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Abstract: Geomagnetic storms can cause large variations in the ionosphere, but their impacts on the
mesosphere and lower thermosphere (MLT) are not well understood. Based on the Total Electron
Content (TEC) data and the meteor neutral winds data over Mohe (53.5◦N, 122.3◦E) and Beijing
(40.3◦N, 116.2◦E), we analyze the tidal variations during six intense geomagnetic storms from 2016 to
2021. According to the six intense geomagnetic storms, we found that intense geomagnetic storms can
lead to diurnal and semidiurnal tidal enhancements in TEC, while their influences on tidal variations
in the MLT region are not always captured. Responses of tidal enhancement in the MLT region to the
intense geomagnetic storms are more obvious at a lower latitude at Beijing, but the tidal amplitude
changes are not proportional to the Dst indices. Some semidiurnal tides are significantly enhanced
prior to the onset of geomagnetic storms, which needs to be statistically investigated in the future
based on additional observations.

Keywords: semidiurnal tide; geomagnetic storm; mesosphere and lower thermosphere; TEC

1. Introduction

Geomagnetic disturbances can have substantial effects on the ionosphere and ther-
mosphere, leading to notable variations in total electron content (TEC), thermospheric
compositions, temperature, and neutral winds. During geomagnetic storms, ionospheric
TEC can either increase or decrease compared to normal conditions, known as positive or
negative storms, respectively [1–8]. Typically, TEC experiences a significant increase during
the early phase of a geomagnetic storm. Subsequently, as the storm progresses, it gradually
decreases below normal levels before slowly returning to its pre-storm state. Ionospheric
disturbances during geomagnetic storms are usually attributed to changes in the ther-
mosphere, including variations in neutral winds and composition that affect ionization
rates [6,9]. However, the simultaneous detection of compositions in the ionosphere and ther-
mosphere usually requires strong equipment, such as incoherent scatter radars or satellite
missions [10–17]. Consequently, the theoretical variations in temperature and neutral winds
during geomagnetic storms are mostly obtained through numerical simulations [18–21].
Previous studies based on the thermosphere-ionosphere-mesosphere-electrodynamics gen-
eral circulation model (TIMEGCM) indicated that adiabatic heating/cooling and vertical
heat advection during geomagnetic storms can influence temperatures in the MLT region at
middle latitudes via vertical wind changes [18,19,21]. Nevertheless, the impact of geomag-
netic storms on the atmosphere can be both positive and negative, which poses challenges
in statistical studies.

Previous studies have also focused on the tidal variations in the ionosphere and
thermosphere during geomagnetic storms. Responses of diurnal and semidiurnal migrating
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tides in TEC to geomagnetic storms are observed within the 20◦S–20◦N latitude band [22].
At middle (near ±40◦) and high latitudes (near ±60◦), the diurnal migrating tide was
found to be dominant in the ionospheric anomalies during geomagnetic storms [23]. For
tidal waves in neutral winds, Wand (1983) found that during disturbed geomagnetic
conditions, semidiurnal tidal amplitudes of the wind are reduced by 20 to 50% at 105 km
and 115 km [24]. Manson and Meek (1991) also found a decrease in the amplitudes of
diurnal and semidiurnal tides during high geomagnetic activities [25]. Singer et al. (1994)
discovered a slightly reduced semidiurnal tidal amplitude in the MLT region at middle
latitudes during geomagnetic storms [26]. Zhang et al. (2003) found different responses
of the dayside and the nightside MLT winds to the April 2002 geomagnetic storm [27].
Balan et al. (2004) investigated the prevailing wind and tidal features in the MLT region at
northern middle latitudes during geomagnetic storms but could not confirm any statistically
significant storm-related changes [28]. Goncharenko et al. (2004) observed the storm-time
increase in the neutral wind to altitudes as low as 100 km [29]. Pancheva et al. (2007)
examined the short-term response of the MLT region using neutral wind data at northern
high latitudes and found that the semidiurnal tide showed a very different response
to the first and to the next two storms, with an enhancement and a reduction [30]. Yi
et al. (2021) reported a significant increase in semidiurnal amplitudes in both zonal and
meridional components during geomagnetic active periods in the MLT region at Davis
Station, Antarctica [31]. Amplitudes of diurnal and semidiurnal tides were also found to
be stronger at the solar minimum than at the solar maximum [32]. Under the influence of
geomagnetic activities, the amplitude variations of semidiurnal and diurnal tides may also
be affected by the season [33]. Furthermore, the enhancements of other oscillations with
periods from hours to days can also be observed during geomagnetic storms, but those
waves are rarely reported [34,35].

