Arabian Journal for Science and Engineering (2022) 47:7387-7406
https://doi.org/10.1007/s13369-021-06524-4

RESEARCH ARTICLE-EARTH SCIENCES r')

Check for
updates

Evaluation of Thermal anomaly Preceding Northern Red Sea
Earthquake, the 16th June 2020

Emad K. Mohamed'® - Medhat Elrayess' - Khaled Omar’

Received: 5 September 2021 / Accepted: 15 December 2021 / Published online: 24 January 2022
© The Author(s) 2022

Abstract

On the 16th June, 2020, a moderate earthquake (Mw = 5.2) hit the Northern Red Sea region, Egypt, that was felt throughout
the Hurghada and Sharm El-Sheikh cities and the surrounding areas without any damages. The thermal anomaly before the
earthquakes was widely studied with satellite data, such as NOAA/AVHRR and MODIS. The case study aims to monitor
and demonstrate the possibility of any variation of the thermal anomaly of sea surface temperature (SST) before and after
the 16th June 2020 earthquake and to correlate the results with the previous heat flow study (deep thermal action). The
Daytime/Nighttime (SST) data are retrieved from the OBPG serves as a Distributed Active Archive Center (OB. DAAC). The
outputs indicated a thermal anomaly on the June 12th, 2020 a few days before the earthquake, covered a large area around the
epicenter 60 km impact area, and reached a high value on the 15th June 2020, one day before the earthquake. For the deep
thermal action of the entire crust, the earthquake frequency distributions presumed from the reviewed catalogue indicated
that the peak of the seismicity is concentrated close to the center of the rift axis in the Northern Red Sea. The heat flow
measurements are increased toward the center of the Red Sea rift and decreased toward both sides, generating some partial
melt of the rocks and producing crustal subsidence at the center of the Red Sea rift. These results are compatible with the
pattern of the seismic activity and heat flow effect around the epicenter. It could be considered as a short-term precursor of
the earthquake.
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1 Introduction studied the thermal anomalies were observed before the large

earthquakes using satellite data [2—15]. In the history of ther-

The establishment of earthquake forecasting systems would
be helpful to mitigate the effects of earthquakes, especially
for countries along tectonic plate boundaries [1]. Satellite
remote sensing techniques can provide an effective method
for monitoring the pre-seismic processes along active fault
zones. Many statistical studies have used large earthquakes
to identify a significant correlation between the pre-seismic
signals and upcoming earthquakes with various analytical
methods.

The earthquake precursors are the abnormal changes in the
physical parameters or processes occurring before the large
earthquakes. In the last three decades, many researchers have
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mal anomaly research, itis undeniable that there are abnormal
radiation anomalies before the large and major earthquakes,
as suggested by many authors [5, 16] [17-22], as well as
moderate earthquakes [18], and [19] they have studied the
earthquakes with Mw >4. Therefore, the thermal anomaly
has been interpreted as a pre-seismic precursor in earthquake
prediction and forecasting.

The available information and knowledge of the earth-
quakes should be considered during the planning and imple-
mentation of any projects to save investments and achieve
sustainable development. Therefore, it is imperative to study
the non-seismic phenomena such as the magnetic field varia-
tion, ground radon emission, land surface temperature (LST),
sea surface temperature (SST), and outgoing longwave radi-
ation (OLR) variations that can precede the seismic activity.
Moreover, heat flow anomalies also resulted from plate
tectonic processes associated with arc volcanism, hot spot
traces, back-arc basins, and continental rifting.
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Most of Egypt’s seismic active zones occur in the north-
ern part of the country, including the Northern Red Sea,
Gulf of Aqaba, Gulf of Suez, Cairo-Suez district, South-
west of Greater Cairo (Dahshour area), and in the Eastern
Mediterranean region, as well as, the low seismic activi-
ties on the central and southern parts of Egypt [23]. The
earthquakes range from small to moderate magnitudes. The
significant historical earthquakes that occurred are Shadwan
earthquake (Mb = 6, 1969) and Aqaba earthquake, (Mb =
7, 1995). However, instrumental earthquakes are (Beni Suef
earthquake, 2006, My, = 5.2), (Asuit earthquake, 2003, M,
= 5.1), and (Suez earthquake, 2014, M = 4.3) while more
recently occurred on the 16th June 2020, with My = 5.2. This
earthquake was felt throughout the Hurghada and different
areas surrounding the epicenter, with no reported damage.

The Northern Red Sea was a continental rift in the pro-
cess of transition from continental to oceanic spreading. It
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is underlain by the stretching and thinning of the continental
crust, as suggested by Cochran [24, 25] and [26]. It is affected
by the structural elements and tectonics of the Southeast of
the Mediterranean Sea and the Northeastern corner of the
African plate [27-33] and by the tectonic of the Sinai sub-
plate and the Gulf of Suez-Red Sea Rift System [34-36]. In
general, the Gulf of Suez and the Red Sea depressions were
formed by the anticlockwise rotation of the Arabian plate
away from the Africa plate [24].

