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Abstract. This paper presents a statistical investigation of intermediate descending layers (IDLs) in the ionospheric E region
using multi-station digital-ionosonde observations at Mohe, Wuhan, and Fuke. The measurements reveal clear descending
structures, strong seasonal variability, and pronounced latitude-dependent local-time morphology. Mohe and Wuhan
commonly exhibit morning and afternoon occurrence enhancements, with the morning layer generally stronger than the
afternoon layer, whereas Fuke shows a broader daytime distribution in which the afternoon enhancement can exceed the
morning enhancement and multiple local maxima may occur. Lomb—Scargle analysis of IDL virtual height identifies prominent
12-h and 24-h periodicities, together with a weaker 8-h component in some cases. We interpret the asymmetric morning—
afternoon structure as the result of superposed atmospheric tides: the early peak is preferentially associated with diurnal
modulation, whereas the later peak is more closely related to semidiurnal modulation. At Mohe and Wuhan, the larger morning
occurrence rate is consistent with constructive superposition of the diurnal and semidiurnal components during the morning
and weaker reinforcement during the afternoon. At Fuke, the weaker and less stable semidiurnal signature, together with the
afternoon-dominant and occasionally three-peak morphology, suggests that a secondary 8-h (terdiurnal) contribution may
become relatively more important in shaping the local-time distribution, although the dominant height periodicity remains near
24 h. These results support a latitude-dependent tidal-modulation framework in which several tidal components jointly

organize the occurrence and descent of IDLs through wind-shear-driven ion convergence.

1 Introduction

IDLs are also a nonnegligible layer emerging between E-layer and F1-layer, and it detaches from the bottom side of F-layer,
moves downwards to gradually merge with Es-layer (Chen, 2024). A key evolutionary feature is their continuous descent over
time. A typical IDL evolution includes the formation of a thin enhanced ionization layer, a downward motion lasting several
hours, and a clear local time dependence. IDLs directly reflect the redistribution of E region plasma under neutral atmosphere
and electrodynamic forcing. They therefore provide valuable information for understanding ionospheric structuring and

layering mechanisms. In some events, sporadic E (Es) layers may coexist with IDLs and show dynamical connections.



30

35

40

45

50

https://doi.org/10.5194/egusphere-2026-6222
Preprint. Discussion started: 22 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

However, IDLs represent an independent type of ionospheric dynamical structure. Their morphological characteristics and
spatiotemporal evolution still require dedicated investigation.

The earliest observational reports of IDLs date back to the 1930s (Appleton, 1933; Ratcliffe and White, 1933; Schafer and
Goodall, 1933). Early studies confirmed that this ionospheric structure occurs at altitudes of 130—170 km, between the E and
Fi layers. Later, radar and ionosonde observations were used to systematically investigate the spatiotemporal evolution of IDLs
in different longitudinal sectors (MacDougall, 1974, 1978; Rodger et al., 1981; Szuszczewicz et al., 1995; Wilkinson et al.,
1992). The wind-shear theory proposed by Whitehead (1961) and Axford (1963) provides a classical explanation for their
formation. According to this theory, wind shear can drive the vertical transport and convergence of long-lived metallic ions,
thereby forming layered ionospheric structures. Under steady-state conditions, the vertical ion drift velocity can be
quantitatively described by the wind shear theory. This velocity is determined jointly by the horizontal components of the
neutral wind (meridional and zonal winds) and the inclination angle of the geomagnetic field. The occurrence frequency of
IDLs shows clear seasonal and local-time variations. In summer, the enhanced activity of sporadic E layers can mask the IDL
signals, leading to a lower detection probability. IDLs are mainly generated during the daytime. Their development starts
around sunrise, and the descending motion persists throughout the day. Furthermore, at low latitudes, the occurrence
characteristics of IDLs are largely unaffected by solar activity. In contrast, a significant difference in IDL occurrence frequency
is observed in the equatorial region between solar maximum (2003) and solar minimum (2009). This phenomenon may be
related to the displacement of the magnetic equator. The dynamics of IDLs are jointly regulated by atmospheric tides, gravity
waves, and electric fields. These factors together determine the generation, steady-state maintenance, and descending motion
of the layers (Santos et al., 2021).

To address this gap, we performed a statistical investigation of IDL occurrence characteristics using simultaneous Digisonde
observations from three stations spanning different latitudes in China. We systematically compared their seasonal occurrence,
altitude evolution, local-time distribution, descent behavior, and dominant periodicities. The results demonstrate significant

latitudinal variations in IDL characteristics and provide a statistical basis for understanding their climatological behavior.
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Figure 1. Locations of the Digisonde stations at Mohe, Wuhan, and Fuke. The geographic coordinates of each station are indicated

on the map.