Insights into the physical process of how geomagnetic storms affect the ionosphere
and the MLT region have also been investigated in previous studies. Fesen et al. (1993)
found that the largest source of the semidiurnal meridional winds was the solar tides,
while the semidiurnal zonal winds and temperatures were driven by solar forcing, auroral
forcing, and vertically propagating waves from the lower atmosphere. The semidiurnal
wind amplitudes generated by the auroral source increase strongly with increasing activ-
ity [36]. Fuller-Rowell (1995) suggested that advection might also play a role in transporting
wind disturbances from high to lower latitudes in the lower thermosphere [37]. Nozawa
and Brekke (1995) demonstrated that ion drag could partially explain the neutral wind
disturbances in the E region [38]. Pancheva et al. (2003) found that the amplitude of the
semidiurnal tide is not related to solar activity but mainly to its own variability [39]. Accord-
ing to Kutiev et al. (2007), from low to middle latitudes, the enhancement of semidiurnal
tides may be related to enhancements of TEC in equatorial origins (ETEs) [40]. Pancheva
et al. (2007) identified two main factors contributing to changes in neutral wind tides in the
MLT region during geomagnetic storms. First, they noted an additional ionization in the
MLT region caused by geomagnetic disturbances. Second, they observed that increased
proton flux during solar proton events (SPE) could lead to ozone reductions, which results
in temperature decreases and subsequently alters the pattern of neutral winds [32]. More-
over, particle precipitation and local electron density increase may also be a contributing
factor [27,41]. Some studies have also suggested that the storm-time wind patterns are
primarily controlled by pressure gradients associated with the high-latitude Joule heating,
Coriolis force, and ion drag (or ion-neutral coupling) [30,42,43].

Currently, there are still issues in the literature on the changes of wave components
in the atmosphere during geomagnetic storms, such as the unclear statistical conclusions,
insufficient observations, and the detailed physical mechanisms of the geomagnetic storm’s
effects on the ionosphere and MLT variations. It subsequently affects the interpretation
and exploration of the physical processes in the ionosphere and MLT during geomagnetic
storms. In the present study, we propose to analyze the vertical TEC data and meteor
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neutral wind data observed in Mohe (53.5◦N, 122.3◦E) and Beijing (40.3◦N, 116.2◦E) to
investigate tidal variations during some intense geomagnetic storms.

2. Data and Methods

In this study, neutral wind data from meteor radars and vertical TEC data from
the Global Navigation Satellite System at Mohe and Beijing, China, during 2016–2022
were obtained from the data center of the Chinese Meridian Project (https://dcstatus.
meridianproject.ac.cn/) (accessed on 1 October 2024). Neutral wind data were available
from 70 to 110 km with a 1 h temporal resolution and a 2 km height resolution. The TEC
data were obtained from five satellites (C01–C05) of the BeiDou Navigation Satellite System
with a time resolution of 30 s.

Geomagnetic data from the OMNI dataset (https://omniweb.gsfc.nasa.gov/) (ac-
cessed on 1 October 2024) were also used for analysis. Conventionally, a geomagnetic
storm can be evaluated by the 1-h time resolution disturbance storm time (Dst) index or
the 3-h Kp index. We diagnosed interplanetary conditions for each geomagnetic storm
using the criteria of the Dst minimum value in a whole geomagnetic storm process. Intense
geomagnetic storms with Dst minima of less than −100 nT were the focus of this study [44].
As shown in Table 1, there were six intense geomagnetic storms during 2016–2022. The
maximum values of the Kp index during six storms are also listed in Table 1 [45,46].

Table 1. Overview of the six intense geomagnetic storms during 2016–2021.

Case Number Storm Date Kp Maximum Dst Minimum
(nT) Category *

a 20 January 2016 6 −101 Intense
b 13 October 2016 6 −110 Intense
c 27 May 2017 7 −125 Intense

d 7 September
2017 8 −122 Intense

e 25 August 2018 7 −175 Intense

f 4 November
2021 8 −105 Intense

* Classification standard was based on the Dst minimum value [44,47].

