction of combinatorics analysis299

in the present work allowed us to thoroughly examine the day-to-day variability of FAI300

occurrence without explicit need for external reference to potential drivers in the solar301

wind or in the lower atmosphere. Our findings can be summarized as follows: (1) Certain302

combinatorial patterns were found to be more dominant, i.e. occurring with considerably303

higher likelihood, than others. (2) The likelihood and ordinal ranks of various combina-304

torial patterns generally varied with season. (3) Certain pairings of those combinatorial305

patterns indicate some kind of time reversibility property, a statistical characteristics also306

shared by certain subset of Markov processes. (4) Patterns revealed by the analysis consti-307

tute a form of “combinatorics fingerprints” characterizing the region/season, which may308

offer some new ways of forecasting FAI on a regional basis.309
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Figure 1. A situational map of geographic area around EAR Kototabang. The geo-

magnetic equator and ± 20◦ magnetic latitude lines are shown as solid blue curves, the

EAR site is marked with a red square, and the theoretically possible EAR coverage at

ionospheric F-region altitude is indicated by shaded circle. Also shown illustratively are

the typical EAR fan beam configuration (spanning west-east) and a sample range-time-

intensity (RTI) plot of radar backscatter power with return echoes from FAI.
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DECDEC

MAR EQUINOX

JUN SOLSTICE

SEP EQUINOX

Figure 2. Probability of nighttime ionospheric F-region FAI occurrence over Kotota-

bang as a function of season (day-of-year), derived from the 2011–2013 EAR data. Time

intervals associated with the equinoxes and solstices, constructed as partition windows

for the combinatorics analysis, are indicated by red and green horizontal line segments on

the plot. Shown on the bottom rows are the corresponding stem plots of those nighttime

F-region FAI occurrences individually in each year.
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(a) (b)

Figure 3. Histograms of various day-to-day combinatorial patterns of nighttime iono-

spheric F-region FAI occurrence over Kototabang, based on 2011–2013 EAR observations

around the equinoxes — when the seasonal FAI occurrence probability at this longitude

sector is maximum. (a) Combinatorial patterns for March equinox, and (b) for September

equinox.
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(a) (b)

Figure 4. Histograms of various day-to-day combinatorial patterns of nighttime iono-

spheric F-region FAI occurrence over Kototabang, based on 2011–2013 EAR observations

around the solstices — when the seasonal FAI occurrence probability at this longitude

sector is minimum. (a) Combinatorial patterns for June solstice, and (b) for December

solstice.
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(a
)
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)

(d
)
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)

Figure 5. A full overview of 5-day combinatorial pattern histograms of nighttime ionospheric F-region
FAI occurrence over Kototabang from 2011–2013 EAR observations for (a) March equinox, (b) June Solstice, (c)
September equinox, and (d) December solstice.
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(a
)

(b
)

(c
)

(d
)

Figure 6. A full overview of 6-day combinatorial pattern histograms of nighttime ionospheric F-region
FAI occurrence over Kototabang from 2011–2013 EAR observations for (a) March equinox, (b) June Solstice, (c)
September equinox, and (d) December solstice.
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Figure 7. Ordered rank of various combinatorial patterns during different seasons of

the year. The top cluster of curves show the seasonal evolution of attained ranks for the

1-day patterns, middle cluster for the 2-day patterns, and bottom cluster for the 3-day

patterns.
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Figure 8. Potential utilization of accumulated statistical results from the day-to-

day (D2D) combinatorial analysis, in practical settings, to help forecast the occurrence

probability of nighttime FAI 12–24 hours in advance.
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Introduction

Here we provide a few additional data tables showing the statistical likelihood of day-to-

day combinatorics patterns of nighttime F-region FAI occurrence over EAR Kototabang

2011-2013. These are the same type of information presented in the main text, but

detailing the raw histogram counts and percentage values more explicitly. Tables S1 to S4

show a full list of statistical likelihood values of each combinatorics pattern (from 1-day

to 6-day patterns) for the two equinoxes and the two solstices.