60 The statistical analysis is based on digital-ionosonde observations obtained from March 2020 to February 2021 at Mohe
(53.5°N, 122.37°E), Wuhan (30.53°N, 114.61°E), and Fuke (19.53°N, 109.13°E). The three stations span high-, middle-, and
low-latitude regions of China and are part of the Chinese Meridian Project observation network. Their locations are shown in
Figure 1. The ionosondes operate over a frequency range of 1-20 MHz with a frequency step of 0.025 MHz. The original
temporal resolution of the observations is 5 or 15 min, and the data are stored in the SAO Explorer Record Structure Format

65 (RSF). To ensure consistency among the three stations, a uniform temporal resolution of 15 min was adopted for the statistical

analysis. Files with incomplete sounding sequences or abnormal termination were excluded before further processing. IDL

3
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events and their characteristic parameters were manually identified and scaled from the ionograms using SAO-Explorer. The
maximum frequency of the continuous IDL trace is denoted as ftIDL, whereas h'IDL represents the lowest virtual height of
the IDL trace at which ftIDL is determined. To ensure consistent identification among the three stations, an IDL was identified
when the bottom of the F1 layer detached downward and formed a distinct descending layer. In addition, a layer originating
above 130 km and exhibiting continuous downward motion for more than 30 min was classified as an IDL. When a clear
detachment from the F1 layer could not be observed, the event was still retained if the height and duration criteria described
above were satisfied. An IDL event was tracked from its first appearance until the layer descended and became stable below
approximately 105 km. After manual scaling, the derived (h'IDL) and (ftIDL) sequences were inspected again to exclude
ambiguous or incomplete events.

For an overview of the observed IDL climatology, monthly and seasonal occurrence variations at the three stations are
presented in Figure 2. The seasons were defined as spring (March—May 2020), summer (June—August 2020), autumn
(September—November 2020), and winter (December 2020—February 2021). The occurrence rate was calculated as the number
of valid observation days with at least one detected IDL divided by the total number of valid observation days in the
corresponding month or season. Figure 2 provides the statistical background for comparing the latitude-dependent occurrence
characteristics of IDLs during the observation period. To investigate the local-time dependence of IDL occurrence, the
observations were further analyzed using 15-min local-time bins. For each local-time bin, the IDL occurrence rate was
calculated as the number of valid observations in which an IDL was detected divided by the total number of valid observations
in that bin. Seasonal local-time distributions were then constructed to characterize the diurnal morphology of IDL occurrence
and to compare the morning and afternoon occurrence enhancements among the three stations. To identify dominant periodic
components associated with the observed local-time structures, Lomb—Scargle spectral analysis was applied separately to the
seasonal h'IDL series at each station. The analysis focused on periodicities within the 0-36 h range, with particular attention
to the 8-, 12-, and 24-h components corresponding to terdiurnal, semidiurnal, and diurnal variability, respectively. The resulting
normalized Lomb—Scargle spectra were used to compare the dominant periodic characteristics among different seasons and

latitudes.



https://doi.org/10.5194/egusphere-2026-6222
Preprint. Discussion started: 22 October 2026
(© Author(s) 2026. CC BY 4.0 License.

(a) Monthly incidence

100

I Mohe
80 1

60
40|
20t

Occurrence(%)

3456 7 8 9 101121 2

1
0o [EWuhan

80
60
40 1
20 1

Qccurrence(%)

34567 891011121 2
100 _ - [ Fuke
80 ]
60|
40+

2071

Occurrence(%)

3 4567 8 9 101121 2
Month

Occurrence(%) Occurrence(%)

Occurrence(%)

- —_ -

IS~ o » B +'= R oo N B @ O N B R O

o o O O C o O o O O © o o o O o o
T T T T T T T T T T T T

o

EGUsphere®

.(b) Seasonal inpidencel

spring summer autumn winter

spring summer autumn winter

spring summer autumn winter
Season

Preprint repository

Figure 2. Monthly (left column) and seasonal (right column) occurrence rates of the IDL at Mohe, Wuhan, and Fuke from March

2020 to February 2021. Rows from top to bottom correspond to the Mohe, Wuhan, and Fuke stations, respectively.



https://doi.org/10.5194/egusphere-2026-6222
Preprint. Discussion started: 22 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

3 Results
Mohe
+ f—t———+ F————— ——— A+ + + +

£ 180 (a) 1 (b 3 (G
5 ‘\: .- ‘r‘ 4

> L 3 * +
=140+ 7 IRgL I . 5 R
R R .
=100 - S S 1/ —— H'F 1 ‘

12 1 ; ' : ; I R B B B o f——t
= (@ ! (e) . (f
I 8 1 . st r
o i : cagee o fpien-.

A 4- | 1 e e 34 £ o " T
= i | m_ P d )

0 “March | TRt o May

S 180 - (9 (h) ] (iy
é 1 - i "'.,f

1140 ¢ Y ey - SR

=R "SI L . Vi AR TR

= 00 *ﬁr_.“& Feipde R

12 e N :

5 < i) " (k) ()
T 8 jeos v Teian e oNCRRCCRNuL i
= 33 W"q'-'. .".'::- -1:'"1‘ '.'-‘g'!' "".l‘s . e ro
D 4 , m% 'gﬁ’-:-,-r. H{‘@l :
= e *
O! t t t t t b t t t t
‘ 1 JUI?e 1 1 ‘ ) CJuly ‘ ) ‘ AUqUStI ‘
E 180 i~ (m) (n) (0)-
& L o -
- ol - “ =L
20T e L% T r 2. Fm|
T o0l e S . 1

