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The Ms 6.2 Zhangbei earthquake occurred at 3:53 (UTC) on 10 January 1998, with its
epicenter located at about 150 km northwest of Beijing, China. Over the past 2 decades,
many studies have reported that there was a positive thermal infrared (TIR) anomaly
appearing along the direction from the Bohai Sea to Zhangbei within 2–3 days preceding
the earthquake, which was considered to be caused by the activity of the great Zhangbei-
Bohai fault (ZBF) extending across the Bohai Sea to the southeast, while neither the TIR
anomaly is convinced nor the mechanism is clear. A collaborative analysis of the
atmospheric disturbances several days before, during, and after the earthquake was
conducted by using satellite observations and reanalysis datasets with multiple
parameters, including sea surface roughness, evaporation rate, atmospheric CO
concentration, atmospheric sea salt concentration, and cloud base height above the
sea surface, as well as satellite infrared cloud images. Through individual analysis of the
change of each parameter and synergic analysis of multiple parameters, particular
atmospheric disturbances, including the formation of strip-shaped clouds on January 7
and 9, were revealed over the ZBF and another great fault named Tancheng-Lujiang fault
(TLF), which extends across the Bohai Sea to the northeast. After careful investigation and
attribution analysis of the spatio-temporal evolutions of the atmospheric disturbances
every hour above and around the Bohai Sea from January 7 to 12, we came to the
conclusion that the particular strip-shaped clouds were low-level clouds caused by the
seismic activity and submarine gas release from TLF but not ZBF and was forced by
particular wind field and lowering boundary layer. As an aftereffect of the gas release from
TLF and the formation of the localized low-level clouds of higher brightness temperature
than that of the land surface, a positive TIR anomaly, thus, appeared above TLF and by
chance along ZBF, preceding the Zhangbei earthquake.
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1 INTRODUCTION

The Ms 6.2 Zhangbei earthquake that occurred on 10 January
1998 was the most destructive earthquake near the capital city
Beijing, China, after the tremendous Ms7.8 Tangshan
earthquake in 1976. Since Lv et al. (1998) in their study
found that a thermal infrared (TIR) anomaly appeared
preceding the earthquake using satellite data from AVHRR
(advanced very-high-resolution radiometer), many studies (Lv
et al., 2000; Li et al., 2008a; Wu et al., 2009) have verified the
positive TIR anomaly developing along the Zhangbei-Bohai
fault (ZBF) within 2–3 days preceding the earthquake. Several
assumptions have been proposed to explain this abnormal TIR
phenomenon. The work by Cui et al. (1998) speculated that the
TIR anomaly was caused by the tectonic activity of the ZBF and
the change of ground stress field before the earthquake, while
Feng et al. (2010) in their study found that the abnormal TIR
strip moved with the wind and inferred that the anomaly
should exist in the atmosphere, which might be related to the
greenhouse gas emission or electromagnetic field anomaly
caused by ZBF activity. Based on the IAARF (infrared
anomaly analysis based on reference fields) method, Li et al.
(2008a) and Wu et al. (2009) extracted the clear range of TIR
anomaly preceding the Zhangbei earthquake and considered

that meteorological warming might have exaggerated the area
of TIR anomaly.

The cloud cover led to the unavailability of TIR data in the
2 days before the Zhangbei earthquake; there were no complete
understanding and convincing evidence for the formation and
evolution of TIR anomaly. Some other anomalies have also been
studied to prove the activity of the ZBF before the event, including
underground fluid (Lin et al., 1998; Che, et al., 1999), near-surface
air temperature (Guo, 2010), and surface latent heat flux (Li, et al.,
2008b), but these anomalies could not provide further support for
the mechanism interpretation of the TIR anomalies. Until now,
the reported TIR anomaly preceding the Zhangbei earthquake
was not yet investigated sufficiently, and many puzzles remained,
including unclear mechanisms and unconvincing phenomena.

Figure 1 respectively shows the great fault zones distribution
and historical seismicity near Bohai Sea. Most of the previous
studies investigated that the earthquake anomalies are related to
the west segment of the ZBF in land area, and there was no
research focusing on the anomalies of the east segment of the ZBF
in the Bohai Sea. Although the gas release was thought to happen
possibly along opening active faults due to crustal strain/stress
field changes during the seismogenic period (Toutain and
Baubron, 1999), rare in situ observations in the area of the
continental shelf, bay, or ocean could be carried out limited by

FIGURE 1 | (A) Great fault zones and epicenter distribution (B) Time series of historical earthquakes.
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the cover of seawater. Most studies monitoring the activity of
submarine fault zone were supported by underwater visual,
geochemical, and geophysical observation stations (Klaucke,
et al., 2012; Geersen, et al., 2016; Johnson, et al., 2019; Zang
et al., 2020), which cannot cover the fault zone completely and
permanently and are not able to observe the atmospheric
anomaly related with seismicity.

However, satellite observations are able to provide global
information about land, ocean, and atmosphere (Singh, et al.,
2010b). Multi-source satellite data have been widely used in
anomaly monitoring and early warning of natural hazards/
disasters (Jing, et al., 2019). Many studies (Singh, et al., 2010a;
Rawat, et al., 2011; Natarajan and Philipoff, 2018; Singh et al.,
2019; Jing and Singh, 2021) reported remarkable changes in land,
ocean, and atmospheric parameters preceding strong
earthquakes. These changes also provided satellite observation
evidence of strong seismic coupling between crust, land–ocean,
and atmosphere, which was termed as
lithosphere–coversphere–atmosphere (LCA) coupling (Wu,
et al., 2012). The great achievements in earthquake anomaly
study and the massive accumulation of satellite observations,
from multiple satellite sensors and reanalysis datasets,
encouraged us to reanalyze carefully the disturbance of sea
surface and atmospheric parameters over the Bohai Sea
preceding the Zhangbei earthquake, 10 January 1998.