Dataset S1. This ASCII file contains the tabulated states of FAI occurrence for each

calendar date in 2011-2013. For each date, it is either a confirmed FAI occurrence (+), or

a confirmed FAI no-occurrence (-), or an unknown (?) when we have missing/incomplete

EAR observation data.
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Table S1. Full list of day-to-day combinatorics histogram data counts for March equinox time

period (15 Feb – 21 May) based on EAR Kototabang FAI observations 2011-2013.

combi percentage count combi percentage count combi percentage count

+ 54.55% ± 3.06% (N = 144 ± 8) +++++ 11.74% ± 2.21% (N = 25 ± 5) ++++++ 7.84% ± 1.88% (N = 16 ± 4)
- 45.45% ± 3.06% (N = 120 ± 8) ++++- 6.57% ± 1.70% (N = 14 ± 4) +++++- 3.43% ± 1.27% (N = 7 ± 3)

+++-+ 4.23% ± 1.38% (N = 9 ± 3) ++++-+ 2.94% ± 1.18% (N = 6 ± 2)
++ 35.48% ± 3.04% (N = 88 ± 8) +++-- 3.76% ± 1.30% (N = 8 ± 3) ++++-- 3.43% ± 1.27% (N = 7 ± 3)
+- 19.35% ± 2.51% (N = 48 ± 6) ++-++ 1.41% ± 0.81% (N = 3 ± 2) +++-++ 0.98% ± 0.69% (N = 2 ± 1)
-+ 19.76% ± 2.53% (N = 49 ± 6) ++-+- 3.29% ± 1.22% (N = 7 ± 3) +++-+- 2.94% ± 1.18% (N = 6 ± 2)
-- 25.40% ± 2.77% (N = 63 ± 7) ++--+ 1.88% ± 0.93% (N = 4 ± 2) +++--+ 1.96% ± 0.97% (N = 4 ± 2)

++--- 1.88% ± 0.93% (N = 4 ± 2) +++--- 1.47% ± 0.84% (N = 3 ± 2)
+++ 26.38% ± 2.88% (N = 62 ± 7) +-+++ 2.82% ± 1.13% (N = 6 ± 2) ++-+++ 1.47% ± 0.84% (N = 3 ± 2)
++- 10.21% ± 1.97% (N = 24 ± 5) +-++- 0.47% ± 0.47% (N = 1 ± 1) ++-+-+ 0.98% ± 0.69% (N = 2 ± 1)
+-+ 8.51% ± 1.82% (N = 20 ± 4) +-+-+ 0.94% ± 0.66% (N = 2 ± 1) ++-+-- 2.45% ± 1.08% (N = 5 ± 2)
+-- 10.21% ± 1.97% (N = 24 ± 5) +-+-- 4.23% ± 1.38% (N = 9 ± 3) ++--++ 1.47% ± 0.84% (N = 3 ± 2)
-++ 9.79% ± 1.94% (N = 23 ± 5) +--++ 3.29% ± 1.22% (N = 7 ± 3) ++--+- 0.49% ± 0.49% (N = 1 ± 1)
-+- 9.36% ± 1.90% (N = 22 ± 4) +--+- 1.88% ± 0.93% (N = 4 ± 2) ++---+ 0.98% ± 0.69% (N = 2 ± 1)
--+ 9.79% ± 1.94% (N = 23 ± 5) +---+ 1.88% ± 0.93% (N = 4 ± 2) ++---- 0.98% ± 0.69% (N = 2 ± 1)
--- 15.74% ± 2.37% (N = 37 ± 6) +---- 2.82% ± 1.13% (N = 6 ± 2) +-++++ 1.96% ± 0.97% (N = 4 ± 2)