12 R S ‘ D N M - ‘
= (p) (@ i
L s -

I . * ;_" 1 '.'. ’-'.'
g 4 E Lo e T e "
0 September fOctoberf — I\Iovqmbgr ‘
—_ HRNRRRRRRENN t) . (u}
E 180 (s ) ) |
a 140 i o e &
<100t T e an |

12 I ] | R e | } - - - } } + + + + +
N (V (W (X
L 8 T ] TT
1 -

o 4 “ T g T
= S SRk SURBI
e e
cemb January 2021
a7 10 BEGIO 20 1 a4y 7 e 00 22 1 a4 7 10 HEF I, 4 4
LT(Hour) LT (Hour} LT{Hour)

Figure 3. Monthly variations in the virtual height (h'IDL) and maximum frequency (ftIDL) of intermediate descending layers at
Mohe from March 2020 to February 2021. For each month, the upper and lower panels show h'IDL and ftIDL, respectively, as

functions of local time (LT). Different colors represent individual IDL events.
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100  Figure 4. Monthly variations in the virtual height (h'IDL) and maximum frequency (ftIDL) of intermediate descending layers at

Wuhan from March 2020 to February 2021. For each month, the upper and lower panels show h’'IDL and ftIDL, respectively, as

functions of local time (LT). Different colors represent individual IDL events.
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Figure 5. Monthly variations in the virtual height (h'IDL) and maximum frequency (ftIDL) of intermediate descending layers at

105 Fuke from March 2020 to February 2021. For each month, the upper and lower panels show h’IDL and ftIDL, respectively, as

functions of local time (LT). Different colors represent individual IDL events.



110

115

120

125

130

https://doi.org/10.5194/egusphere-2026-6222
Preprint. Discussion started: 22 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Figures 3-5 present the year-long evolution of individual IDL events at Mohe, Wuhan, and Fuke. At all three stations, most
IDLs appear initially in the upper E region and subsequently descend to approximately 100—120 km over several hours,
producing well-defined downward-sloping height-time trajectories. IDL occurrence is predominantly confined to daytime,
although both the event density and local-time distribution exhibit pronounced seasonal and latitudinal differences. At Mohe,
IDL activity is concentrated primarily in spring and summer. During these seasons, two groups of descending trajectories are
frequently observed, with one occurring during the morning and the other during the afternoon or early evening. The afternoon
branch becomes substantially weaker in autumn and is rarely observed in winter, when the total number of IDL events also
decreases markedly. The corresponding ftIDL generally develops from relatively low values, increases during the evolution
of the layer, and subsequently decreases as the event weakens. Wuhan exhibits much more persistent IDL activity throughout
the year. Distinct descending trajectories are present in nearly all months, including winter, and both morning and
afternoon/evening event groups can be identified during much of the year. The local-time coverage is broader than at Mohe,
and many events descend from approximately 140—180 km toward the lower E region. The ftIDL values show substantial
event-to-event variability, particularly during the more active months, while a general increase followed by a decrease is
commonly observed during individual layer evolution. Fuke also exhibits persistent descending structures, but its local-time
organization differs from that at the two higher-latitude stations. Individual events are distributed over a broader daytime
interval, and the separation into distinct morning and afternoon branches is less regular. In several months, afternoon and
evening descending events are comparable to or more prominent than the morning events, and multiple groups of descending
trajectories can occur within the same day. Seasonal variability is also less monotonic than at Mohe, with reduced activity
during parts of summer followed by renewed activity in autumn and winter.

Overall, Figures 3—5 reveal a clear latitudinal transition in IDL occurrence and evolution. Mohe is characterized by strong
seasonal dependence and relatively well-organized morning—afternoon descending structures, Wuhan shows more persistent
year-round activity with a broadly bimodal local-time pattern, and Fuke exhibits a wider and more complex daytime
distribution with weaker separation between the morning and afternoon branches. Despite these regional differences, all three
stations share the common feature of continuous downward motion from the upper E region toward lower altitudes. These
event-scale characteristics provide the observational basis for the subsequent analyses of seasonal occurrence, local-time

morphology, and dominant periodicities.
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Figure 6. Temporal variations of IDL height and maximum frequency over Mohe, Wuhan, and Fuke across seasons. Data from the
Mohe, Wuhan, and Fuke stations are presented in the left, middle, and right columns, respectively. Panels (a)—(f) correspond to

spring, (g)—(l) to summer, (m)—(r) to autumn, and (s)—(x) to winter.