Heat flow is generated from plate tectonic processes,
whereas increasing the temperature with depth inside deep
mines or earth interiors leads to heat flow anomalies. More-
over, heat flow is associated with arc volcanism, hot lavas,
back-arc basins, and continental rifting. The authors have
done previous heat flow studies along the Suez and the Red
Sea rifts [37-43]. Figure 1 shows the location map of the
study area with the seismicity and heat flow locations.
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Table 1 Heat Flow Measurements at Profile 1 (Northern Line)

No. of the Site Latitude Longitude Elevation Gradient Heat_Flow Conductivity Reference

1 27.0145 34.0263 — 429 94 108 1.15 Martinez and Cochran1989
2 27.0233 34.0455 — 447 89 101 1.14 Martinez and Cochran1989
3 27.0315 34.0622 — 609 108 122 1.14 Martinez and Cochran1989
4 27.0365 34.0805 — 546 91 103 1.13 Martinez and Cochran1989
5 27.0435 34.0963 — 660 100 112 1.13 Martinez and Cochran1989
6 27.0468 34.1115 — 737 71 80 1.13 Martinez and Cochran1989
7 27.0545 34.131 - 972 155 172 1.13 Martinez and Cochran1989
8 27.059 34.1507 - 970 153 170 1.12 Martinez and Cochran1989
9 27.0657 34.173 — 765 142 156 1.12 Martinez and Cochran1989
10 27.0807 34.1835 — 770 136 150 1.11 Martinez and Cochran1989
11 27.086 34.2008 — 746 112 122 1.11 Martinez and Cochran1989
12 27.0932 34.2133 — 750 126 137 1.11 Martinez and Cochran1989
13 27.1063 342218 — 803 103 111 1.11 Martinez and Cochran1989
14 27.1112 34.2393 — 845 125 134 1.1 Martinez and Cochran1989
15 27.1185 34.254 — 840 127 135 1.1 Martinez and Cochran1989
16 27.1282 34.2748 — 855 157 166 1.1 Martinez and Cochran1989
17 27.1385 34.2902 — 860 172 182 1.09 Martinez and Cochran1989
18 27.1392 34.292 — 860 154 163 1.09 Martinez and Cochran1989
19 27.1425 34.3137 — 925 214 225 1.09 Martinez and Cochran1989
20 27.1493 34.327 — 948 186 195 1.08 Martinez and Cochran1989
21 27.1557 34.3512 — 1128 188 196 1.08 Martinez and Cochran1989
22 27.1623 34.3575 — 1155 180 187 1.08 Martinez and Cochran1989
23 27.1782 34.3787 — 1187 242 249 1.08 Martinez and Cochran1989
24 27.1808 34.399 — 1107 225 232 1.08 Martinez and Cochran1989
25 27.1827 34.4278 — 1134 265 270 1.08 Martinez and Cochran1989
26 27.1878 34.4488 — 1400 420 428 1.07 Martinez and Cochran1989
27 27.188 34.4418 — 1275 340 347 1.07 Martinez and Cochran1989
28 27.2038 34.4618 — 1365 172 175 1.07 Martinez and Cochran1989
29 27.212 34.4443 — 1194 0 0 1.07 Martinez and Cochran1989
30 27.2158 34.4825 — 1237 328 335 1.06 Martinez and Cochran1989
31 27.2248 34.4907 — 1090 662 369 1.06 Martinez and Cochran1989
32 27.2323 34.5108 — 1075 361 368 1.06 Martinez and Cochran1989
33 27.2615 34.5388 — 1069 290 296 1.06 Martinez and Cochran1989
34 27.2645 34.5687 — 1107 294 297 1.06 Martinez and Cochran1989
35 27.2687 34.5957 — 1135 308 311 1.06 Martinez and Cochran1989
36 27.2708 34.634 — 1205 207 209 1.06 Martinez and Cochran1989
37 27.2725 34.6175 — 1200 177 179 1.05 Martinez and Cochran1989
38 27.2907 34.6393 — 1135 171 173 1.05 Martinez and Cochran1989
39 27.2987 34.6443 — 1147 0 0 1.05 Martinez and Cochran1989
40 27.3087 34.6492 — 1030 162 164 1.05 Martinez and Cochran1989
41 27.3183 34.669 - 977 205 209 1.05 Martinez and Cochran1989
42 27.3288 34.6987 — 1020 180 184 1.05 Martinez and Cochran1989
43 27.3333 34.6868 — 1023 164 167 1.05 Martinez and Cochran1989
44 27.3358 34.7207 — 995 257 262 1.05 Martinez and Cochran1989
45 27.3462 34.7358 — 985 290 296 1.04 Martinez and Cochran1989
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Table 1 continued

No. of the Site Latitude Longitude Elevation Gradient Heat_Flow Conductivity Reference