-++++ 7.51% ± 1.81% (N = 16 ± 4) +-+++- 0.98% ± 0.69% (N = 2 ± 1)
++++ 18.39% ± 2.59% (N = 41 ± 6) -+++- 2.35% ± 1.04% (N = 5 ± 2) +-+-++ 0.98% ± 0.69% (N = 2 ± 1)
+++- 8.52% ± 1.87% (N = 19 ± 4) -++-+ 0.47% ± 0.47% (N = 1 ± 1) +-+--+ 2.45% ± 1.08% (N = 5 ± 2)
++-+ 4.93% ± 1.45% (N = 11 ± 3) -+-++ 1.88% ± 0.93% (N = 4 ± 2) +-+--- 1.96% ± 0.97% (N = 4 ± 2)
++-- 4.04% ± 1.32% (N = 9 ± 3) -+-+- 1.88% ± 0.93% (N = 4 ± 2) +--+++ 2.94% ± 1.18% (N = 6 ± 2)
+-++ 3.14% ± 1.17% (N = 7 ± 3) -+--+ 3.29% ± 1.22% (N = 7 ± 3) +--++- 0.49% ± 0.49% (N = 1 ± 1)
+-+- 4.93% ± 1.45% (N = 11 ± 3) -+--- 2.82% ± 1.13% (N = 6 ± 2) +--+-+ 1.96% ± 0.97% (N = 4 ± 2)
+--+ 4.93% ± 1.45% (N = 11 ± 3) --+++ 5.16% ± 1.52% (N = 11 ± 3) +---++ 0.98% ± 0.69% (N = 2 ± 1)
+--- 4.93% ± 1.45% (N = 11 ± 3) --++- 0.47% ± 0.47% (N = 1 ± 1) +---+- 0.49% ± 0.49% (N = 1 ± 1)
-+++ 9.42% ± 1.96% (N = 21 ± 4) --+-+ 3.29% ± 1.22% (N = 7 ± 3) +----+ 1.47% ± 0.84% (N = 3 ± 2)
-++- 0.90% ± 0.63% (N = 2 ± 1) --+-- 1.41% ± 0.81% (N = 3 ± 2) +----- 1.47% ± 0.84% (N = 3 ± 2)
-+-+ 4.04% ± 1.32% (N = 9 ± 3) ---++ 1.88% ± 0.93% (N = 4 ± 2) -+++++ 4.41% ± 1.44% (N = 9 ± 3)
-+-- 5.83% ± 1.57% (N = 13 ± 4) ---+- 2.82% ± 1.13% (N = 6 ± 2) -++++- 3.43% ± 1.27% (N = 7 ± 3)
--++ 5.38% ± 1.51% (N = 12 ± 3) ----+ 3.29% ± 1.22% (N = 7 ± 3) -+++-+ 1.47% ± 0.84% (N = 3 ± 2)
--+- 4.48% ± 1.39% (N = 10 ± 3) ----- 8.45% ± 1.91% (N = 18 ± 4) -+++-- 0.49% ± 0.49% (N = 1 ± 1)
---+ 4.93% ± 1.45% (N = 11 ± 3) -++-+- 0.49% ± 0.49% (N = 1 ± 1)
---- 11.21% ± 2.11% (N = 25 ± 5) -+-+++ 1.47% ± 0.84% (N = 3 ± 2)

-+-++- 0.49% ± 0.49% (N = 1 ± 1)
-+-+-- 1.96% ± 0.97% (N = 4 ± 2)
-+--++ 1.96% ± 0.97% (N = 4 ± 2)
-+--+- 1.47% ± 0.84% (N = 3 ± 2)
-+---+ 0.98% ± 0.69% (N = 2 ± 1)
-+---- 1.96% ± 0.97% (N = 4 ± 2)
--++++ 4.90% ± 1.51% (N = 10 ± 3)
--+++- 0.49% ± 0.49% (N = 1 ± 1)
--++-+ 0.49% ± 0.49% (N = 1 ± 1)
--+-++ 0.98% ± 0.69% (N = 2 ± 1)
--+-+- 1.96% ± 0.97% (N = 4 ± 2)
--+--+ 0.49% ± 0.49% (N = 1 ± 1)
--+--- 0.98% ± 0.69% (N = 2 ± 1)
---+++ 1.96% ± 0.97% (N = 4 ± 2)
---+-+ 0.98% ± 0.69% (N = 2 ± 1)
---+-- 1.96% ± 0.97% (N = 4 ± 2)
----++ 0.98% ± 0.69% (N = 2 ± 1)
----+- 2.45% ± 1.08% (N = 5 ± 2)
-----+ 1.96% ± 0.97% (N = 4 ± 2)
------ 6.86% ± 1.77% (N = 14 ± 4)
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Table S2. Full list of day-to-day combinatorics histogram data counts for June Solstice time

period (21 May – 20 Aug) based on EAR Kototabang FAI observations 2011-2013.