In a sliding window with a length of 2 days and a step of 1 h, the neutral wind data
are fitted by the least squares fitting method to estimate the tidal amplitudes and phases
with the equation as follows [48]:

datai = DCi +
4

∑
n=1

(
aincos

2πt
Tn

+ binsin
2πt
Tn

)
(1)

where datai corresponds to the neutral wind data and DCi represents the background mean
level. Different n stand for different fitting components (the diurnal tide, semidiurnal tide,
8-h tide, and 6-h tide) and Tn = 24/n represents the period of the corresponding fitting
component. Fitting results are marked at the end date of each window. Note that the tidal
amplitudes are only derived when the available data are higher than 70% in each window.
The same data processing methods were adopted for TEC data to estimate the amplitudes
of tidal components in the ionosphere. Tidal amplitudes were averaged from all available
data captured by five satellites from C01 to C05. The results of the 8-h and 6-h tides are
not discussed in this study due to their weak amplitudes compared with the diurnal and
semidiurnal tides.

3. Results
3.1. Tidal Variations in TEC during Geomagnetic Storms

Figure 1 presents the variations of diurnal tides in the ionospheric TEC at Mohe (blue
lines) and Beijing (red lines) during six intense storms from 2016 to 2021. Two black dashed

https://dcstatus.meridianproject.ac.cn/
https://dcstatus.meridianproject.ac.cn/
https://omniweb.gsfc.nasa.gov/
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lines in each subplot indicate the start and end times of the geomagnetic storms [49,50].
Amplitudes are not given at low data percentages or data gaps. As shown in Figure 1, the
diurnal tides usually have an increase after the storm occurrence, except for a decrease in
October 2016 (Figure 1b). The largest increase can be found in May 2017 (Figure 1c), with
an enhancement of 4 TECU in the diurnal amplitudes at Beijing. The amplitudes of diurnal
tides in Beijing are generally 2 TECU greater than those in Mohe, except for in November
2021 (Figure 1f).
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Figure 1. Amplitudes of diurnal tides in ionospheric TEC at Mohe (blue lines) and Beijing (red
lines) during geomagnetic storms on: (a) 20 January 2016; (b) 13 October 2016; (c) 27 May 2017;
(d) 7 September 2017; (e) 25 August 2018; and (f) 4 November 2021, respectively. The time ranges are
from 3 days before the start time to 3 days after the end time of the six storms (indicated by two black
dashed lines).

Figure 2 denotes the variations of semidiurnal tides in the ionospheric TEC of Mohe
(blue lines) and Beijing (red lines) during six intense storms from 2016 to 2021. As shown
in Figure 2, semidiurnal tidal amplitudes also reveal similar trends as the diurnal tides
during storms. Enhancements are also obvious in two cases in 2017 (Figure 2c,d). However,
the amplitudes of semidiurnal tides are usually comparable between Mohe and Beijing.
Tsidu et al. (2014) observed the abrupt TEC changes in tidal amplitudes under the effects
of a geomagnetic storm within the 20◦S–20◦N latitude band in January 2012; the diurnal
amplitudes increased up to 5 TECU (about 83%, modulated by the storms) and semidiurnal
amplitudes increased up to 2 TECU (about 30%) [22]. Nevertheless, from our statistical
results shown in Figures 1 and 2, the occurrences of the enhancement of diurnal and
semidiurnal tides at Mohe and Beijing varied in different cases. In order to present a clear
comparison, Table 2 shows the maximum differences between the ionospheric enhanced
tidal amplitudes and the seasonal average amplitudes. The results were checked from the
onset to 3 days after the end of the geomagnetic storm.
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Figure 2. Same as Figure 1 but for semidiurnal tides during geomagnetic storms on: (a) 20 Jan-
uary 2016; (b) 13 October 2016; (c) 27 May 2017; (d) 7 September 2017; (e) 25 August 2018; and
(f) 4 November 2021, respectively.

Table 2. The maximum difference in TEC between ionospheric tidal amplitudes during storms and
seasonal average tidal amplitudes at Mohe and Beijing.