46 27.3487 34.7552 — 980 262 270 1.04 Martinez and Cochran1989
47 27.3543 34.7752 —903 241 248 1.04 Martinez and Cochran1989
48 27.3657 34.7898 — 833 228 235 1.04 Martinez and Cochran1989
49 27.3728 34.8128 — 803 169 174 1.04 Martinez and Cochran1989
50 27.391 34.8295 — 835 193 201 1.04 Martinez and Cochran1989
51 27.4027 34.846 — 857 293 305 1.04 Martinez and Cochran1989
52 27.4052 34.8658 — 831 208 216 1.04 Martinez and Cochran1989
53 274118 34.8823 — 847 187 194 1.04 Martinez and Cochran1989
54 27.4213 34.8992 — 820 174 183 1.04 Martinez and Cochran1989
55 27.4262 349155 — 807 169 177 1.03 Martinez and Cochran1989
56 27.439 34.9238 — 815 157 165 1.03 Martinez and Cochran1989
57 27.4472 34.9458 — 835 171 180 1.03 Martinez and Cochran1989
58 27.4533 34.961 — 830 161 171 1.03 Martinez and Cochran1989
59 27.4607 34.9782 — 806 121 128 1.03 Martinez and Cochran1989
60 27.466 35.016 — 765 167 179 1.03 Martinez and Cochran1989
61 27.4713 35.0148 — 765 184 197 1.03 Martinez and Cochran1989
62 27.4792 35.0348 — 725 139 149 1.03 Martinez and Cochran1989
63 27.492 35.0692 — 693 119 129 1.02 Martinez and Cochran1989
64 27.4927 35.0438 - 717 127 137 1.02 Martinez and Cochran1989
65 27.4988 35.0807 — 690 127 137 1.02 Martinez and Cochran1989

The local sources of heat flow include frictional heat-
ing along earthquake faults. This friction can be sufficiently
intense to melt the rock, producing pseudotachylite partially.
Indeed, a small amount of heat trapped by geothermal power
plants located along major active faults, such as the San
Andreas fault in California or active faults in Nevada, prob-
ably comes from frictional heating as rocks grind past on
either side of the fault.

Figure 1 shows a conceptual diagram of the possible mech-
anism of stresses developed at ocean ridges due to collision
of plate boundaries, venting additional hot fluid, water vapor,
and other gases (from the earth’s asthenosphere/lower man-
tle). Change in ocean thermal gradients during the seismic
cycle of enhanced tectonic activity results in more heat flow
than normal, and subsequent warming of the sea surface.

In this study, we have used MODIS SST data to monitor
the variation of sea surface temperature before and after the
16th June 2020 Northern Red Sea earthquake to identify the
thermal anomalies based on a statistical analysis of running
median and inter quartile range (IQR). This method signifies
the abnormality in a daily time series for 15 days before and
five days after the earthquake, which can be associated with
seismic activity.

This study is very important and significant because the
area of interest provides a considerable resource for fishing,
coral reefs, oil and gas extraction, and tourism. Moreover,
the Red Sea links the European harbors to China and Eastern
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Asia, supporting a high volume of shipping activity. The risk
and vulnerability of the Red Sea to SST thermal trends are
highly expected during the current century [44], which may
lead to harmful impacts on marine entities.

2 Sea Surface Temperatures (SST)

The SST is one of the most important variables used to under-
stand the ocean and atmospheric phenomena, such as climate
change, air—sea interaction, and earthquake forecasting. SST
data provided by the OBPG serve as a Distributed Active
Archive Center (OB.DAAC), responsible for archiving the
satellite ocean biologic data produced or collected under
NASA’s Earth Observing System Data and Information Sys-
tem (EOSDIS).

MODIS (SST) data have high confidence, as they sig-
nificantly correlate to the in situ surface temperature mea-
surements [45, 46]. Chakravarty had studied SST Variability
Derived from AQUA/AMSR-E Satellite data near the Suma-
tra region affected by undersea earthquakes [47]. This
product returns the skin temperature of the ocean by °C.
The long-wave infrared (LWIR) SST products use the 11
and 12 pm spectral bands, measured by MODIS and VIIRS
infrared radiometers. The validation of satellite skin SST for
a climate data record and the use of shipboard radiometers
can be found in [48, 49].
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Table 2 Heat Flow Measurements at Profile 2 (Middle Line)

No. of the Site Latitude Longitude Elevation Gradient Heat_Flow Conductivity Reference