combi percentage count combi percentage count combi percentage count

+ 29.62% ± 2.83% (N = 77 ± 7) ++++- 0.49% ± 0.49% (N = 1 ± 1) ++++-- 0.52% ± 0.52% (N = 1 ± 1)
- 70.38% ± 2.83% (N = 183 ± 7) +++-+ 0.98% ± 0.69% (N = 2 ± 1) +++-+- 1.04% ± 0.73% (N = 2 ± 1)

+++-- 0.49% ± 0.49% (N = 1 ± 1) +++--- 0.52% ± 0.52% (N = 1 ± 1)
++ 9.35% ± 1.86% (N = 23 ± 5) ++-+- 1.95% ± 0.97% (N = 4 ± 2) ++-+-- 1.56% ± 0.90% (N = 3 ± 2)
+- 19.11% ± 2.51% (N = 47 ± 6) ++--+ 0.98% ± 0.69% (N = 2 ± 1) ++--+- 1.04% ± 0.73% (N = 2 ± 1)
-+ 20.73% ± 2.59% (N = 51 ± 6) ++--- 2.93% ± 1.18% (N = 6 ± 2) ++---+ 0.52% ± 0.52% (N = 1 ± 1)
-- 50.81% ± 3.19% (N = 125 ± 8) +-+++ 0.49% ± 0.49% (N = 1 ± 1) ++---- 2.60% ± 1.15% (N = 5 ± 2)

+-++- 0.98% ± 0.69% (N = 2 ± 1) +-+++- 0.52% ± 0.52% (N = 1 ± 1)
+++ 3.43% ± 1.19% (N = 8 ± 3) +-+-- 3.41% ± 1.29% (N = 7 ± 3) +-++-- 1.04% ± 0.73% (N = 2 ± 1)
++- 5.15% ± 1.45% (N = 12 ± 3) +--++ 1.46% ± 0.84% (N = 3 ± 2) +-+--+ 1.56% ± 0.90% (N = 3 ± 2)
+-+ 6.01% ± 1.56% (N = 14 ± 4) +--+- 2.44% ± 1.08% (N = 5 ± 2) +-+--- 2.08% ± 1.03% (N = 4 ± 2)
+-- 13.30% ± 2.22% (N = 31 ± 5) +---+ 3.41% ± 1.27% (N = 7 ± 3) +--+++ 0.52% ± 0.52% (N = 1 ± 1)
-++ 6.01% ± 1.56% (N = 14 ± 4) +---- 6.83% ± 1.76% (N = 14 ± 4) +--++- 1.04% ± 0.73% (N = 2 ± 1)
-+- 14.16% ± 2.28% (N = 33 ± 5) -++++ 0.98% ± 0.69% (N = 2 ± 1) +--+-+ 1.04% ± 0.73% (N = 2 ± 1)
--+ 14.59% ± 2.31% (N = 34 ± 5) -+++- 0.98% ± 0.69% (N = 2 ± 1) +--+-- 1.56% ± 0.90% (N = 3 ± 2)
--- 37.34% ± 3.17% (N = 87 ± 7) -++-+ 0.98% ± 0.69% (N = 2 ± 1) +---++ 0.52% ± 0.52% (N = 1 ± 1)