After comparing hourly the TIR data from AVHRR and
IGGCD (infrared global geospatial composite sataset) with the
cloud data (including cloud base height and low cloud amount)
from ERA5 reanalysis dataset, we obtained new cognition on the
TIR anomaly. Removing the background field of TIR brightness
temperature in the non-seismic years from 1993 to 2003 based on

the IAARF method (Wu, et al., 2012), we obtained residual TIR
images of the study area covering the epicenter and the entire
Bohai Sea. To avoid being obscured by high-level clouds and
show obvious TIR anomalies, we used the TIR residuals and the
cloud data at 22:00p.m. (UTC) about every day from January 7 to
9, 1998 as examples. As shown in Figure 2, the positive TIR
residuals and the low-level clouds show similar spatial
distribution along the ZBF. Therefore, we tend to believe that
the positive TIR anomaly developing toward the epicenter along
ZBF was caused by the low-level clouds, and initiated the
subsequent detailed investigations.

2 STUDY REGION

The study area is selected as 114°~ 124°E and 36°~46°N, covering
the whole Bohai Sea and the north part of north China, including
the TLF and the ZBF, as shown in Figure 1A.

2.1 Bohai Sea
The Bohai Sea is almost a closed sea, which is composed of the
Liaodong Bay, the Bohai Bay, the Laizhou Bay, and the central
Bohai Sea (Bian et al., 2016). The Bohai Sea is surrounded by land
areas in the north, west, and south, and only connected with the
Yellow Sea through the Bohai Strait in the east (Qiao et al., 2017).
Therefore, it is greatly affected by land in terms of hydrology and
climate. On the one hand, due to the large amount of sediments
accumulation brought by rivers, the Bohai Sea is shallow in depth
with an average water depth of 18 m (Ning et al., 2010). The Bohai
sea bottom is flat, mostly composed of sediments and soft mud,
and the terrain is inclined from the three bays to the Bohai Strait.

FIGURE 2 | The TIR and cloud images from January 7 to 9, 1998.
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On the other hand, as the thermal dynamics of seawater are
deeply affected by land, the seasonal variation of surface water
temperature is obvious. The water temperature can rise to
24–25°C in summer and drop to 0°C in winter (Song and
Duan, 2019). Affected by the continental monsoon climate,
the direction of the wind in the Bohai Sea has obvious
seasonal changes. Usually, the north wind prevails in winter,
the south wind prevails in summer, and the spring and autumn is
the transitional season (Lv et al., 2014). Rich oil and gas resources
have been found on the seabed of the Bohai Sea, especially near
the great Tancheng-Lujiang fault (TLF). Superior hydrocarbon
source conditions and the existence of a sedimentary system
provide sufficient oil production and storage conditions for oil
and gas fields (Wang, 2021).

2.2 Historical Seismicity
The Bohai Sea is one of the regions with high seismicity in eastern
China. The basic geo-framework of the main active faults in the
Bohai Sea is controlled by the great TLF in the NE direction and
the great ZBF in the NW direction, which intersect each other in
the central Bohai Sea. The TLF is a large linear structural belt,
with an average width of 50 km about, running through Laizhou
Bay, central Bohai Sea, and Liaodong Bay; while the ZBF runs
through the central Bohai Sea with Bohai Bay and Laizhou Bay to
its south side, and is characterized by a left-lateral slip in the
Cenozoic (Deng et al., 2001). Figure 1 separately shows the
epicenter distribution and time series of historical earthquakes
greater than magnitude six since 1500. The historical earthquake
catalog is from National Earthquake Data Center (https://data.
earthquake.cn/). Nine strong earthquakes with Ms greater than
seven have occurred near the Bohai Sea, which are marked in
Figure 1A. The epicenters of strong earthquakes were mainly
distributed near the TLF and the ZBF. There were two active
seismic periods near the Bohai Sea since 1500, as shown in
Figure 1B. The first period lasted from 1536 to 1730. After a
quiet seismic period in a length of a hundred years, frequent
earthquakes turned to occur again near the Bohai Sea.

3 MATERIALS AND METHODS

Considering the spatio-temporal distribution of discovered
abnormal phenomenon preceding the Zhangbei earthquake,
the multi-source reanalysis datasets, including the ERA5
reanalysis dataset and MERRA-2 reanalysis dataset, from
January 7 to 12, 1998 (shortly before and after the earthquake)
were focused in this study. Meanwhile, the time series results of
these datasets 1 month before and after the Zhangbei earthquake
were also analyzed and shown in the Supplementary Materials.

ERA5 is a comprehensive reanalysis dataset, which is
predicted by the integrated forecast system of ECMWF
(european centre for medium-range weather forecasts). ERA5
is the fifth reanalysis developed from ERA-Interim, with higher
physical properties compared to its predecessors, such as spatial
resolution, time resolution, and number of pressure levels
(Hersbach et al., 2020). The main observations of ERA5
comprise atmosphere, land, and ocean waves on a single level

and vertical atmosphere field on different pressure levels with the
opening access from 1979 to the current year (Belmonte Rivas
and Stoffelen, 2019). The second modern-era retrospective
analysis for research and applications (MERRA-2) is a
reanalysis dataset deriving from the GEOS-5 (goddard earth
observing system model, Version 5) atmospheric data
assimilation system, which begins in 1980 (Qin et al., 2019).
MERRA-2 inherits characteristics from the integral
characteristics of MERRA and upgrades in some aspects,
including the forecast model, analysis algorithm, and
observation system. Besides, the newer microwave/
hyperspectral infrared radiance instruments and some new
satellite observations, including atmospheric motion vectors,
surface wind speeds, total column ozone, and so on are
comprised in it (Gelaro et al., 2017).