Figure 6 summarizes the seasonal evolution of (h'IDL) and (ftIDL) across the three latitude regions and provides a cross-station
comparison of the event characteristics shown in Figures 3—5. The data are grouped into four seasons: spring (March—May
2020), summer (June—August 2020), autumn (September—November 2020), and winter (December 2020—February 2021).
Overall, IDLs occur predominantly during daytime, with enhanced activity generally observed during the morning and

afternoon/early evening. When (ftIDL) reaches relatively high values, the corresponding (h'IDL) is commonly located near
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140 km. The local-time morphology shows clear latitudinal and seasonal differences. Mohe and Wuhan commonly exhibit a
morning—afternoon double-peak structure, particularly during spring and summer, with the morning enhancement generally
stronger than the afternoon enhancement. At Mohe, the afternoon branch weakens substantially in autumn and becomes much
less evident in winter. Fuke differs from the two higher-latitude stations by exhibiting a broader daytime distribution, in which
the afternoon enhancement can be comparable to or stronger than the morning enhancement, and more than two local maxima
may occur in some seasons. The occurrence times also vary seasonally: at Mohe and Wuhan, the first enhancement generally
occurs from morning to late morning and the second from afternoon to early evening, whereas at Fuke the occurrence is
distributed over a broader daytime interval and the relative strength and number of local maxima vary more strongly with
season. The (ftIDL) values also exhibit systematic temporal evolution during individual IDL events. In the bimodal pattern,
the initial (ftIDL) of the afternoon layer is generally higher than that of the morning layer, with average initial values of
approximately 4.41 and 2.6 MHz, respectively. During the subsequent evolution, (ftIDL) commonly increases during the early
stage and then decreases as the layer weakens. For morning IDLs, the increase is generally more evident during the early stage,
whereas afternoon IDLs tend to show a more gradual decrease after formation. In contrast, (ftIDL) variations are smaller and

relatively stable during months characterized by a predominantly unimodal occurrence pattern.

4 Analysis and Discussion
4.1 Seasonal and latitudinal variations in IDL occurrence

The three stations show clearly different seasonal occurrence patterns. Seasonal variation is strongest at Mohe. IDLs remain
common during most of the year at Wuhan, while their seasonal distribution is less regular at Fuke. As shown in Figure 2, IDL
occurrence at Mohe increases strongly in spring and summer and decreases sharply in winter. Wuhan maintains a relatively
high occurrence rate during most months. Fuke shows larger month-to-month changes and does not have the clear summer
maximum seen at Mohe. All three stations were observed during the same one-year period, and the same criteria were used to
identify IDLs. Thus, the differences are unlikely to be mainly caused by different observation periods or analysis methods.
They more likely show that the background conditions controlling IDL formation change with latitude and season.

The stronger seasonal variation at the higher- and middle-latitude stations agrees with the known seasonal changes in the
neutral atmosphere and E-region ion convergence. Atmospheric tides, especially the semidiurnal tide, change greatly with
season in the mesosphere and lower thermosphere. These changes can affect the strength and vertical structure of wind shear,
which causes metallic ions to converge into thin layers (MacDougall, 1978; Yuan et al., 2008). Earlier studies also found
strong seasonal patterns in sporadic-E occurrence. They linked these patterns to tidal wind shear and the seasonal availability
of meteoric metallic ions (Haldoupis et al., 2007). A global radio-occultation study also showed clear changes in Es intensity
with latitude and season. Es intensity was highest at midlatitudes, and its summer values were two to three times the winter
values (Yu et al., 2019). Using ionosonde data from Sanya, Wuhan, Beijing, and Mohe, Qiu et al. (2021) found that the descent

rates of summer descending Es layers increase with both altitude and latitude. This result provides regional evidence that
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lower-ionospheric processes over China vary with latitude. Es layers and IDLs are not the same type of structure, but both are
closely linked to ion convergence caused by wind shear. These studies therefore provide a useful physical basis for the strong
spring—summer increase and winter decrease found in the present IDL statistics. The continued occurrence of IDLs at Wuhan
also suggests that favorable convergence conditions last for a larger part of the year than at Mohe. This difference may result
from changes in the seasonal behavior of tidal winds with latitude.

At lower latitudes, the seasonal pattern becomes less regular, as shown by the Fuke observations. At the equatorial station of
Thiruvananthapuram, Mridula and Pant (2022) found that IDLs occurred more often during the summer and winter solstices
than during the equinoxes. They also found a higher occurrence probability during low solar activity. Earlier low-latitude
studies showed that neutral-wind shear affects the occurrence and vertical motion of intermediate layers. lonospheric electric
fields and other electrodynamic processes can also affect these layers (Lee et al., 2003; Niranjan et al., 2010; Santos et al.,
2021). These processes may change the simple seasonal pattern expected from tidal forcing alone. The irregular seasonal
distribution at Fuke is therefore consistent with the combined effects of neutral-atmospheric forcing and low-latitude
electrodynamics. Overall, the simultaneous observations at the three stations extend earlier single-station studies. They show
that IDL seasonality changes with latitude: it is strong and clear at Mohe, weaker at Wuhan, and more irregular at Fuke. This
change suggests that the roles of tidal wind shear, metallic-ion availability, and electrodynamic forcing differ among latitude

regions.

12



195

200

https://doi.org/10.5194/egusphere-2026-6222
Preprint. Discussion started: 22 October 2026
(© Author(s) 2026. CC BY 4.0 License.

4.2 Local-time morphology and tidal characteristics
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Figure 7. Temporal variations in the occurrence rate of the IDL. The columns (from left to right) represent data from the Mohe,

Wuhan, and Fuke stations, respectively. The rows (from top to bottom) indicate the Spring, Summer, Autumn, and Winter seasons.