-++-- 2.93% ± 1.18% (N = 6 ± 2) +---+- 3.13% ± 1.26% (N = 6 ± 2)
++++ 0.91% ± 0.64% (N = 2 ± 1) -+-++ 0.98% ± 0.69% (N = 2 ± 1) +----+ 1.56% ± 0.90% (N = 3 ± 2)
+++- 1.37% ± 0.79% (N = 3 ± 2) -+-+- 1.46% ± 0.84% (N = 3 ± 2) +----- 4.69% ± 1.53% (N = 9 ± 3)
++-+ 1.83% ± 0.90% (N = 4 ± 2) -+--+ 2.44% ± 1.08% (N = 5 ± 2) -++++- 0.52% ± 0.52% (N = 1 ± 1)
++-- 3.65% ± 1.27% (N = 8 ± 3) -+--- 8.78% ± 1.98% (N = 18 ± 4) -+++-+ 1.04% ± 0.73% (N = 2 ± 1)
+-++ 1.37% ± 0.79% (N = 3 ± 2) --+++ 2.44% ± 1.08% (N = 5 ± 2) -++-+- 1.04% ± 0.73% (N = 2 ± 1)
+-+- 3.65% ± 1.27% (N = 8 ± 3) --++- 2.44% ± 1.08% (N = 5 ± 2) -++--+ 1.04% ± 0.73% (N = 2 ± 1)
+--+ 3.65% ± 1.27% (N = 8 ± 3) --+-+ 2.93% ± 1.18% (N = 6 ± 2) -++--- 2.08% ± 1.03% (N = 4 ± 2)
+--- 10.50% ± 2.07% (N = 23 ± 5) --+-- 7.32% ± 1.82% (N = 15 ± 4) -+-++- 1.04% ± 0.73% (N = 2 ± 1)
-+++ 2.74% ± 1.10% (N = 6 ± 2) ---++ 2.93% ± 1.18% (N = 6 ± 2) -+-+-- 1.56% ± 0.90% (N = 3 ± 2)
-++- 3.65% ± 1.27% (N = 8 ± 3) ---+- 7.80% ± 1.87% (N = 16 ± 4) -+--++ 1.04% ± 0.73% (N = 2 ± 1)
-+-+ 3.65% ± 1.27% (N = 8 ± 3) ----+ 6.34% ± 1.70% (N = 13 ± 3) -+--+- 1.56% ± 0.90% (N = 3 ± 2)
-+-- 10.50% ± 2.07% (N = 23 ± 5) ----- 21.46% ± 2.87% (N = 44 ± 6) -+---+ 3.13% ± 1.26% (N = 6 ± 2)
--++ 4.57% ± 1.41% (N = 10 ± 3) -+---- 5.21% ± 1.60% (N = 10 ± 3)
--+- 10.05% ± 2.03% (N = 22 ± 4) --++++ 1.04% ± 0.73% (N = 2 ± 1)
---+ 10.96% ± 2.11% (N = 24 ± 5) --+++- 0.52% ± 0.52% (N = 1 ± 1)
---- 26.94% ± 3.00% (N = 59 ± 74) --++-+ 1.04% ± 0.73% (N = 2 ± 1)

--++-- 1.56% ± 0.90% (N = 3 ± 2)
--+-++ 1.04% ± 0.73% (N = 2 ± 1)
--+-+- 0.52% ± 0.52% (N = 1 ± 1)
--+--+ 0.52% ± 0.52% (N = 1 ± 1)
--+--- 7.29% ± 1.88% (N = 14 ± 4)
---+++ 1.56% ± 0.90% (N = 3 ± 2)
---++- 1.56% ± 0.90% (N = 3 ± 2)
---+-+ 2.08% ± 1.03% (N = 4 ± 2)
---+-- 5.73% ± 1.68% (N = 11 ± 3)
----++ 2.60% ± 1.15% (N = 5 ± 2)
----+- 3.65% ± 1.35% (N = 7 ± 3)
-----+ 5.21% ± 1.60% (N = 10 ± 3)
------ 17.71% ± 2.76% (N = 34 ± 5)

September 4, 2020, 6:46am



MARTININGRUM ET AL.: DAY-TO-DAY VARIABILITY OF NIGHTTIME F-REGION FAI X - 5

Table S3. Full list of day-to-day combinatorics histogram data counts for September equinox

time period (20 Aug – 15 Nov) based on EAR Kototabang FAI observations 2011-2013.

combi percentage count combi percentage count combi percentage count

+ 57.76% ± 3.24% (N = 134 ± 8) +++++ 19.35% ± 3.17% (N = 30 ± 5) ++++++ 14.89% ± 3.00% (N = 21 ± 4)
- 42.24% ± 3.24% (N = 98 ± 8) ++++- 5.81% ± 1.88% (N = 9 ± 3) +++++- 4.26% ± 1.70% (N = 6 ± 2)