Five parameters were used to detect the seismic disturbances
above the sea surface and in the atmosphere, including the sea
surface roughness, evaporation rate, atmospheric CO, small
particle sea salt concentration, and cloud bottom height. Their
physical meanings and data sources are as follows. Some auxiliary
data were also used for anomaly analysis. More details of the main
parameters and auxiliary data are shown in Table 1. Considering
the limitation of the spatial resolution on the expression of the
results, we resampled all the datasets to be of spatial resolution in
0.03° using bilinear interpolation, except the sea surface
roughness datasets. Due to the abnormal value of the sea–land
boundary after resampling, we did not resample the sea surface
roughness datasets but retained its original resolution in 0.25°.
Meanwhile, all datasets used the UTC in their study, so as to unify
the time zone. Besides, the overall technical routine of this study is
shown in Figure 3.

3.1 Sea Surface Roughness (SSR)
The parameter SSR means part of the forecast surface roughness
(FSR). As an index of estimating surface resistance, the FSR is an
aerodynamic roughness length, which quantifies the momentum
transfer from air to the sea surface. Low wind speed near the
surface is usually caused by high surface roughness under certain
atmospheric conditions. Besides, the determining factors of SSR
over ocean and land surface are discrepancy. The former depends
on the wave speed, while the latter is dominated by the vegetation
types and snow cover. Only the surface roughness with ocean
pixels was used in this study.

3.2 Evaporation Rate (ER)
The parameter ER means part of the instantaneous moisture flux
(IMF). The IMF is the net rate of surface–atmosphere moisture
exchange, including evaporation rate and condensation rate in a
certain time. By convention, the condensation is positive and the
evaporation is negative in value. In this study, we only used the
absolute value of evaporation to describe changes in ER.

3.3 Atmospheric CO Concentration (CO)
The CO data is obtained from MERRA-2, including CO Column
concentration and CO mixing ratio in 72 atm levels. The data of
CO column burden embodies in the carbon monoxide and ozone
diagnostics dataset, shortly named as M2T1NXCHM. The CO
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mixing ratio embodies in the carbon monoxide and ozone mixing
ratio dataset, shortly named as M2I3NVCHM. Since the
Zhangbei earthquake occurred in 1998, the data of other gas
(such as CH4, H2, and CO2) in connection with the strong
earthquake at that time were unobservable, only the CO data
were used in this study.

3.4 Surface Sea Salt Concentration (SSS)
This parameter means the mass concentration of small particles
of sea salt in the land/sea surface atmosphere. The data of sea salt
surface mass concentration are included in the aerosol
diagnostics dataset, shortly named as M2T1NXAER from
MERRA-2.

3.5 Cloud Base Height (CBH)
The parameter CBH means the height of the base of the lowest
cloud layer, above the Earth’s surface. The model divides the
clouds into multiple layers at different heights. The lowest model
layer reflects fog or aerosol, while the second-lowest model layer
is low cloud. This parameter is the height of the second-lowest

model layer, where cloud amount is greater than 1% and
condensate content is greater than 10–6 kg/kg.

4 RESULTS

4.1 Abnormal SSR Pattern
Figure 4 shows the change of the SSR of the Bohai Sea every 4 h
from 7 to 12 January, 1998. An abnormal SSR strip appeared
along TLF in Liaodong Bay at 8:00a.m. on January 7. After that,
the scope of the strip expanded rapidly along TLF in a few hours,
and the rough sea surface covered the entire Liaodong Bay at
about 24:00p.m. on January 7. Subsequently, the sea surface
gradually got calm, while there was slight SSR disturbance
along ZBF in the central Bohai Sea. Another more severe SSR
disturbance appeared again in Liaodong Bay at about 16:00p.m.
on January 9. The abnormal SSR strip expanded quickly to the
whole Bohai Sea along TLF, and reached the peak at about 24:
00p.m. on January 9. After the earthquake (at 3:53a.m. on January
10), the abnormal SSR strip was drawn back gradually to

TABLE 1 | The information of main parameters and auxiliary data.

Parameter Data resource Spatial resolution Time resolution Unit

Main parameters Sea surface roughness (SSR) ERA5 0.25 ° × 0.25 ° 1 h m
Evaporation rate (ER) ERA5 0.25 ° × 0.25 ° 1 h kg/m2/s
Cloud base height (CBH) ERA5 0.25 ° × 0.25 ° 1 h m
CO column concentration (CO) MERRA-2 0.5 ° × 0.625 ° 1 h kg/m2

CO layer mixing ratio (CO) MERRA-2 0.5 ° × 0.625 ° 3 h mol/mol
Surface sea salt concentration (SSS) MERRA-2 0.5 ° × 0.625 ° 1 h kg/m3

Auxiliary data Wind field ERA5 0.25 ° × 0.25 ° 1 h m/s
Low cloud amount ERA5 0.25 ° × 0.25 ° 1 h -
Atmospheric vertical velocity ERA5 0.25 ° × 0.25 ° 1 h Pa/s
Atmospheric temperature ERA5 0.25 ° × 0.25 ° 1 h K
Atmospheric boundary layer height ERA5 0.25 ° × 0.25 ° 1 h m
Thermal infrared image IGGCD 14 × 14 km 0.5 h K
Thermal infrared image AVHRR 4 × 4 km 4 times/day K

FIGURE 3 | The overall technical routine of this study.
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Liaodong Bay. The intense disturbance lasted a whole day after
the earthquake and eventually disappeared on January 12.