1 27.0738 34.735 — 1441 699 615 0.88 Martinez and Cochran1989
2 27.0742 34.7388 — 1441 375 330 0.88 Martinez and Cochran1989
3 26.9942 34.7265 — 1236 360 320 0.89 Martinez and Cochran1989
4 27.0128 34.736 — 1220 350 312 0.89 Martinez and Cochran1989
5 27.0277 34.7475 — 1220 351 309 0.88 Martinez and Cochran1989
6 27.1563 34.9953 —920 280 266 0.95 Martinez and Cochran1989
7 27.1623 34.9498 — 865 281 264 0.94 Martinez and Cochran1989
8 27.0612 34.8138 — 1115 288 256 0.89 Martinez and Cochran1989
9 26.99 34.7082 — 1278 283 252 0.89 Martinez and Cochran1989
10 27.0508 34.756 — 1260 281 247 0.88 Martinez and Cochran1989
11 27.1527 34.9805 — 835 251 236 0.94 Martinez and Cochran1989
12 26.8818 34.4453 — 865 239 229 0.96 Martinez and Cochran1989
13 27.1152 34.926 — 865 247 227 0.92 Martinez and Cochran1989
14 27.1257 34.939 — 875 243 224 0.92 Martinez and Cochran1989
15 27.0667 34.8427 — 1170 245 221 0.9 Martinez and Cochran1989
16 27.0478 34.7817 — 1150 247 220 0.89 Martinez and Cochran1989
17 26.8905 34.4707 — 845 228 217 0.95 Martinez and Cochran1989
18 26.8072 34.303 - 717 211 217 1.03 Martinez and Cochran1989
19 27.1665 34.9405 —-910 226 210 0.93 Martinez and Cochran1989
20 26.8902 34.4918 — 832 221 208 0.94 Martinez and Cochran1989
21 27.1143 34.9038 — 840 224 204 091 Martinez and Cochran1989
22 27.1592 35.0508 - 920 201 193 0.96 Martinez and Cochran1989
23 26.8797 34.4217 — 924 200 192 0.96 Martinez and Cochran1989
24 27.0785 34.8612 —930 212 191 0.9 Martinez and Cochran1989
25 26.9477 34.6362 — 935 209 190 091 Martinez and Cochran1989
26 27.0738 34.742 — 1330 215 189 0.88 Martinez and Cochran1989
27 27.1608 35.018 — 960 193 183 0.95 Martinez and Cochran1989
28 27.0845 34.8857 — 890 202 181 0.9 Martinez and Cochran1989
29 26.7738 34.231 — 679 168 181 1.08 Martinez and Cochran1989
30 26.9005 34.5145 - 920 190 179 0.94 Martinez and Cochran1989
31 27.2047 35.166 — 730 178 178 1 Martinez and Cochran1989
32 27.1658 35.096 — 874 180 175 0.97 Martinez and Cochran1989
33 26.9273 34.6078 — 938 182 167 0.92 Martinez and Cochran1989
34 27.1583 35.0717 — 925 172 167 0.97 Martinez and Cochran1989
35 27.1898 35.1385 — 790 163 161 0.99 Martinez and Cochran1989
36 26.8122 343178 — 1735 158 161 1.02 Martinez and Cochran1989
37 26.9007 34.5448 — 884 172 160 0.93 Martinez and Cochran1989
38 26.8665 34.3973 — 694 164 159 0.97 Martinez and Cochran1989
39 27.2095 35.1942 — 700 148 149 1.01 Martinez and Cochran1989
40 27.1757 35.119 — 899 149 146 0.98 Martinez and Cochran1989
41 27.2408 35.2475 — 681 138 144 1.04 Martinez and Cochran1989
42 26.7857 34.2705 — 825 125 131 1.05 Martinez and Cochran1989
43 26.8517 34.3628 — 695 125 124 0.99 Martinez and Cochran1989
44 26.8255 34.3332 — 743 123 124 1.01 Martinez and Cochran1989
45 26.8582 34.3805 — 695 124 122 0.98 Martinez and Cochran1989
46 26.8392 34.3532 — 743 121 121 1 Martinez and Cochran1989
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Table 2 continued

No. of the Site Latitude Longitude Elevation Gradient Heat_Flow Conductivity Reference

47 27.2198 35.2122 — 690 119 121 1.02 Martinez and Cochran1989
48 26.7553 34.1462 — 636 105 120 1.14 Martinez and Cochran1989
49 27.2138 35.2327 — 687 112 114 1.02 Martinez and Cochran1989
50 26.9625 34.6848 — 1065 123 111 0.9 Martinez and Cochran1989
51 26.7675 34.1898 — 681 100 111 1.11 Martinez and Cochran1989
52 26.7587 34.1643 — 666 98 111 1.13 Martinez and Cochran1989
53 26.7708 34.2087 — 654 96 106 1.1 Martinez and Cochran1989
54 26.7972 34.2875 - 717 96 100 1.04 Martinez and Cochran1989
55 26.7793 34.2502 - 1711 83 88 1.06 Martinez and Cochran1989
56 26.9648 34.6643 — 980 70 63 0.9 Martinez and Cochran1989
57 27.0803 34.7338 — 1431 64 56 0.88 Martinez and Cochran1989
58 26.7668 34.1632 — 709 0 0 1.13 Martinez and Cochran1989
59 27.1407 35.0015 — 996 0 0 0.95 Martinez and Cochran1989
60 27.0478 34.7422 — 1313 0 0 0.88 Martinez and Cochran1989

3 Data and Methodology

In this study, the earthquake frequency distributions from
the reviewed catalogue of the Egyptian National Seismic
Network (ENSN) were used to explain the distribution of
the seismicity over the area. Our study concerns a moderate
earthquake that occurred on the 16th June 2020, with magni-
tude (ML = 5.2) and hit the Northern Red Sea region, Egypt,
and was felt throughout the Hurghada and Sharm El-Sheikh
cities and the surrounding areas, without any damages.