+++-+ 3.87% ± 1.55% (N = 6 ± 2) ++++-- 3.55% ± 1.56% (N = 5 ± 2)
++ 43.41% ± 3.46% (N = 89 ± 7) +++-- 3.87% ± 1.55% (N = 6 ± 2) +++-++ 3.55% ± 1.56% (N = 5 ± 2)
+- 15.61% ± 2.54% (N = 32 ± 5) ++-++ 4.52% ± 1.67% (N = 7 ± 3) +++-+- 0.71% ± 0.71% (N = 1 ± 1)
-+ 14.15% ± 2.43% (N = 29 ± 5) ++-+- 0.65% ± 0.65% (N = 1 ± 1) +++--+ 0.71% ± 0.71% (N = 1 ± 1)
-- 26.83% ± 3.09% (N = 55 ± 6) ++--+ 2.58% ± 1.27% (N = 4 ± 2) +++--- 2.84% ± 1.40% (N = 4 ± 2)

++--- 3.23% ± 1.42% (N = 5 ± 2) ++-+++ 4.26% ± 1.70% (N = 6 ± 2)
+++ 32.97% ± 3.45% (N = 61 ± 6) +-+++ 5.16% ± 1.77% (N = 8 ± 3) ++-++- 0.71% ± 0.71% (N = 1 ± 1)
++- 11.89% ± 2.38% (N = 22 ± 4) +-++- 0.65% ± 0.65% (N = 1 ± 1) ++-+-- 0.71% ± 0.71% (N = 1 ± 1)
+-+ 5.41% ± 1.66% (N = 10 ± 3) +-+-- 0.65% ± 0.65% (N = 1 ± 1) ++--++ 1.42% ± 1.00% (N = 2 ± 1)
+-- 9.73% ± 2.18% (N = 18 ± 4) +--++ 2.58% ± 1.27% (N = 4 ± 2) ++--+- 1.42% ± 1.00% (N = 2 ± 1)
-++ 10.27% ± 2.23% (N = 19 ± 4) +--+- 1.29% ± 0.91% (N = 2 ± 1) ++---+ 2.13% ± 1.21% (N = 3 ± 2)
-+- 3.78% ± 1.41% (N = 7 ± 3) +---+ 2.58% ± 1.27% (N = 4 ± 2) ++---- 1.42% ± 1.00% (N = 2 ± 1)
--+ 9.19% ± 2.12% (N = 17 ± 4) +---- 3.23% ± 1.42% (N = 5 ± 2) +-++++ 3.55% ± 1.56% (N = 5 ± 2)
--- 16.76% ± 2.75% (N = 31 ± 5) -++++ 5.16% ± 1.77% (N = 8 ± 3) +-+++- 1.42% ± 1.00% (N = 2 ± 1)