4.2 Abnormal ER Pattern
Evaporation shows significant differences between sea and land in
Figure 5. The evaporation of land exhibits obvious changes in a
whole day, which is related to solar radiation. Due to the low
temperature in north China in winter, the land evaporation rate is
almost zero at night and usually below 3 × 10–5 kg/m2/s during
the daytime. Usually, the evaporation rate above the sea is much
higher than that of the land, and the diurnal variation is not
obvious.

During the seismogenic period, the ER anomaly mainly
occurred above the Bohai Sea, which is similar to the spatio-
temporal distribution of the SSR anomaly. At about 12:00a.m. on
January 7, the high ER (more than 4 × 10–5 kg/m2/s) appeared
along TLF in Liaodong Bay. Subsequently, Liaodong Bay

evaporated rapidly until 12:00p.m. on January 8. On January
9, at about 20:00p.m., another even higher ER appeared in
Liaodong Bay, which was more than 5 × 10–5 kg/m2/s. A large
amount of evaporation soon occurred above almost the whole
Bohai Sea, especially in Liaodong Bay and central Bohai Sea. After
January 12, the ER gradually decreased to normal.

4.3 Abnormal CO Concentration
Figure 6C shows that the mean CO column concentration in
January of the Bohai Sea in the non-seismic years from 1993 to
2003. High CO column concentrations (about 1.2 × 10–3 kg/m2)
appeared near the two metropolis large cities (Beijing City and
Panjin City), which might be related to severe winter heating
emissions. The change of CO column concentration every 4 h
from 7 to 12 January, 1998 is shown in Figure 6A. An abnormal
CO strip started to be noticed over TLF in Liaodong Bay at 12:
00a.m. on January 7 and developed southwestward along TLF for

FIGURE 4 | The change of SSR pattern over Bohai Sea from 7 to 12 January 1998.
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several hours with a high concentration of more than 1.4 ×
10–3 kg/m2. After that, the abnormal CO strip turned to move
eastward out the Bohai Bay on January 8. On January 9, the
dispersed CO gradually gathered and formed a new abnormal CO
strip across the Bohai Sea at 12:00a.m. with a concentration of 1.2
× 10–3 kg/m2. Finally, the abnormal CO strip dissipated
completely after 4:00a.m. on January 10. Figure 6B shows the
variation of CO concentration at different atmospheric pressure
layers, taking the CO concentration from 18:00p.m. to 21:00p.m.
on January 7 as an example. Obviously, this CO concentration is
reduced with the decreasing of atmospheric pressure, which
excludes the possibility of CO coming from outside or being
generated by chemical reactions inside.

4.4 Abnormal SSS Concentration
Figure 7 shows the spatio-temporal changing of the SSS
concentration every 4 h over the Bohai Sea from 7 to 12
January, 1998. In fact, SSS refers to the concentration of sea

salt in the atmosphere over the surface, not only right over the sea
surface but also on the nearby land surface. Under the action of
wind, the sea salt particles in the atmosphere over the sea surface
may move to the land, resulting in SSS anomaly in the
atmosphere over the land surface. We noticed an abnormal
SSS strip with a concentration of 1.5 × 10–8 kg/m3 appeared
on the west side of the TLF segment in the central Bohai Sea at 12:
00p.m. on January 7, which moved southwestward gradually.
After 8:00a.m. on January 8, the high SSS concentration started to
diffuse over the Bohai Sea and the western mainland. At 20:
00p.m. on January 9, another more significant abnormal SSS strip
with a concentration more than 2 × 10–8 kg/m3 appeared again in
the intersection zone of ZBF and TLF, and shifted southwestward
approximately in the shape of a triangle. The SSS concentration
was very high within a few hours before and after the earthquake.
After 20:00p.m. on January 10, the SSS concentration anomaly
was drawn back to the south segment of the TLF in Laizhou Bay
as a narrow strip. This high abnormal SSS concentration strip

FIGURE 5 | The change of ER pattern over Bohai Sea from 7 to 12 January 1998.
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continued all day on January 11 and disappeared gradually after
20:00p.m. this day.

4.5 Abnormal Low-Level Clouds
As shown in Figure 8, the change of the cloud base height over the
Bohai Sea from 7 to 12 January, 1998 is shown every 4 h. The pixels
without cloud or only including fog and aerosol are set as null values.
To investigate the low-level clouds, the height range is set as 0–400m.

Watching the Bohai Sea, we noticed that a small low-level cloud
began to form on the west side of the TLF segment in Liaodong Bay at
12:00a.m. on January 7. The cloud appeared at a height of 200m
above the sea surface and then developed gradually into a short strip-
shaped cloud. Soon later, a long strip-shaped cloud was developed
along TLF since 20:00p.m. Meanwhile, another cloud strip appeared
near the northwest coast of the Bohai Sea and expanded westward to
the mainland, and finally developed into a long strip-shaped cloud
right along ZBF at 24:00p.m. this day. The two abnormal strip-shaped
clouds intersecting in the central Bohai Sea lasted for several hours.
The first one along TLF disappeared after 8:00a.m. on January 8, while
the second one along ZBF disappeared completely at 24:00p.m. the
same day. Afterward, a new strip-shaped cloud appeared again along
ZBF in the central Bohai Sea at about 20:00p.m. on January 9. This
particular cloud started to drift southward soon later and completely
dissipated over the Bohai Sea after 8:00a.m. on January 10.

4.6 Long Time Series of Each Parameter
The time series of each parameter 1month before and after the
earthquake were shown in Supplementary Figures S1-S5, so that
to understand the parameter characteristics in the non-seismic period.
To highlight the seismic anomalies shortly before and after the
earthquake, the data at 20:00p.m. every day were used to generate
the time series, and the date with the seismic anomaly is in red. We
noticed that the SSR and the SSS concentration over the Bohai sea were
usually in a steady low-value range in the non-seismic period, and the
ER and the CBH sometimes showed obvious abnormalities over the
Bohai sea, which could be related tometeorological factors.Meanwhile,
the high value of CO over the Bohai sea in a few cases should be
occasionally caused by atmospheric transmission from the mainland.