Figure 7 shows clear latitudinal and seasonal differences in the local-time occurrence morphology of IDLs. At Mohe, a distinct

morning—afternoon double-peak structure is evident in spring and summer, with the morning enhancement generally stronger

than the afternoon enhancement. The afternoon branch weakens markedly in autumn, and the distribution becomes

predominantly morning-centered in winter as the overall IDL occurrence decreases. Wuhan exhibits a more persistent

asymmetric double-peak pattern throughout the year. Although the timing and relative strength of the two peaks vary with

season, the morning enhancement consistently exceeds the afternoon enhancement. In contrast, Fuke shows a broader and
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more complex daytime distribution, with less clearly separated morning and afternoon branches. Multiple local maxima are

present in several seasons, and the later daytime enhancement can be comparable to or stronger than the morning enhancement.
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Figure 8. Normalized Lomb-Scargle power spectra of IDL virtual height at Mohe, Wuhan, and Fuke from March 2020 to February
2021. Panels (a)-(c) correspond to spring, (d)-(f) to summer, (g)-(i) to autumn, and (j)-(I) to winter, respectively.

The Lomb—Scargle spectra in Figure 8 show corresponding differences in the periodic characteristics of IDL virtual height. At
Mohe, a pronounced 12-h component is observed in spring and becomes particularly prominent in summer, accompanied by
a weaker component near 24 h. In autumn, the 24-h component becomes relatively more apparent, whereas no robust
periodicity can be identified in winter because of the very limited IDL occurrence. Wuhan exhibits both 12- and 24-h
periodicities, with the 24-h component generally stronger, particularly in autumn and winter. Weaker spectral features at
shorter periods, including near 8 h, are also present in some seasons. At Fuke, the 24-h component is the most persistent
spectral feature and is particularly pronounced in spring, autumn, and winter, while weaker 12-h and shorter-period
components occur intermittently. These spectra therefore indicate that the relative contributions of diurnal-, semidiurnal-, and

higher-frequency periodicities vary with both latitude and season.

Overall, Figures 7 and 8 demonstrate a systematic latitudinal transition in the temporal characteristics of IDLs. Mohe is
characterized by a relatively well-defined morning—afternoon morphology and a prominent semidiurnal signature, especially
in spring and summer; Wuhan shows persistent asymmetric double peaks together with mixed diurnal and semidiurnal

periodicities; and Fuke exhibits a broader multi-peak local-time distribution associated with a persistent diurnal periodicity

14



220

225

230

235

240

245

250

https://doi.org/10.5194/egusphere-2026-6222
Preprint. Discussion started: 22 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

and weaker higher-frequency components. The coexistence of 24-, 12-, and occasionally 8-h spectral features indicates that

IDL variability contains multiple tidal-scale periodicities whose relative prominence changes with latitude and season.

4.3 Tidal modulation of IDL formation and descent

The formation and downward evolution of IDLs can be explained by the classical wind-shear theory. In the E region, long-
lived metallic ions are affected by both the geomagnetic field and neutral winds. Vertical changes in the zonal and meridional
winds cause ion drifts to vary with height. This creates convergence levels where metallic ions gather and form thin ionization
layers. When the wind-shear structure changes with time, these convergence levels can move vertically. The related ionization
layers can then descend. Atmospheric tides are an important source of these changes. Tidal winds repeat with time, and their
amplitude and phase change with altitude. Thus, wind shear directly causes ion convergence, while tides control when and
where favorable shear conditions develop. Tides also control how the convergence levels change with time (Whitehead, 1961;
Axford, 1963; Osterman et al., 1994). A multi-instrument study of the 2017 sudden stratospheric warming event also found
quasi-16-day variations from the lower thermosphere to the topside ionosphere over low-latitude East Asia. This result gives

broader evidence of vertical coupling between the atmosphere and ionosphere (Liu et al., 2020).

The 24-, 12-, and 8-h periods in Figure 8 can be interpreted as signs of diurnal, semidiurnal, and terdiurnal tidal modulation,
respectively. A 24-h diurnal tide produces one large-scale cycle each day. It can create a clear daily difference in the wind-
shear environment. A 12-h semidiurnal tide repeats twice each day. It can therefore create two preferred periods of ion
convergence. This is consistent with the morning and afternoon occurrence peaks observed at Mohe and Wuhan. At Mohe, the
strong 12-h component suggests that the semidiurnal tide is the main periodic component of the background forcing. The
weaker 24-h component may help explain why the two occurrence peaks have different strengths. At Wuhan, the strong 24-
and 12-h components show that both diurnal and semidiurnal tides are important. Both components can contribute to the
persistent but unequal morning and afternoon peaks. This interpretation agrees with earlier studies showing that diurnal and
semidiurnal tidal winds can act together to control intermediate and descending ionization layers through periodic changes in

wind shear (Fujitaka and Tohmatsu, 1973; Mathews and Bekeny, 1979; Szuszczewicz et al., 1995).