-+++- 2.58% ± 1.27% (N = 4 ± 2) +-++-- 0.71% ± 0.71% (N = 1 ± 1)
++++ 25.00% ± 3.34% (N = 42 ± 6) -++-+ 1.29% ± 0.91% (N = 2 ± 1) +--+++ 1.42% ± 1.00% (N = 2 ± 1)
+++- 8.33% ± 2.13% (N = 14 ± 4) -++-- 1.94% ± 1.11% (N = 3 ± 2) +--++- 0.71% ± 0.71% (N = 1 ± 1)
++-+ 4.76% ± 1.64% (N = 8 ± 3) -+-++ 0.65% ± 0.65% (N = 1 ± 1) +--+-+ 0.71% ± 0.71% (N = 1 ± 1)
++-- 6.55% ± 1.91% (N = 11 ± 3) -+--+ 0.65% ± 0.65% (N = 1 ± 1) +--+-- 0.71% ± 0.71% (N = 1 ± 1)
+-++ 5.36% ± 1.74% (N = 9 ± 3) -+--- 2.58% ± 1.27% (N = 4 ± 2) +---++ 2.84% ± 1.40% (N = 4 ± 2)
+-+- 0.60% ± 0.60% (N = 1 ± 1) --+++ 3.23% ± 1.42% (N = 5 ± 2) +----+ 2.13% ± 1.21% (N = 3 ± 2)
+--+ 3.57% ± 1.43% (N = 6 ± 2) --++- 2.58% ± 1.27% (N = 4 ± 2) +----- 1.42% ± 1.00% (N = 2 ± 1)
+--- 5.36% ± 1.74% (N = 9 ± 3) --+-+ 0.65% ± 0.65% (N = 1 ± 1) -+++++ 3.55% ± 1.56% (N = 5 ± 2)
-+++ 7.74% ± 2.06% (N = 13 ± 3) --+-- 2.58% ± 1.27% (N = 4 ± 2) -++++- 2.13% ± 1.21% (N = 3 ± 2)
-++- 2.98% ± 1.31% (N = 5 ± 2) ---++ 3.23% ± 1.42% (N = 5 ± 2) -+++-+ 2.13% ± 1.21% (N = 3 ± 2)
-+-+ 0.60% ± 0.60% (N = 1 ± 1) ---+- 1.94% ± 1.11% (N = 3 ± 2) -+++-- 0.71% ± 0.71% (N = 1 ± 1)
-+-- 3.57% ± 1.43% (N = 6 ± 2) ----+ 3.23% ± 1.42% (N = 5 ± 2) -++-++ 1.42% ± 1.00% (N = 2 ± 1)
--++ 5.95% ± 1.83% (N = 10 ± 3) ----- 7.74% ± 2.15% (N = 12 ± 3) -++--+ 1.42% ± 1.00% (N = 2 ± 1)
--+- 2.98% ± 1.31% (N = 5 ± 2) -++--- 0.71% ± 0.71% (N = 1 ± 1)
---+ 5.36% ± 1.74% (N = 9 ± 3) -+-+++ 0.71% ± 0.71% (N = 1 ± 1)
---- 11.31% ± 2.45% (N = 19 ± 4) -+--++ 0.71% ± 0.71% (N = 1 ± 1)

-+---+ 0.71% ± 0.71% (N = 1 ± 1)
-+---- 2.13% ± 1.21% (N = 3 ± 2)
--++++ 2.13% ± 1.21% (N = 3 ± 2)
--+++- 1.42% ± 1.00% (N = 2 ± 1)
--++-+ 1.42% ± 1.00% (N = 2 ± 1)
--++-- 1.42% ± 1.00% (N = 2 ± 1)
--+-++ 0.71% ± 0.71% (N = 1 ± 1)
--+--+ 0.71% ± 0.71% (N = 1 ± 1)
--+--- 2.13% ± 1.21% (N = 3 ± 2)
---+++ 1.42% ± 1.00% (N = 2 ± 1)
---++- 2.13% ± 1.21% (N = 3 ± 2)
---+-- 2.13% ± 1.21% (N = 3 ± 2)
----++ 1.42% ± 1.00% (N = 2 ± 1)
----+- 1.42% ± 1.00% (N = 2 ± 1)
-----+ 1.42% ± 1.00% (N = 2 ± 1)
------ 5.67% ± 1.95% (N = 8 ± 3)
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Table S4. Full list of day-to-day combinatorics histogram data counts for December solstice

time period (15 Nov – 15 Feb) based on EAR Kototabang FAI observations 2011-2013.

combi percentage count combi percentage count combi percentage count

+ 12.60% ± 2.12% (N = 31 ± 5) +++-- 0.47% ± 0.47% (N = 1 ± 1) +++--- 0.48% ± 0.48% (N = 1 ± 1)
- 87.40% ± 2.12% (N = 215 ± 5) ++-+- 0.47% ± 0.47% (N = 1 ± 1) ++-+-- 0.48% ± 0.48% (N = 1 ± 1)

++--- 0.47% ± 0.47% (N = 1 ± 1) ++---- 0.48% ± 0.48% (N = 1 ± 1)
++ 2.10% ± 0.93% (N = 5 ± 2) +-+-- 1.86% ± 0.92% (N = 4 ± 2) +-+--- 1.92% ± 0.95% (N = 4 ± 2)
+- 10.50% ± 1.99% (N = 25 ± 5) +--+- 0.47% ± 0.47% (N = 1 ± 1) +--+-- 0.48% ± 0.48% (N = 1 ± 1)
-+ 11.34% ± 2.05% (N = 27 ± 5) +---+ 1.40% ± 0.80% (N = 3 ± 2) +---+- 1.44% ± 0.83% (N = 3 ± 2)
-- 76.05% ± 2.77% (N = 181 ± 7) +---- 6.98% ± 1.74% (N = 15 ± 4) +----+ 1.44% ± 0.83% (N = 3 ± 2)