In this study, the time-series of satellite remote sensing
data (SST) products of the Moderate Resolution Imag-
ing Spectroradiometer (MODIS, Level-3) are used over the
Northern Red Sea region to examine the changes in oceano-
graphic conditions before and after the 16th June 2020 earth-
quake. The SST MODIS data generated by the Ocean Data
Processing System (ODPS) were derived from the MODIS
sensors onboard the NASA Terra and Aqua platforms since
November 2000. SST MODIS data products are acquired
from the NASA Ocean Color Web (http://oceancolor.gsfc.
nasa.gov) that have been aggregated/projected onto a well-
defined spatial grid with mapping data.

In the present study, the MODIS AQUA SST Day-
time/Nighttime daily products were extracted with Level-3
with 4 km spatial resolution. The SST images acquired at
a wavelength of 11 pum were utilized to find the correla-
tion between the thermal anomalies and the seismic activities
before and after the 16th June 2020, Northern Red Sea earth-
quake for two periods (two weeks before and five days after
the earthquake). Standard deviation (o) of the mean LST val-
ues was identified, and =20 (95% confidence level) interval
was considered as an anomaly indicator measure. The upper
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bound (UB) and the lower bound (LB) were calculated by
the following equations:

UB = mean value + 20 (1)

LB = mean value — 20 2)

The SST continuity algorithm is applied for the Day-
time/Nighttime observations. It is based on a modified
version of the nonlinear SST algorithm (NLSST) of Wal-
ton et al., [S1] that uses the empirical coefficients derived
from the regression of collocated in situ and satellite mea-
surements. This algorithm provides the product continuity
between NASA’s current and future IR sensors and the her-
itage Pathfinder SST from AVHRRs.

For heat flow data, three profiles of heat flow composed
of (stations) are used in this study. As part of this survey,
197 temperature gradient measurements were used for ther-
mal conductivity determinations [52]. The heat flow stations
were organized into three perpendicular profiles (60°) to the
red sea rift and separated by 35 km from each other along
the Red Sea rift. Each profile consists of 60-70 individual
stations separated by 2 km apart. This pattern provides three
independent measures of the heat flow variations across the
rift. The locations of the heat flow profiles are shown in Fig. 2,
and their measurements are given in Tables 1, 2, and 3.

The heat flow measurements indicate that the conduc-
tivity is characterized by low values ranging from 0.8 to
1.15 W m~! K~!; these values are compatible with volcanic
rocks within typical sections [53] of the lowest mean thermal
conductivity values (Tuff or Andesite), which associated with
high porosity. Therefore, the SST anomaly patterns overly-
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Table 3 Heat Flow Measurements at Profile 3 (Southern Line)