5 SYNERGIC ANALYSIS TO MULTIPLE
ANOMALIES
5.1 The Spatio-Temporal Relationship of
Multiple Anomalies
To reveal the spatial correlation of the multiple anomalies, the
abnormal pattern of the change of all five parameters at the same
time every day from January 7 to 12, 1998, are put together for
better investigation. Figure 9A shows the collective patterns at 20:

FIGURE 6 | (A) The change of CO column concentration over Bohai Sea from 7 to 12 January 1998. (B) The change of CO layer concentration from 18:00 to 21:00
on 7 January 1998. (C) The mean CO column concentration in January of non-seismic years from 1993 to 2003.
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00p.m., for example. At 20:00p.m. on January 7, all parameters
appeared with some abnormities along TLF, and a low-level cloud
strip appeared over ZBF. At 20:00p.m. on January 8, most of the
anomalies were not significant. At 20:00p.m. on January 9, the
anomalies of SSR, ER, and SSS concentration got distributed
widely along TLF, while the low-level cloud and CO
concentration anomaly distributed along ZBF. At 20:00p.m. on
January 10, the anomalies of SSR, ER, and SSS concentration still
existed along TLF, while the low-level cloud and CO
concentration anomaly almost dissipated. At 20:00 p.m. on
January 11, the anomalies of SSR, ER, and the SSS
concentration became weakened along TLF, and the low-level
cloud and CO concentration anomaly no longer appeared. At 20:
00p.m. on January 12, there was no anomaly observed over the
Bohai Sea.

Figure 9B shows the temporal process of the anomalies of all
five parameters. To obtain exactly the temporal order of these
anomalies, we used hourly datasets for synergic analysis. As the

anomalies are mainly concentrated along TLF and ZBF, the
temporal process of anomalies that occurred near the two
faults was analyzed separately. We found that the anomalies
that occurred from 7 to 11 January, 1998 could be grouped into
two periods (period-I and period-II). The period-I started on
January 7 and ended on January 8, which was 2–3 days before the
earthquake. At about 6:00a.m. on January 7, the SSR anomaly
appeared firstly. After 4 h, the ER, CO concentration, and SSS
concentration got abnormal one after another. Finally, the low-
level cloud anomaly appeared above TLF and ZBF. The period-II
started on January 9 and ended on January 11, which covered half
a day before and 2 days after the earthquake. The SSR anomaly
appeared firstly above TLF, which was followed by the anomalies
of ER and SSS concentration. These anomalies lasted for almost
2 days after the earthquake. Nevertheless, in the position of ZBF,
the CO concentration anomaly appeared firstly, and the low-level
cloud anomaly appeared later. These anomalies dissipated
quickly after the earthquake.

FIGURE 7 | The change of SSS concentration over Bohai Sea from 7 to 12 January 1998.
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5.2 Attribution Analysis
The fault systems in the Bohai Sea are densely distributed and
intersected (Li et al., 2009). In the process of earthquake
preparation, gas release from fault is to occur along with
opening cracks, due to transient crust stress relax in some
particular segment of the faults, especially at the last moment
of the critical system of seismic fault reaching to shock. The
released gas will travel as bubbles from the seabed to surface, and
lead to the lift of sea surface roughness (Ding et al., 2021). The
burst of bubbles on the sea surface is able to accelerate the
evaporation and also produce sea salt particles of different
sizes (Keene et al., 2007). The so-produced sea salt particles
will come later into the local atmosphere and float in the
atmosphere for a long time (Veron, 2015). Because of its
hygroscopicity and small size, the sea salt particles are easy to
act as cloud condensation nuclei and form clouds in sequence
when the water vapor in the air is supersaturated (De Leeuw et al.,
2011). Zhou et al. (2017) in their study found that there is CO

storage existing in the submarine natural gas reservoir under the
Bohai Sea through seabed drilling, which indicates that the
released gas may contain some CO molecules, which come
from the seabed or submarine lithosphere, together with CH4,
H2, and CO2 and so on (Singh et al., 2010b). The CO molecules
enter the atmosphere after the bubble burst on the sea surface,
resulting in the positive anomaly of CO concentration in the
atmosphere.

The aftereffects of submarine gas release could interpret
reasonably the formation of the multiple atmospheric
anomalies over the TLF in the Bohai Sea preceding the
Zhangbei earthquake. In period-I, the gas release might have
happened in the structurally-weakened cracks of the TLF before
6:00a.m. on January 7. At about 6:00a.m. this day, the floating
bubbles traveled from the seabed cracks to the sea surface,
resulting in the observable SSR anomaly over TLF. Then,
more and more water vapor, CO molecules, and small
particles of sea salt were brought into the surface atmosphere

FIGURE 8 | The abnormal clouds appeared over Bohai Sea from 7 to 12 January 1998.
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due to the continuous bubbling. After 4 h about, the ER, the CO
concentration, and the SSS concentration along TLF got
accumulated enough to be observable as an abnormal rise.
Finally, the low-level cloud formed over TLF until the water

vapor and sea salt particles accumulated enough at a certain
temperature and atmospheric pressure. In period-II, a more
serious gas release might have occurred in the seabed cracks
on the north segment of the TLF in the Liaodong Bay before 16:

FIGURE 9 | The spatial (A) and temporal (B) change of atmospheric anomalies over Bohai Sea.
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00p.m. on January 9, causing more severe and extensive
anomalies of SSR, ER, and SSS. More bubbles floated up and
burst quickly on the sea surface, which would have accelerated the
process of sea-atmosphere exchange. Therefore, the atmospheric
anomalies of SSS and ER got observable 2 h after the appearance
of the SSR anomaly. The gas release process in period-II lasted
much longer than that in period-I, and all anomalies over the TLF
dissipated 2 days after the earthquake.