-+++- 0.93% ± 0.66% (N = 2 ± 1) +----- 5.77% ± 1.61% (N = 12 ± 3)
+++ 0.43% ± 0.43% (N = 1 ± 1) -++-+ 0.93% ± 0.66% (N = 2 ± 1) -+++-- 0.96% ± 0.68% (N = 2 ± 1)
++- 1.30% ± 0.75% (N = 3 ± 2) -+-+- 1.40% ± 0.80% (N = 3 ± 2) -++-+- 0.48% ± 0.48% (N = 1 ± 1)
+-+ 2.17% ± 0.96% (N = 5 ± 2) -+--+ 0.47% ± 0.47% (N = 1 ± 1) -+-+-- 1.44% ± 0.83% (N = 3 ± 2)
+-- 8.26% ± 1.81% (N = 19 ± 4) -+--- 7.44% ± 1.79% (N = 16 ± 4) -+--+- 0.48% ± 0.48% (N = 1 ± 1)
-++ 2.17% ± 0.96% (N = 5 ± 2) --+++ 0.93% ± 0.66% (N = 2 ± 1) -+---+ 1.44% ± 0.83% (N = 3 ± 2)
-+- 9.13% ± 1.90% (N = 21 ± 4) --++- 0.93% ± 0.66% (N = 2 ± 1) -+---- 6.25% ± 1.68% (N = 13 ± 3)
--+ 9.13% ± 1.90% (N = 21 ± 4) --+-+ 1.40% ± 0.80% (N = 3 ± 2) --+++- 0.96% ± 0.68% (N = 2 ± 1)
--- 67.39% ± 3.09% (N = 155 ± 7) --+-- 6.05% ± 1.62% (N = 13 ± 3) --++-+ 0.96% ± 0.68% (N = 2 ± 1)

---++ 1.86% ± 0.92% (N = 4 ± 2) --+-+- 1.44% ± 0.83% (N = 3 ± 2)
+++- 0.45% ± 0.45% (N = 1 ± 1) ---+- 6.51% ± 1.68% (N = 14 ± 4) --+--+ 0.48% ± 0.48% (N = 1 ± 1)
++-+ 0.90% ± 0.64% (N = 2 ± 1) ----+ 6.05% ± 1.62% (N = 13 ± 3) --+--- 5.77% ± 1.62% (N = 12 ± 3)
++-- 0.45% ± 0.45% (N = 1 ± 1) ----- 53.02% ± 3.40% (N = 114 ± 7) ---+++ 0.96% ± 0.68% (N = 2 ± 1)
+-+- 1.80% ± 0.89% (N = 4 ± 2) ---++- 0.96% ± 0.68% (N = 2 ± 1)
+--+ 0.45% ± 0.45% (N = 1 ± 1) ---+-+ 1.44% ± 0.83% (N = 3 ± 2)
+--- 8.11% ± 1.83% (N = 18 ± 4) ---+-- 4.81% ± 1.49% (N = 10 ± 3)
-+++ 0.90% ± 0.64% (N = 2 ± 1) ----++ 1.44% ± 0.83% (N = 3 ± 2)
-++- 0.90% ± 0.64% (N = 2 ± 1) ----+- 4.81% ± 1.49% (N = 10 ± 3)
-+-+ 1.35% ± 0.77% (N = 3 ± 2) -----+ 4.33% ± 1.41% (N = 9 ± 3)
-+-- 7.66% ± 1.78% (N = 17 ± 4) ------ 48.08% ± 3.47% (N = 100 ± 7)
--++ 1.80% ± 0.89% (N = 4 ± 2)
--+- 7.66% ± 1.78% (N = 17 ± 4)
---+ 8.11% ± 1.83% (N = 18 ± 4)
---- 59.46% ± 3.30% (N = 132 ± 7)
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