The 8-h terdiurnal component provides a faster variation to the wind-shear field. An 8-h tide can repeat about three times each
day. When it acts together with the 24- and 12-h components, it can create more periods of ion convergence and make the
local-time occurrence pattern more complex. This effect is especially important at Fuke. Figure 7 shows a wider daytime
distribution and several occurrence peaks during some periods. Figure § also shows that the 24-h component remains dominant,
while the 12-h component is weaker. The 8-h component should therefore be treated as a secondary modulation added to the
dominant diurnal tide. It is not the main controlling component. When the semidiurnal component is weak, the effect of the 8-
h component may become easier to identify. It may then change the timing and relative strength of the daytime occurrence
peaks. Similar 8-h variations have been found in observations of sporadic-E and related ionospheric layers and have been

linked to terdiurnal tides (Haldoupis and Pancheva, 2006). Overall, the observations show a change with latitude. Semidiurnal
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modulation is stronger at Mohe. Diurnal and semidiurnal tides both play important roles at Wuhan. At Fuke, the diurnal tide
is dominant, while the terdiurnal tide provides a secondary contribution. These tidal components can act together to control
the temporal and vertical changes in wind-shear convergence. This provides a clear physical explanation for the observed

differences in IDL occurrence and descent with latitude.

5 Conclusions

The present multi-station observations reveal pronounced latitude- and season-dependent characteristics of intermediate
descending layers over China. IDLs at all three stations generally form in the upper E region and descend toward approximately
100-120 km over several hours, but their occurrence climatology and local-time morphology vary systematically with latitude.
Mohe exhibits the strongest seasonal dependence, with enhanced activity in spring and summer and markedly reduced
occurrence in winter, whereas Wuhan maintains relatively persistent IDL activity throughout the year. Fuke shows a broader
and less regular seasonal and local-time distribution, with afternoon occurrence occasionally exceeding the morning
occurrence and multiple local maxima appearing in some seasons. The combined local-time statistics and Lomb-Scargle
spectra further indicate a latitude-dependent transition in tidal modulation. At Mohe, semidiurnal forcing provides the
dominant dynamical background, while diurnal modulation contributes to the asymmetric morning-afternoon occurrence
pattern. At Wuhan, diurnal and semidiurnal tides jointly regulate the persistent double-peak structure, with their relative
contributions varying seasonally. At Fuke, diurnal modulation is dominant, whereas the semidiurnal contribution is weaker. A
secondary terdiurnal component may also contribute to the afternoon-enhanced and occasionally multi-peak morphology.
These results suggest that the observed statistical differences in IDL occurrence and descent are organized by the seasonally
and latitudinally varying superposition of atmospheric tides, acting through wind-shear-driven ion convergence, while

background plasma and electrodynamic conditions further modulate the occurrence and detectability of individual layers.

Data availability

The ionogram image data of Mohe and Wuhan and Fuke stations used to describe the text in the study can be publicly obtained
through the Chinese Meridian Project (https://data.meridianproject.ac.cn/) in ionogram image of digital ionosonde (Chinese
Meridian Project, 2011); The ionogram data is computed and processed by SAO software version 3.6.1 under Global

Ionosphere Radio Observatory (GIRO) (https://giro.uml.edu/didbase/).

16



280

285

290

295

300

https://doi.org/10.5194/egusphere-2026-6222
Preprint. Discussion started: 22 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Author contributions

MY conducted the data analysis and prepared the original draft of the manuscript. GC substantially revised the manuscript and
contributed to the interpretation of the physical mechanisms underlying IDL formation and descent. XC and MZ organized the
observational datasets. YJ contributed to manuscript editing and language refinement. All authors participated in discussing

the results and reviewing the manuscript.

Competing interests

The contact author has declared that none of the authors has any competing interests.

Acknowledgements

We acknowledge the use of data from the Chinese Meridian Project.

Financial support

This research has been supported by the National Natural Science Foundation of China (grant nos. 42274197).

References

Achatz, U, Grieger N, Schmidt H. 2008. Mechanisms controlling the diurnal solar tide: Analysis using a GCM and a linear
model[J]. Journal of Geophysical Research: Space Physics, 113 (A8). doi:10.1029/2007JA012967

Appleton, E V. 1933. Fine-Structure of the Ionosphere[J]. Nature, 131 (3320): 872-873.doi:10.1038/131872a0

Axford, W I. 1963. The formation and vertical movement of dense ionized layers in the ionosphere due to neutral wind
shears[J]. Journal of Geophysical Research, 68 (3): 769-779.d0i:10.1029/JZ2068i1003p00769

Carter, L N, Forbes J M. 1999. Global transport and localized layering of metallic ions in the upper atmosphere[J]. Ann.
Geophys., 17 (2): 190-209. doi:10.1007/s00585-999-0190-6

Chen, G., Cai, X., Zhang, S., Gong, W., Yang, G., Wang, Y., et al. (2024). Intermediate descending layers emerged
simultaneously in five different locations during the solar eclipse on 21 June 2020. Journal of Geophysical Research: Space
Physics, 129, €2023JA032340. https://doi.org/10.1029/2023JA032340