However, there was no sea surface disturbance but some
atmospheric anomalies observed over ZBF, which cannot be
interpreted with submarine gas release behavior. In period-I,
the low-level cloud anomaly was not only distributed along TLF,
but also along ZBF; while in period-II, the CO concentration
anomaly and the low-level cloud anomaly were distributed along
ZBF rather than TLF, and the CO concentration anomaly was
observed earlier than other anomalies. To explore the potential
mechanism of the difference in atmospheric anomalies over ZBF
and TLF, some auxiliary datasets were used for further
exploration, including the datasets of the wind field,
atmospheric temperature, atmospheric vertical velocity, and
atmospheric boundary layer height over the Bohai Sea.

5.2.1 Low-Level Cloud Anomaly Along the TLF and
ZBF in Period-I
The low-level cloud in period-I lasted from January 7 to 8. To analyze
the movement of the low-level cloud, the chances of low-level cloud
and wind field from 16:00p.m. to 24:00p.m. on January 7–8, 1998 are
shown in Figure 10. The wind field data at a height of 975 hPa are
selected for analysis in that the atmospheric pressure of the low-level
cloud is about 975hPa. We noticed that the low-level cloud appeared
on the west side of the TLF segment in Liaodong Bay at 16:00p.m. on

January 7, and then moved toward the mainland with the northeast
wind over the Bohai Sea. At 24:00p.m. this day, the low-level cloud
that had moved to the mainland with northeast-to-east wind
distributed along the ZBF segment in the mainland, with its
foreland being stopped by northwest wind over Beijing. On
January 8, there were a few low-level clouds appearing over the
Bohai Sea. Due to the wind speed being lower than 2m/s, the low-
level cloudswerewidely distributed over thewesternmainland but no
longer moved rapidly.

We also noticed a low-value area of CBH in the south of the
study area on January 7 as shown in Figure 10, which was a
matter of distraction. The cloud base height refers to the height
from the bottom of the cloud to the ground surface, and high-
level clouds might occupy a low value of CBH above the ground
surface at high altitude. Referring to the DEM data in Figure 14A,
we knew that the south of the study area is the Shandong
Peninsula with an average altitude of more than 200 m while
the central part of the study area is the North China Plain with an
altitude of less than 50 m. The high-level clouds over the
Shandong Peninsula on January 7 occupied a low value of
CBH and appeared blue in CBH image.

In Figure 11, the atmospheric temperature and the atmospheric
vertical velocity at 16:00p.m. on January 7 are used to analyze the
possible formation process of the low-level cloud. Since 1,000 hPa is
the pressure layer closest to the sea surface, we used the air
temperature field and vertical velocity field at 1,000 hPa to
analyze the water vapor source of low-level clouds, as shown in
Figures 11A,C. Meanwhile, we used the data in different pressure
layers from 900–1,000 hPa to show the vertical change of the two
parameters, as shown in Figures 11B,D. Figures 11A,B shows the
vertical temperature distribution along TLF (a-b direction). It shows

FIGURE 10 | Cloud bottom height and wind field from 7–9 January 1998.
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that the atmospheric temperature close to the sea surface was almost
above zero, while the atmospheric temperature dropped to below
zero as air pressure decreased with altitude. The water vapor with
higher temperature has lower density and more dynamics to move
upward, which could be confirmed in the vertical velocity diagram
(positive value means upward movement and a negative value
means downward movement) in Figures 11C,D. Figure 11D
shows the peak velocity in two directions, which basically
corresponds to the position of the low-level cloud over TLF at
16:00p.m. on January 7 in Figure 10.

A reasonable explanation of this particular phenomenon is
that the bubble rising from the gas release along TLF had lifted
the sea surface evaporation, which led to water vapor with
higher temperature to enter into the atmosphere. If the rising
muggy air was supersaturated at a certain height, it would
condense into water droplets when the air temperature was
higher than zero, and into ice crystals when the air temperature
was lower than zero (Paluch and Lenschow, 1991). A large
number of small sea salt particles acting as cloud condensation
nodules are beneficial for the formation of the low-level cloud.
Henceforth, the low-level cloud was produced and moved to
the mainland with northeast-to-east wind, which was
distributed finally along ZBF by chance.

Since the temperature of a low-level cloud is slightly lower
than that of the sea surface and higher than that of the land
surface in north China during winter (Yang et al., 2019), the

brightness temperature of the top of a low-level cloud is close to
that of sea surface but greater than that of mainland surface in the
TIR image. This particular mechanism should have led to the
positive TIR anomaly occurring only along the west segment of
ZBF in land area in previous studies, as shown in the residual TIR
images at 22:00p.m. on January 7–8 in Figure 2. Meanwhile, due
to the dynamic movement of low-level clouds with the wind,
there were subtle differences in the location and shape of TIR
anomalies at different observation times.