No. of the Site Latitude Longitude Elevation Gradient Heat flow Conductivity Reference
1 26.8877 35.4823 — 560 290 293 0.88 Martinez and Cochran1989
26.6697 34.9905 — 1165 335 291 0.88 Martinez and Cochran1989
3 26.6862 35.0467 — 1160 326 280 0.89 Martinez and Cochran1989
4 26.6952 35.0657 — 1147 311 264 0.89 Martinez and Cochran1989
5 26.6112 34.8832 — 948 284 256 0.88 Martinez and Cochran1989
6 26.6538 34.95 — 1205 275 242 0.95 Martinez and Cochran1989
7 26.6377 349163 — 1180 272 242 0.94 Martinez and Cochran1989
8 26.6553 34.968 — 1207 271 238 0.89 Martinez and Cochran1989
9 26.6457 34.9332 — 1250 264 235 0.89 Martinez and Cochran1989
10 26.6383 34.8952 — 945 255 230 0.88 Martinez and Cochran1989
11 26.6357 34.8972 — 965 254 229 0.94 Martinez and Cochran1989
12 26.464 34.4893 — 767 230 225 0.96 Martinez and Cochran1989
13 26.6857 35.0417 — 1165 259 223 0.92 Martinez and Cochran1989
14 26.7808 35.2498 — 957 244 222 0.92 Martinez and Cochran1989
15 26.7368 35.1693 — 1030 248 218 0.9 Martinez and Cochran1989
16 26.7595 35.2118 — 952 242 218 0.89 Martinez and Cochran1989
17 26.755 35.1965 — 985 239 215 0.95 Martinez and Cochran1989
18 26.4618 34.5035 — 780 219 212 1.03 Martinez and Cochran1989
19 26.6062 34.8408 — 960 233 210 0.93 Martinez and Cochran1989
20 26.8885 35.5175 — 522 206 210 0.94 Martinez and Cochran1989
21 26.7685 35.2333 — 952 230 209 0.91 Martinez and Cochran1989
22 26.5078 34.6255 — 896 223 205 0.96 Martinez and Cochran1989
23 26.7323 35.148 — 1030 231 203 0.96 Martinez and Cochran1989
24 26.7488 35.1833 — 1018 228 203 0.9 Martinez and Cochran1989
25 26.5875 34.8067 —930 223 201 0.91 Martinez and Cochran1989
26 26.801 35.3155 — 778 207 195 0.88 Martinez and Cochran1989
27 26.6017 34.825 - 972 216 194 0.95 Martinez and Cochran1989
28 26.537 34.6947 — 830 211 192 0.88 Martinez and Cochran1989
29 26.5775 34.7923 - 972 211 192 0.9 Martinez and Cochran1989
30 26.717 35.1257 — 1090 216 188 1.08 Martinez and Cochran1989
31 26.527 34.6547 — 844 196 178 0.94 Martinez and Cochran1989
32 26.5525 34.7383 — 962 192 175 1 Martinez and Cochran1989
33 26.5428 34.7182 — 815 191 174 0.97 Martinez and Cochran1989
34 26.7058 35.103 — 1091 200 172 0.92 Martinez and Cochran1989
35 26.406 34.386 — 815 162 172 0.97 Martinez and Cochran1989
36 26.7043 35.0852 — 1091 201 171 0.99 Martinez and Cochran1989
37 26.5307 34.6772 — 820 185 168 1.02 Martinez and Cochran1989
38 26.568 34.7755 —928 183 167 0.93 Martinez and Cochran1989
39 26.8183 35.3315 — 735 173 164 0.97 Martinez and Cochran1989
40 26.8793 35.482 — 560 158 158 1.01 Martinez and Cochran1989
41 26.6095 34.8597 — 922 172 155 0.98 Martinez and Cochran1989
42 26.4177 34.4047 — 813 149 155 1.04 Martinez and Cochran1989
43 26.7843 35.2675 —923 167 153 1.05 Martinez and Cochran1989
44 26.7875 35.2957 — 763 160 149 0.99 Martinez and Cochran1989
45 26.832 35.3818 — 700 154 148 1.01 Martinez and Cochran1989
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Table 3 continued

No. of the Site Latitude Longitude Elevation Gradient Heat flow Conductivity Reference

46 26.424 34.4245 — 812 144 148 0.98 Martinez and Cochran1989
47 26.8875 35.502 — 507 145 146 1 Martinez and Cochran1989
48 26.4503 34.478 — 810 146 145 1.02 Martinez and Cochran1989
49 26.4707 34.5373 — 875 149 142 1.14 Martinez and Cochran1989
50 26.822 35.3583 — 1714 148 142 1.02 Martinez and Cochran1989
51 26.5612 34.7573 — 885 154 140 0.9 Martinez and Cochran1989
52 26.4867 34.5678 — 980 146 136 1.11 Martinez and Cochran1989
53 26.4667 34.5238 — 750 139 133 1.13 Martinez and Cochran1989
54 26.4393 34.4647 — 814 132 132 1.1 Martinez and Cochran1989
55 26.4338 34.4432 — 784 125 126 1.04 Martinez and Cochran1989
56 26.3968 34.3643 — 699 115 122 1.06 Martinez and Cochran1989
57 26.8385 35.3942 — 685 125 121 0.9 Martinez and Cochran1989
58 26.8655 35.4668 — 574 119 119 0.88 Martinez and Cochran1989
59 26.8438 35411 — 623 116 114 1.13 Martinez and Cochran1989
60 26.8527 35.4295 — 588 113 111 0.95 Martinez and Cochran1989
61 26.3865 34.3472 — 538 95 104 0.88 Martinez and Cochran1989
62 26.8582 35.4472 — 585 101 100 0.9 Martinez and Cochran1989
63 26.496 34.5922 — 808 107 98 1.08 Martinez and Cochran1989
64 26.3792 34.3272 — 425 62 69 0.94 Martinez and Cochran1989
65 26.7423 35.1647 — 1031 0 0 1 Martinez and Cochran1989
66 26.4808 34.5807 - 975 0 0 0.97 Martinez and Cochran1989
67 26.621 34.8762 — 1040 0 0 0.92 Martinez and Cochran1989
68 26.707 35.0858 — 1249 0 0 0.97 Martinez and Cochran1989
69 26.5248 34.6588 — 844 0 0 0.99 Martinez and Cochran1989
70 26.7843 35.268 —923 0 0 1.02 Martinez and Cochran1989

Continental Crust

Warmer
Sea Surface

Oceanic Crust

Heat flow
transport

Asthenosphere

Focus
an earthquake

Fig.2 Shows a specified diagram that links the observed heat flow and
sea surface temperatures with the processes of active tectonics

ing earthquake events are hypothesized to result from the
increased heat emission from seafloor volcanic extrusions
and associated hydrothermal venting.