Case Number Storm Date
Mohe Beijing

Diurnal Tide Semidiurnal Tide Diurnal Tide Semidiurnal Tide

a 20 January 2016 +0.5 TECU +1.2 TECU +0.1 TECU +0.8 TECU
b 13 October 2016 +2.3 TECU +0.5 TECU +3.3 TECU +0.8 TECU
c 27 May 2017 +2.2 TECU +1.2 TECU +3.8 TECU +1.7 TECU
d 7 September 2017 +2.3 TECU +1.3 TECU +2.8 TECU +2.1 TECU
e 25 August 2018 +2.9 TECU +1.0 TECU * *
f 4 November 2021 +5.9 TECU +0.9 TECU +4.8 TECU +1.0 TECU

* Results could not be determined due to missing data.

3.2. Tidal Variations in MLT Winds During Geomagnetic Storms
3.2.1. Diurnal Tides

Figures 3 and 4 present the amplitudes of diurnal tides in meridional and zonal winds
in the MLT region at Mohe during six geomagnetic storms. The results are shown in an
altitude range of 84–96 km to avoid uncertainties caused by missing data. Two black dashed
lines in each subplot indicate the start and end times of the geomagnetic storms. White
areas indicate low data percentages or data gaps. The diurnal amplitudes at Mohe are
generally lower than 10 m/s. During geomagnetic storms, the variations of diurnal tidal
amplitudes are not uniform and do not show significant responses to the occurrence of
storms. Note that the amplitudes of diurnal tides also have some periodic variations (e.g.,
Figure 3e), which are due to other waves with periods around 24 h.
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Figure 3. Amplitudes of MLT diurnal tides in the meridional component during geomagnetic
storms at Mohe on: (a) 20 January 2016; (b) 13 October 2016; (c) 27 May 2017; (d) 7 September 2017;
(e) 25 August 2018; and (f) 4 November 2021, respectively. The two black dashed lines represent the
beginning and end of the geomagnetic storm.
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Figure 4. Same as Figure 3 but for diurnal tides in the zonal component at Mohe during geomag-
netic storms on: (a) 20 January 2016; (b) 13 October 2016; (c) 27 May 2017; (d) 7 September 2017;
(e) 25 August 2018; and (f) 4 November 2021, respectively.

Figures 5 and 6 present the variations of diurnal tides in meridional and zonal winds
in the MLT region in Beijing during the six geomagnetic storms. The diurnal amplitudes
in Beijing are generally around 20 m/s. It seems that the diurnal amplitudes notably
increase during storms, especially in the zonal component. As shown in Figure 6, the
largest amplitude reaches over 40 m/s (Figure 6a,d,f). However, diurnal amplitudes are
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not enhanced in the zonal winds during the storm in May 2017 (Figure 6c). Compared
with diurnal variations in Mohe, the diurnal amplitudes in Beijing are larger, with more
evidenced enhancements during geomagnetic storms. Additionally, the variations of
diurnal tides in meridional and zonal components are not consistent in most cases. In order
to present a clear comparison, Table 3 shows the maximum differences between the MLT
diurnal amplitudes and the seasonal average amplitudes.
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Table 3. The maximum difference in winds between MLT diurnal amplitudes during storms and
seasonal average tidal amplitudes at Mohe and Beijing.

Case number Storm Date
Mohe (Diurnal Tide) Beijing (Diurnal Tide)

Meridional Zonal Meridional Zonal

a 20 January 2016 +11.6 m/s +6.1 m/s +9.9 m/s +24.0 m/s
b 13 October 2016 +6.8 m/s +8.3 m/s +26.2 m/s +26.3 m/s
c 27 May 2017 +8.3 m/s +9.6 m/s +22.8 m/s *
d 7 September 2017 +8.1 m/s +4.5 m/s +23.0 m/s +26.2 m/s
e 25 August 2018 +14.4 m/s +12.5 m/s +15.9 m/s +15.1 m/s
f 4 November 2021 +5.2 m/s +9.8 m/s +19.2 m/s +28.1 m/s

* Results could not be determined due to missing data.