5.2.2 Low-Level Cloud Anomaly Along the ZBF in
Period-II
The low-level cloud in period-II mainly appeared on January 9.
The changes in low-level cloud and wind field from 16:00p.m. to
24:00p.m. on 9 January 1998 are shown in Figure 10. At 20:
00p.m. on January 9, the low-level cloud anomaly traversed the
central Bohai Sea along ZBF in the east-west direction. After that,
it moved southwestward with the wind and left gradually over the
Bohai Sea. However, referring to the spatial patterns of the five
parameter anomalies on January 9 shown in Figure 8, we noticed
that the anomalies of SSR, ER, and SSS were distributed along
TLF in Liaodong Bay, not along ZBF in the central Bohai Sea. As
shown in Figure 12, the atmospheric temperature and the
atmospheric vertical velocity at 20:00 on January 9 are used to
explain the difference. Figures 12A–C show that the atmospheric
temperature above the sea surface was lower than zero in

FIGURE 11 | Atmospheric temperature (A,B) and atmospheric vertical velocity (C,D) over Bohai Sea at 16:00 on 7 January 1998. (A) The atmospheric temperature
at 1,000 hPa. (B) The atmospheric temperature in different pressure layers along TLF (a-b direction). (C) The atmospheric vertical velocity at 1,000 hPa. (D) The
atmospheric vertical velocity in different pressure layers along TLF (a-b direction).
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Liaodong Bay and higher than zero in Central Bohai Sea.With the
decrease of atmosphere pressure with altitude, the atmospheric
temperature should had dropped also to below zero over Central
Bohai Sea at some altitude (950 hPa about). Figures 12D–F show
that there was no obvious upward movement of water vapor
along TLF (a-b direction) in Liaodong Bay, but there were several
peaks along ZBF (c-d direction) in Central Bohai Sea, which
basically corresponded to the position of the low-level cloud over
ZBF at 20:00 on January 9 in Figure 10. Therefore, the
mechanisms and forming processes of cloud or fog in
Liaodong Bay and central Bohai Sea should be different.

In Liaodong Bay, for the atmospheric temperature above the
sea surface was lower than zero, some water vapor rising from the
sea surface could be condensed rapidly and formed fog or aerosol
floating on the sea surface (Brooks and Thornton, 2018; Tian
et al., 2019), which was not recognized as a cloud. Under the
influence of northeast wind, referring to the wind field on 9
January in Figure 10, the excessive water vapor and small
particles of sea salt were transported to the central Bohai Sea.
This process was confirmed in Figure 8 that the SSR anomaly
only appeared in Liaodong Bay, while the anomalies of ER and
SSS continued to spread southward on January 9.

In the central Bohai Sea, the water vapor coming from the
north would not condense but continue to rise up since the
atmospheric temperature above the sea surface was above zero.
When the rising water vapor got supersaturated at a certain
height, it would be condensed to the surface of small particles,

such as sea salt and then produced small water droplets and/or
small ice crystals, which was similar to the cloud formation
process on January 7.

The low-level cloud is distributed in the shape of a strip across
the central Bohai Sea, which might be affected by the wind. As
shown in Figure 10, the low-level cloud strip located just at the
intersection zone of the north and south airflow at 20:00p.m. on
January 9, these two opposing airflows led to the accumulation of
water vapor in the narrow intersection zone, which provided
particular benefits for the formation of the cloud strip along
direction east-west. After that, the low-level cloud strip gradually
moved southward and finally dissipated due to the weakening of
the south airflow and the enhancement of the north airflow.
While, due to the influence of high-level clouds in TIR image, the
TIR anomaly caused by low-level clouds couldn’t be observed at
22:00p.m. on January 9 in Figure 2.

5.2.3 Abnormal CO Concentration Along the ZBF in
Period-II
The changing of CO concentration and atmospheric
boundary layer height from 4:00a.m. to 16:00p.m. on
January 9 are shown in Figure 13. We noticed that the
spatio-temporal changing of the atmospheric boundary
layer with a low height was similar to that of CO
concentration. Before 4:00a.m. on January 9, there was only
an abnormally low and dispersed CO concentration over the
Bohai Sea and the western mainland, which could be owned to

FIGURE 12 | Atmospheric temperature (A–C) and atmospheric vertical velocity (D–F) over Bohai Sea at 20:00 on 9 January 1998. (A) The atmospheric
temperature at 1000 hPa. (B) The atmospheric temperature in different pressure layers along TLF (a-b direction). (C) The atmospheric temperature in different pressure
layers along ZBF (c-d direction). (D) The atmospheric vertical velocity at 1000 hPa. (E) The atmospheric vertical velocity in different pressure layers along TLF (a-b
direction). (F) The atmospheric vertical velocity in different pressure layers along ZBF (c-d direction).
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the diffusion of CO released from TLF by previous gas
emissions behavior on January 7. From 4:00a.m. to 8:
00a.m. on January 9, the atmospheric boundary layer above
the Bohai Bay and Laizhou Bay decreased gradually to be
lower than 100 m and the CO started to gather above these two
bays. From 12:00p.m. to 16:00p.m. this day, the lower
atmospheric boundary layer expanded eastward and
developed into a strip in the east-west direction above the
central Bohai Sea. Meanwhile, an abnormal CO concentration
strip also appeared in a west-east direction, which developed
across the central Bohai Sea and extended outside to the
Yellow Sea.

The synchronous spatio-temporal changing of these two
atmospheric anomalies indicated that the CO concentration
anomaly could be correlated with the lower atmospheric
boundary layer as the following process in sequence: 1) The
intersection of the north airflow and the south airflow or other
meteorological factors led to a strip-shaped low boundary layer
(Garratt, 1994) produced above the central Bohai Sea from 4:00a.m.
to 16:00p.m. on January 9; 2) The lowering atmospheric boundary
layer, being able to compress the atmospheric space under boundary
layer and led to the aggregation of internal aerosols including CO
(Vignati et al., 2001), resulted in a rapid increase of CO
concentration above the Bohai Sea; 3) The atmospheric aerosol
below the boundary layer, occupying high CO concentration, moved
eastward with the west wind, which led to the final formation of an
abnormal CO concentration strip across the central Bohai Sea to the
Yellow Sea. Therefore, this CO concentration anomaly in period-II
was owned to the accumulation of CO existing early in the
atmosphere but not to the present gas release from ZBF. Besides,
the lowering atmospheric boundary layer might have also promoted
the gathering of water vapor and sea salt above the sea surface, so as
to facilitate the production of the low-level cloud along ZBF in
period-II.