Earle, G D, Bishop R L, Collins S C, Gonzalez S A, Sulzer M P. 2000. Descending layer variability over Arecibo[J]. Journal
of Geophysical Research: Space Physics, 105 (A11): 24951-24961. doi:10.1029/2000JA000029

17



305

310

315

320

325

330

335

https://doi.org/10.5194/egusphere-2026-6222
Preprint. Discussion started: 22 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Fesen, C G, Dickinson R E, Roble R G. 1986. Simulation of the thermospheric tides at equinox with the National Center for
Atmospheric Research Thermospheric General Circulation Model[J]. Journal of Geophysical Research: Space Physics, 91
(A4): 4471-4489. doi:10.1029/JA0911A04p04471

Forbes, J M, Vial F. 1989. Monthly simulations of the solar semidiurnal tide in the mesosphere and lower thermosphere[J].
Journal of Atmospheric and Terrestrial Physics, 51 (7): 649-661. doi:10.1016/0021-9169(89)90063-9

Fujitaka, K, Tohmatsu T. 1973. A tidal theory of the ionospheric intermediate layer[J]. Journal of Atmospheric and Terrestrial
Physics, 35 (3): 425-438. doi:10.1016/0021-9169(73)90034-2

Haldoupis, C, Pancheva D. 2006. Terdiurnal tidelike variability in sporadic E layers[J]. Journal of Geophysical Research:
Space Physics, 111 (A7). doi:10.1029/2005JA011522

Haldoupis, C, Pancheva D, Singer W, Meek C, Macdougall J. 2007. An explanation for the seasonal dependence of midlatitude
sporadic E layers[J]. Journal of Geophysical Research: Space Physics, 112 (A6). doi:10.1029/2007JA012322

Haldoupis, C: A Tutorial Review on Sporadic E Layers, Abdu M A, Pancheva D, editor, Aeronomy of the Earth's Atmosphere
and lonosphere, Dordrecht: Springer Netherlands,2011: 381-394.

Haldoupis, C. (2012). Midlatitude sporadic E. A typical paradigm of atmosphere-ionosphere coupling. Space Science Reviews,
168(1-4), 441-461. https://doi.org/10.1007/s11214-011-9786-8

Harper, R M. 1977. Tidal winds in the 100- to 200-km region at Arecibo[J]. Journal of Geophysical Research, 82 (22): 3243-
3250. doi:10.1029/ja082i022p03243

Heelis, R A. 1999. Ionization layers observed at middle latitudes by Atmosphere Explorer-C[J]. Journal of Atmospheric and
Solar-Terrestrial Physics, 61 (5): 407-414. doi:10.1016/S1364-6826(98)00153-9

Lee, CC, LiuJ Y, Pan C J, Hsu H H. 2003. The intermediate layers and associated tidal motions observed by a digisonde in
the equatorial anomaly region[J]. Ann. Geophys., 21 (4): 1039-1045.doi:10.5194/angeo-21-1039-2003

Liu, J., Zhang, D. H., Hao, Y. Q., and Xiao, Z. 2020. Multi-instrumental observations of the quasi-16-day variations from the
lower thermosphere to the topside ionosphere in the low-latitude eastern Asian sector during the 2017 sudden stratospheric
warming event[J]. Journal of Geophysical Research: Space Physics, 125: €2019JA027505. doi:10.1029/2019JA027505
Macdougall, J W. 1974. 110 km neutral zonal wind patterns[J]. Planetary and Space Science, 22 (4):545-558.
doi:10.1016/0032-0633(74)90089-0

MacDougall, J. (1978). Seasonal variation of semidiurnal winds in the dynamo region. Planetary and Space Science, 26(8),
705-714. https://doi.org/10.1016/0032-0633(78)90001-6

Macdougall, J] W, Plane J] M C, Jayachandran P T. 2000. Polar cap Sporadic-E: part 2, modeling[J]. Journal of Atmospheric
and Solar-Terrestrial Physics, 62 (13): 1169-1176. doi:10.1016/S1364-6826(00)00092-4

Mathews, J D, Bekeny F S. 1979. Upper atmosphere tides and the vertical motion of ionospheric sporadic layers at Arecibo[J].
Journal of Geophysical Research: Space Physics, 84 (A6): 2743-2750. doi:10.1029/JA084iA06p02743

Mayr, H G, Mengel J G, Chan K L, Porter H S. 1998. Seasonal variations of the diurnal tide induced by gravity wave filtering[J].
Geophysical Research Letters, 25 (7): 943-946. doi:10.1029/98GL00637

18



340

345

350

355

360

365

https://doi.org/10.5194/egusphere-2026-6222
Preprint. Discussion started: 22 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Morton, Y T, Mathews J D, Zhou Q. 1993. Further evidence for a 6-h tide above Arecibo[J]. Journal of Atmospheric and
Terrestrial Physics, 55 (3): 459-465. doi:10.1016/0021-9169(93)90081-9

Mridula, N., and Pant, T. K. 2022. Occurrence features of intermediate descending layers [IL] over the equatorial location of
Thiruvananthapuram[J]. Advances in Space Research, 69(5): 2102-2110. doi: 10.1016/j.asr.2021.12.003