3.2.2. Semidiurnal Tides

The variations of semidiurnal tides in meridional and zonal winds at Mohe during
six geomagnetic storms are presented in Figures 7 and 8. Amplitudes of the semidiurnal
tidal components are typically larger than the diurnal tides during the six geomagnetic
storms. It seems that the amplitudes of the semidiurnal tides remarkably increase before
or after the onset of the storms. The amplitudes reached 60 m/s during January 2016 and
September 2017 (Figures 7a,d and 8a,d). In addition, January 2016 had the longest and
strongest semidiurnal tides at Mohe among the six cases.
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The variations of semidiurnal tides during six geomagnetic storms at Beijing are
presented in Figures 9 and 10. In order to present a clear comparison, Table 4 shows
the maximum differences between the MLT semidiurnal amplitudes and the seasonal
average amplitudes. Enhancements of semidiurnal tides can be observed during storms; for
instance, in October 2016, September 2017, and November 2021 (Figures 9a,d,f and 10a,d,f).
The largest amplitude reached 65 m/s in September 2017 (Figures 9d and 10d). Note that
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the variations of semidiurnal tides in the meridional and zonal components are generally
consistent during geomagnetic storms.
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geomagnetic storms on: (a) 20 January 2016; (b) 13 October 2016; (c) 27 May 2017; (d) 7 September
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Table 4. The maximum difference in winds between MLT semidiurnal amplitudes during storms and
seasonal average tidal amplitudes at Mohe and Beijing.

Case Number Storm Date
Mohe (Semidiurnal Tide) Beijing (Semidiurnal Tide)

Meridional Zonal Meridional Zonal

a 20 January 2016 +39.9 m/s +33.1 m/s +22.6 m/s +17.8 m/s
b 13 October 2016 +14.3 m/s +10.6 m/s +27.2 m/s +22.3 m/s
c 27 May 2017 +8.7 m/s +10.0 m/s * *
d 7 September 2017 +29.2 m/s +32.2 m/s +39.7 m/s +35.6 m/s
e 25 August 2018 +28.3 m/s +29.6 m/s +23.5 m/s +18.3 m/s
f 4 November 2021 +14.1 m/s +11.7 m/s +11.3 m/s +13.8 m/s

* Results could not be determined due to missing data.

Our observations indicate that responses of diurnal tides to storms are not obvious in
the MLT region at Mohe and Beijing, but semidiurnal tides usually enhance during storms.
Variations of diurnal tides are not consistent between meridional and zonal components,
but the evolutions of semidiurnal tides are consistent in two components. Although
semidiurnal tides usually increase in the MLT region during geomagnetic storms, the
occurrences of enhanced semidiurnal tides are not uniform. Sometimes the enhancements
are at the beginning of the geomagnetic storms, and sometimes they are observed at the
end of the storms. Latitudinal variations are also found between Mohe and Beijing; tidal
amplitudes often have different patterns at different latitudes during the same case.

4. Discussion

To further understand the effect of geomagnetic storms, we analyzed the seasonal
variations of the tidal waves based on the long-term neutral wind data and TEC data.
As discussed in Section 3, diurnal and semidiurnal tides present substantial variations
during geomagnetic storms. However, they also have their own seasonal variations. To
quantitatively analyze the effects of the geomagnetic storms, the enhanced amplitudes of
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the semidiurnal tide (SDT) and the diurnal tide (DT) exceeding the seasonal level (more
than two times the standard deviations from the seasonal mean) were speculated to be a
result of the effects of geomagnetic storms. Since solar activity can affect the amplitudes of
tidal waves, the seasonal mean was only derived in the same year of the storms. Excluding
the period of the storms, the daily tidal amplitudes in the same season were used to
calculate the seasonal mean and standard deviations. This examination also excluded the
traditional tidal variations from lower altitudes. Nevertheless, it was difficult to determine
the causality of the enhanced tidal waves in the ionospheric TEC and in the MLT wind
data. If the effect of a geomagnetic storm on the tidal variation is strong enough, the
amplitudes of SDTs/DTs in both TEC and MLT wind should be significantly larger than
the climatological level during geomagnetic storms.

Tables 5 and 6 present whether or not (Y/N) the enhanced tidal amplitudes at Mohe
and Beijing significantly exceeded the seasonal level during the six intense geomagnetic
storms from 2016 to 2021. The results were checked from the onset to 3 days after the end
of the geomagnetic storm. For tidal observations in the ionospheric TEC, diurnal tides
were usually enhanced during storms at Mohe and Beijing, except for (a) in January 2016.
Semidiurnal tides were not significantly enhanced in two cases in 2016, but exceeded the
seasonal level during cases in 2017 and 2018.