5.3 Mechanism of the Atmospheric
Disturbances
This study provided an integral interpretation of the multi-
parameter atmospheric disturbances preceding the Zhangbei
earthquake. The seismicity-driven mechanism and LCA
coupling pattern of the atmospheric anomalies preceding the
Zhangbei earthquake are conceptually shown in Figure 14.
Figure 14A shows the spatial range of Figures 14B–D,
respectively.

Figure 14B shows the formation process of multi-parameter
atmospheric disturbances in a manner of integral 3D
visualization. Due to the transient crustal stress relaxation of
the north segment of the TLF in the Liaodong Bay, gas release
might had occurred along with the opened fractures shortly
before and after the Zhangbei earthquake. The SSR increased
after the bubbles rising from the sea floor reached the sea surface.
The burst of bubbles could accelerate the sea–atmosphere
exchange process. The water vapor, CO, and small particles of
sea salt were continuously brought into the lower atmosphere
over the sea surface, which resulted in the anomalies of the ER,
the CO concentration, and the SSS concentration over the TLF. A
large amount of water vapor and small particles of sea salt acting
as cloud condensation nodules provided subsequently necessary
conditions for the formation of the low-level clouds.

The particular spatial distribution and strip-shaped low-level
clouds that occurred on January 7 and 9 were collaboratively
affected by wind field and atmospheric temperature, as shown in
Figures 14C,D. Figure 14C shows the formation process of the
low-level cloud in period-I. A strip-shaped low-level cloud
formed initially above TLF in Liaodong Bay at 16:00p.m. on
January 7, then moved southwest to the mainland with the wind
at 20:00p.m. about, and finally distributed along the ZBF segment
in the mainland area by chance at 24:00p.m. this day. Figure 14D
shows the formation process of the low-level cloud in period-II.

FIGURE 13 | The atmospheric boundary layer height and the CO column concentration on 9 January 1998.
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As the atmospheric temperature above Liaodong Bay was below
zero, a part of the water vapor condensed rapidly and formed fog
or aerosol floating over the sea surface at 18: 00p.m. on January 9.
The remaining water vapor and small particles of sea salt
continued to spread southward with the wind, which
produced a low-level cloud over the central Bohai Sea at 20:
00p.m. Blocked by the south wind from the mainland to Laizhou
Bay and compressed by the lowering boundary layer, the water
vapor was forced to condense into a strip-shaped low-level cloud
along the east-west direction across the Bohai Sea at 24:00p.m. on
January 9.

6 CONCLUSION AND REMARKS

After careful investigation of multiple satellite observations and
reanalysis datasets, significant anomalies from the sea surface to
atmosphere were uncovered over the Bohai Sea shortly before and
after the Zhangbei earthquake, 10 January 1998. The evolution of
the atmospheric disturbances featured as seismic anomalies and
affected by a gas release from fault as well as wind field could be
interpreted as two periods:

1) Period-I: at 6:00a.m. on January 7, the SSR firstly showed
abnormalities along TLF in Liaodong Bay. Four hours later,
the anomalies of ER, CO concentration, and SSS
concentration appeared subsequently above the sea surface
along TLF. Meanwhile, some low-level clouds began to form
above TLF with a height of 200 m about and then developed
into a short strip-shaped cloud along TLF. Forced by the east

wind, the clouds moved westward to the mainland and
developed gradually to a low-level cloud strip right along
ZBF by chance. All these anomalies lasted throughout January
8 and disappeared completely before January 9.

2) Period-II: at 16:00p.m. on January 9, the SSR anomaly
appeared again along TLF, followed by an abnormal rising
of ER and SSS concentration. Soon later, as the water vapor
and small particles of sea salt moved southward with the wind,
and a low-level cloud strip was produced approximately in a
direction of east-west along ZBF in the Bohai Sea, blocked by
south wind and compressed by the lowering boundary layer.
All these anomalies continued until the mainshock on January
10, and dissipated subsequently on January 11.

We conclude that the reported positive TIR strip that occurred
preceding the Zhangbei earthquake (Cui et al., 1998; Lv et al., 1998; Lv
et al., 2000; Li et al., 2008a;Wu et al., 2009) was caused actually by the
low-level clouds, resulting from gas release from TLF, which have
higher temperature than that of the land surface in the TIR image,
rather than by the land surface thermal anomaly or atmospheric
warming. The use of single TIR data, which is usually incomplete or
might be polluted by interference factors, may have some defects in
the analysis and interpretation of seismic anomalies. Synergic satellite
observations and reanalysis datasets are beneficial for the LCA
coupling analysis of seismic anomalies. The hourly data of
different atmospheric pressure layers is of potentiality to reflect the
spatio-temporal evolution process of seismic anomalies in a three-
dimensional space.

This study using multi-source reanalysis datasets shows an
effective solution to investigate the seismic activity of fault under

FIGURE 14 | (A) The DEM in the study area and the spatial range of (B–D). (B)Conceptual diagram of the LCA coupling and manifestation process of atmospheric
disturbances (C,D). The particular spatial distribution and strip-shaped low-level clouds occurred on January 7 and 9 .
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the ocean, which is difficult to observe in real-time and at a large-
scale. The particular activity of the TLF in the Bohai Sea preceding
the Zhangbei earthquake is discovered, and the activity of the ZBF
previously considered could be at least partly denied. This work
initiated a further plan for detailed study of seismic atmospheric
anomalies in the Bohai Sea during the past 2 decades since the
Zhangbei earthquake, which could help not only to understand the
seismic activity of the two great fault systems intersected in the Bohai
Sea, but also to seek for potential precursors or omens of future
earthquakes that might happen around the Bohai Sea and its nearby.
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