S @ Springer

4 Results and Discussion

The results of spatial resolution of the Daytime SST data
indicated that SST variations were observed and increased
anomalously by covering a large area of warm water close
to the epicenter within 60 km impact area on the 12th June,
five days before the earthquake. However, dramatic decreases
were observed on the 13th and 14th June 2020, then increased
on the 15th June, one day before the earthquake (Fig. 3).
This anomaly could be related to thermodynamic processes
within the earth’s crust, as thermal radiation anomaly around
the epicenter 60 km impact area. Figure 4 shows the spatial
resolution of the Nighttime SST data, indicating that a low
anomaly is observed around the epicenter on the 13th June
and followed by a high value close to the epicenter on the
14th and the 15thJune 2020. Therefore, the spatial resolution
of SST Daytime/Nighttime is consistent with each other.
The statistical analyses presented in Fig. 5 show the SST
Daytime & Nighttime values that were extracted from the
images, based on the 60 km impact area around the epicenter.
Based on the = 20 rule, two anomalous days in the Daytime
observed on the 04th June were characterized by the lowest
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Fig. 6 Statistical analysis of the earthquake’s frequencies with magnitude sizes in the Northern Red Sea from 1997 to 2020

value, while on the 15th June indicated by the highest value.
The behavior of the mean increases from the 06th June to the
earthquakes’ day about ten days before the earthquake, which
can be considered short-term precursors of the earthquake.
The SST in the Daytime seems stable, then decreases due to
the energy released by the seismicity.

However, the results of the SST Nighttime analysis indi-
cated that there are three anomalous days observed, one day
(03rd June, characterized by negative anomalous) and the

other days (the 09th and the 14th June, characterized by
positive anomaly). The mean behavior indicates an increase
from the 07th June to the 14th June) which is considered a
short-term precursor of the earthquake. On the 15th, the 16th
June (earthquake day), a dramatic decrease occurred after the
earthquake. On the other hand, no significant variation in the
mean Nighttime SST is observed after the anomalous days.
The findings of this study indicate that the thermal anomaly
was observed 11 days before the earthquakes.
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Fig.8 The contour map of heat
flow measurements shows that
the high values are concentrated
at the center of the Red Sea rift,
close to the epicenter and the
surrounding area
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In this context, the Daytime/Nighttime SST analysis indi-
cated that a disturbance occurred during the two weeks
preceding the earthquake, which could be considered precur-
sors of the earthquake. Therefore, this finding is consistent
and compatible with previous studies [14, 54-57].

Figure 6 indicates the statistical analysis of earthquake
frequencies with magnitude size; it is indicated that the peak
of the seismicity is concentrated at the center of the rift and
decreases on both sides (left and right). These results are con-

sistent with the heat flow measurements for the three profiles
(Fig. 7), indicating that the maximum values are concen-
trated in the middle of the profiles, and the heat flow values
increase with depth. Moreover, Fig. 8 shows a contour map
of the heat flow values with a color gradient. Light blue rep-
resents the minimum, and deep red represents the maximum.
The spatial pattern of the heat flow in the figure shows that
the center of the Red Sea rift is hot while the other sides are
cold, indicating that the highest values are also concentrated
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at the center of the Red Sea rift and close to the epicenter of
the earthquake. These findings are consistent with the SST
results obtained from satellite data.

5 Validation of the Results

We have extracted and analyzed satellite SST data based on
the non-seismic year and another event in the same area of
study to validate and clarify our results. For the non-seismic
year, we have used two weeks of data analysis during 1-15

@ Springer

November of 2018, which is characterized by no earthquakes
occurring in the area of study (non-seismic activity). The
results indicated that no thermal anomaly is observed (Figs. 9,
10, and 11) compared to the year 2020, in which the earth-
quake has occurred and is followed by a few swarms (Figs. 3,
4, and 5). For the second event in the same study area, we
have extracted and analyzed satellite data before and after
an earthquake occurred on the 03rd June 2004 with ML =
4.2 close the study area, during the 15th May—the 08th June
2004. The results indicate that a disturbance in surface tem-
perature has been noticed and a significant thermal anomaly
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is observed on 17th and 23rd May 2004 in Daytime and the
15th, the 17th, the 19th, the 22nd, and the 23rd May 2004
in Nighttime about 10-17 days before the earthquake occur-
rence as shown in Figs. 12, 13, and 14.

Based on the SST analysis, we rearranged all figures and
text based on the new results, which were provided in their
sections. The results generally confirm the precursory behav-
iors of the SST for another event and compared to the same
area of the non-seismic year.