Table 5. Whether or not (Y/N) the enhanced tidal amplitudes at Mohe significantly exceeded the
seasonal level during six intense geomagnetic storms from 2016 to 2021. M and Z represent the
meridional and zonal components, respectively.

Tides Case (a) Case (b) Case (c) Case (d) Case (e) Case (f)

Diurnal
Tide (TEC) N Y Y Y Y Y

Diurnal
Tide (M) Y N N N Y N

Diurnal
Tide (Z) N Y N N Y Y

Semidiurnal
Tide (TEC) N N Y Y Y N

Semidiurnal
Tide (M) Y N N Y Y N

Semidiurnal
Tide (Z) Y N N Y Y N

Table 6. Whether or not (Y/N) the enhanced tidal amplitudes at Beijing significantly exceeded the
seasonal level during six intense geomagnetic storms from 2016 to 2021. M and Z represent the
meridional and zonal components, respectively.

Tides Case (a) Case (b) Case (c) Case (d) Case (e) Case (f)

Diurnal
Tide (TEC) N Y Y Y * Y

Diurnal
Tide (M) N Y Y Y Y Y

Diurnal
Tide (Z) Y Y * Y Y Y

Semidiurnal
Tide (TEC) N N Y Y * Y

Semidiurnal
Tide (M) Y Y * Y Y N

Semidiurnal
Tide (Z) Y Y * Y Y N

* Results could not be determined due to missing data.



Remote Sens. 2024, 16, 3947 12 of 15

For the tidal variations in the MLT region, some tidal amplitudes were not significantly
enhanced during geomagnetic storms. In addition, diurnal tides in the MLT region at Mohe
were sometimes only significantly enhanced in one direction but kept within the seasonal
level in the other direction (cases (a), (b), and (f)). It is also evident that Beijing, with a lower
latitude, exhibited a more obvious phenomenon of tidal enhancement in neutral winds
during geomagnetic storms compared to Mohe. Responses of diurnal and semidiurnal
tides were only significantly enhanced both in the MLT region and ionosphere during
the 2018 case, which had the lowest Dst index. However, according to other cases, the
amplitude changes might not be proportional to the value of the Dst indices.

According to previous studies, four storms in cases (b), (c), (d), and (f) that occurred
on 13 October 2016, 27 May 2017, 7 September 2017, and 4 November 2021 were caused
by Coronal Mass Ejection (CME), while the storm in case (a) that occurred on 20 January
2016 was triggered by the Corotating Interaction Region (CIR), and the storm in case (e)
that occurred on 25 August 2018 was jointly caused by the CIR and weak CME [51–54]. It
seems that the CIR storm does not strengthen the tidal amplitudes in ionospheric TEC but
may affect the semidiurnal tides in the MLT region (case (a)). Nevertheless, this feature
needs to be checked with additional observations.

Notably, significant enhancements of the semidiurnal tides in the MLT region were
observed at Mohe and Beijing prior to the onset of geomagnetic storms in cases (a), (b), and
(c), although the semidiurnal amplitudes during these three cases had a decrease feature
as the storms started. It is very interesting to note this characteristic. If the enhancements
prior to the onset of storms are caused by the storms, the tidal effect of the storm might
be firstly acted in the MLT region and then upward to the ionosphere. Moreover, the
reduction of semidiurnal tides during storms observed in the MLT region in previous
studies might be due to an earlier enhanced semidiurnal amplitude. These speculations
need to be investigated in the future with more observational cases.

5. Summary and Conclusions

During six intense geomagnetic storms that occurred from 2016 to 2021, tidal variations
in the ionospheric TEC and in the MLT region neutral winds were analyzed at Mohe and
Beijing. The conclusions can be summarized as follows:

1. Ionospheric diurnal and semidiurnal tides in TEC are usually enhanced during intense
geomagnetic storms, while the responses of diurnal and semidiurnal tides in the MLT
region at middle latitudes are not always captured.

2. The responses of the tidal amplitude changes are not proportional to the value
of Dst indices.

3. Beijing, being at a lower latitude, has a more obvious tidal response to geomagnetic
storms in the MLT region than at Mohe.

4. Semidiurnal tides in the MLT region can be enhanced prior to the onset of the ge-
omagnetic storms, which leads to a decreasing trend in their amplitudes during
geomagnetic storms. Further analysis is needed to study the mechanism of these
earlier enhanced semidiurnal tides and reveal their relationships with storms.
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