Niranjan, K, Srivani B, Naidu V V S. 2010. Daytime descending intermediate layers observed over a sub-tropical Indian station
Waltair during low-solar activity period[J]. Ann. Geophys., 28 (3):807-815. doi:10.5194/angeo-28-807-2010

Oberheide, J, Forbes J M, Zhang X, Bruinsma S L. 2011. Climatology of upward propagating diurnal and semidiurnal tides in
the thermosphere[J]. Journal of Geophysical Research: Space Physics, 116 (A11). doi:10.1029/2011JA016784

Osterman, G B, Heelis R A, Bailey G J. 1994. Modeling the formation of intermediate layers at Arecibo latitudes[J]. Journal
of Geophysical Research: Space Physics, 99 (A6): 11357-11365. doi:10.1029/94JA00519

Qiu, L., Zuo, X., Yu, T., Sun, Y., Liu, H., Sun, L., and Zhao, B. 2021. The characteristics of summer descending sporadic E
layer observed with the ionosondes in the China region[J]. Journal of Geophysical Research: Space Physics, 126(3):
¢2020JA028729. doi:10.1029/2020JA028729

Ratcliffe, J A, White E L C. 1933. Fine-Structure of the lonosphere[J]. Nature, 131 (3320): 873-873.d0i:10.1038/131873a0
Rodger, A S, Fitzgerald P H, Broom S M. 1981. The nocturnal intermediate layer over South Georgia[J]. Journal of
Atmospheric and Terrestrial Physics, 43 (10): 1043-1050.doi:10.1016/0021-9169(81)90018-0

Santos, A M, Batista I S, Brum C G M, Sobral J H A, Abdu M A, Souza J R. 2021. F Region Electric Field Effects on the
Intermediate Layer Dynamics During the Evening Prereversal Enhancement at Equatorial Region Over Brazil[J]. Journal of
Geophysical Research: Space Physics, 126 (3): €2020JA028429. doi:10.1029/2020JA028429

Schafer, J P, Goodall W M. 1933. Characteristics of the Ionosphere[J]. Nature, 131 (3318): 804-804.d0i:10.1038/131804a0
Smith, A K, Pancheva D V, Mitchell N J. 2004. Observations and modeling of the 6-hour tide in the upper mesosphere[J].
Journal of Geophysical Research: Atmospheres, 109 (D10). doi:10.1029/2003JD004421

Szuszczewicz, E P, Roble R G, Wilkinson P J, Hanbaba R. 1995. Coupling mechanisms in the lower ionospheric-
thermospheric system and manifestations in the formation and dynamics of intermediate and descending layers[J]. Journal of
Atmospheric and Terrestrial Physics, 57 (12): 1483-1496. doi:10.1016/0021-9169(94)00145-E

Tong, Y, Mathews J D, Ying W P. 1988. An upper E region quarter diurnal tide at Arecibo? [J]. Journal of Geophysical
Research: Space Physics, 93 (A9): 10047-10051. doi:10.1029/JA0931A09p10047

Wang, C. (2010). New chains of space weather monitoring stations in China. Space Weather, 8(8), Article SO08001.
https://doi.org/10.1029/2010SW000603

Whitehead, J D. 1961. The formation of the sporadic-E layer in the temperate zones[J]. Journal of Atmospheric and Terrestrial
Physics, 20 (1): 49-58. doi:10.1016/0021-9169(61)90097-6

Whitehead, J D. 1989. Recent work on mid-latitude and equatorial sporadic-E[J]. Journal of Atmospheric and Terrestrial
Physics, 51 (5): 401-424. doi:10.1016/0021-9169(89)90122-0

19



370

375

https://doi.org/10.5194/egusphere-2026-6222
Preprint. Discussion started: 22 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Wilkinson, P J, Szuszczewicz E P, Roble R G. 1992. Measurements and modelling of intermediate, descending, and sporadic
layers in the lower ionosphere: Results and implications for global-scale ionospheric-thermospheric studies[J]. Geophysical
Research Letters, 19 (2): 95-98. doi:10.1029/91GL02774

Yamazaki, Y, Richmond A D. 2013. A theory of ionospheric response to upward-propagating tides: Electrodynamic effects
and tidal mixing effects[J]. Journal of Geophysical Research: Space Physics, 118 (9): 5891-5905. doi:10.1002/jgra.50487
Yu, B., Xue, X., Yue, X., Yang, C., Yu, C., Dou, X., Ning, B., and Hu, L. 2019. The global climatology of the intensity of the
ionospheric sporadic E layer[J]. Atmospheric Chemistry and Physics, 19: 4139—4151. doi:10.5194/acp-19-4139-2019

Yuan, T, Schmidt H, She C Y, Krueger D A, Reising S. 2008. Seasonal variations of semidiurnal tidal perturbations in
mesopause region temperature and zonal and meridional winds above Fort Collins, Colorado (40.6°N, 105.1°W)[J]. Journal

of Geophysical Research: Atmospheres, 113 (D20). doi:10.1029/2007JD009687

20