6 Conclusions

The active seismic zones in Egypt occur in the northern part
of the country, including the Northern Red Sea, the Gulf of
Suez, the Gulf of Aqaba, the Cairo-Suez district, Southwest
of Greater Cairo (Dahshour area), and the Eastern Mediter-
ranean region, as well as the low seismic activities in the
central and southern parts of Egypt. The earthquakes range
from small to moderate magnitudes, except the significant
historical earthquakes that been occurred in the Northeast
of Egypt (e.g., Shadwan earthquake in 1969, with Mb = 6
and the Aqaba earthquake in 1995, with Mb = 7). The fre-
quency distributions presumed from the reviewed catalogue
indicated that the peak of the seismicity is concentrated close
to the center of the Red Searift. Our study concerns the recent
earthquake on the 16th June 2020 in the Northern Red Sea.
This study examines the change in the local oceanographic
conditions of the SST data over the Northern Red Sea region

before and after the 16th June 2020 Hurghada earthquake,
based on satellite remote sensing data provided by NASA
Ocean Color. This study used three heat flow profiles 197
temperature gradient measurements for thermal conductivity
determinations [50].

The results of spatial resolution of the Daytime SST data
indicated that SST variations were observed and increased
anomalously by covering a large area of warm water close
to the epicenter, within 60 km impact area on the 12th June
2020, followed by dramatic decreases on the 13th and the
14th June 2020. Then, it increased on the 15th June, one
day before the earthquake; this anomaly could be related to
thermodynamic processes within the earth’s crust, as thermal
radiation anomaly around the epicenter 60 km impact area.
While the spatial resolution of Nighttime SST data indicated
that a low anomaly was observed on the 13th June, followed
by a high value close the epicenter on the 14th and 15th
June 2020. Therefore, the spatial resolution of the SST Day-
time/Nighttime is almost consistent with each other.

The statistical analyses based on the £ 20 rule demonstrate
that two anomalous days in the Daytime were observed on
the 04th June with (negative anomaly) and the 15th June with
(positive anomaly). The behavior of the mean increases from
the 06th June to the earthquakes’ day about ten days before
the earthquake, which can be considered as short-term pre-
cursors of the earthquake. After the earthquake occurrence,
the Daytime SST seems stable, then decreases due to the
energy released by the seismicity.
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Fig. 12 Daytime SST for some
selected images, utilized before
and after the second event (the
03rd June 2004) in the Northern
Red Sea. The black circle
denotes the impact area around
epicenters
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Fig. 13 Nighttime SST for some PN 22 Miay 2004
selected images, utilized before o \

and after the second event (the ﬁl
03rd June 2004) in the Northern
Red Sea. The black circle
denotes the impact area around
epicenters
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Fig. 14 Statistical analysis of the SST_Daytime&Nighttime observation with seismic data before and after the 03rd June 2004 earthquake in the
same area (Northern Red Sea). The red circle denotes the thermal anomaly

on the 16th June (the earthquakes’ day) and after, a dra-
matic decrease occurred. On the other hand, no significant
variation in the mean Nighttime SST is observed after the
anomalous days. The findings of this study indicate that the
thermal anomaly is observed two weeks before the earth-
quake. Therefore, this finding is consistent and compatible
with previous studies [14, 54-57].

We have extracted and analyzed satellite SST data based
on the non-seismic year and another event in the same area of
study to validate and clarify our results. For the non-seismic
year, we have used data analysis during the period 1-15
November 2018; no earthquakes occurred in the area of study
(non-seismic activity). The results indicated that no thermal
anomaly is observed compared to the year 2020, in which the
earthquake has occurred and followed by a few swarms. For
the second event in the same area of study, we have extracted
and analyzed satellite data before and after an earthquake
has occurred on the 03rd June 2004 with ML = 4.2 from the
15th May to the 08th June 2004; the results indicated that
a disturbance in surface temperature has been noticed and a
significant thermal anomaly is observed on the 17th and the
23rd May 2004 for Daytime and 15th, 17th, 19th, 22nd and
23rd May 2004 for Nighttime about 10—17 days before the
earthquake occurrence as it shown in Figs. 12, 13, and 14.
The results generally confirm the precursory behaviors of the
SST for another event and compared to the same area of the
non-seismic year.

S @ Springer

Moreover, the statistical analysis of the earthquake fre-
quencies versus magnitude sizes indicates that the peak of
the seismicity is concentrated at the center of the Red Sea
rift and decreases toward both sides (left and right). These
results are consistent with the heat flow measurements carried
out by [49]. These findings suggest that seismic activity plays
an important role in the heat flow and energy fluxes from the
epicenter to the surrounding area. [58, 59] confirmed that the
geologic faults and the large vertical cracks play an impor-
tant role in heat energy (thermal) and fluid transfers in the
hydrothermal systems.

Finally, the results of this study are beneficial for seismol-
ogists. It provides a guide on how the SST anomalies can be
considered a precursor of the undersea earthquake (offshore).
In this research, spatial and statistical analyses achieved sig-
nificant results. However, to get better for a robust solution
in terms of multi-earthquake precursors, it is necessary to
launch a thorough search for the anomalies of sea surface
parameters such as SST, sea surface winds (SSW), and sea
surface pressure (SSP), or concerning multi-earthquakes pre-
cursors, such as the total electron content (TEC) and outgoing
longwave radiation (OLR) over the Northern Red Sea rift
during the tectonic activities with different periods.
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