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Key Points:
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e The troughs with T; or Vi-maximum tend to locate closer to the auroral edge on the nightside and in the southern hemisphere.
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Abstract: Statistical characteristics and the classification of the topside ionospheric mid-latitude trough are systemically analyzed, using
observations from the Defense Meteorological Satellite Program F18 (DMSP-F18) satellite. The data was obtained at an altitude of around
860 km in near polar orbit, throughout 2013. Our study identified the auroral boundary based on the in-situ electron density and electron
spectrum, allowing us to precisely determine the location of the mid-latitude trough. This differs from most previous works, which only
use Total Electron Content (TEC) or in-situ electron density. In our study, the troughs exhibited a higher occurrence rate in local winter
than in summer, and extended to lower latitudes with increasing geomagnetic activity. It was found that the ionospheric mid-latitude
trough, which is associated with temperature changes or enhanced ion drift, exhibited distinct characteristics. Specifically, the
ionospheric mid-latitude troughs related to electron temperature (T.) peak were located more equatorward of auroral oval boundary in
winter than in summer. The ionospheric mid-latitude troughs related to T.-maximum were less frequently observed at 60—70°S magnetic
latitude and 90—240°E longitude. Furthermore, the troughs related to ion temperature (T;) maximums were observed at relatively higher
latitudes, occurring more frequently in winter. In addition, the troughs related to ion velocity (V;) maximums could be observed in all
seasons. The troughs with the maximum-T; and maximum-V; were located closer to the equatorward boundary of the auroral oval at the
nightside, and in both hemispheres. This implies that enhanced ion drift velocity contributes to increased collisional frictional heating

and enhanced ion temperatures, resulting in a density depletion within the trough region.
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1. Introduction

The mid-latitude trough is a phenomenon characterized by a
significant depletion of ionospheric plasma density in the mid-
latitude region, close to the equatorward boundary of auroral
precipitation (Rodger, 2008). The plasma density depletion, along
with the large density gradient at the equatorward and poleward
edges of the trough region, can significantly affect the propagation
of radio waves (Spogli et al., 2009). Various physical processes
could contribute to the formation of the mid-latitude troughs,
including nighttime plasma depletion due to lack of sunlight,
auroral convection and co-rotation patterns (Spiro et al., 1978;
Evans et al.,, 1983), sub-auroral ion drift (SAID) (Spiro et al., 1979;
Rodger et al.,, 1992; Rodger, 2008), and density enhancement at
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polar regions (Rodger et al., 1986).

Since the first work of the ionospheric mid-latitude trough
conducted by Muldrew (1965), many studies have revealed the
characteristics of such troughs. These include seasonal variations,
local time differences, and solar and geomagnetic activities affect-
ing the position and occurrence rate of mid-latitude troughs.
Higher rate of occurrence of the mid-latitude trough in winter or
equinox is commonly observed; the troughs are primarily
observed during winter, and exhibit a higher occurrence rate in
local winter compared to local summer (Moffett and Quegan,
1983; Voiculescu et al., 2006; Lee et al., 2011; Ishida et al., 2014; Aa
et al, 2020). In some cases, the occurrence rate reaches its maxi-
mums at the equinox rather than in winter (Moffett and Quegan,
1983; Aa et al., 2020). The trough position also greatly depends on
local time, occurring at relatively higher and lower magnetic lati-
tudes in pre-midnight and post-midnight sectors (Karpachev,
2019). This local time variation is more pronounced in summer
than in winter (Yang N et al.,, 2016). Furthermore, trough positions
are significantly influenced by geomagnetic activity, with the
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trough minimum moving equatorward with increased geomag-
netic activity (Muldrew, 1965; Kdhnlein and Raitt, 1977; Karpachev
etal., 1996; Yang N et al., 2015; Aa et al., 2020).

Although the characteristics of the ionospheric mid-latitude
trough and its formation process are well studied, the classifica-
tions and detailed descriptions of ionospheric mid-latitude
troughs and their correspondence to different physical parameters
and processes are not fully explored. Rodger et al. (1992) provided
the relationship between the ionospheric mid-latitude troughs
and the characteristic temperatures, ion velocity, and composition
for each trough type. However, the statistical characteristics of
these troughs and their association with different physical param-
eters were not well understood. Moreover, previous studies have
tended to use only TEC or in-situ electron density to determine
the location of the mid-latitude trough, a method that carries
significant uncertainty and does not take into account information
from the auroral boundary. In this study, we utilized the electron
energy spectrum data from auroral particle spectrometer Special
Sensor J (SSJ), along with electron density, electron and ion
temperature, and ion drift velocity from the topside thermal
plasma monitor Special Sensor for lon and Electron Scintillation
(SSIES) of the Defense Meteorological Satellite Program F18
(DMSP-F18) satellite. These data allowed us to accurately identify
the auroral boundary of the mid-latitude troughs, and investigate
their characteristics as well as their relationship with different
physical parameters and processes.

2. Dataset

The DMSP is a series of satellites with polar orbits. Each DMSP
satellite operates in a sun-synchronous, near-polar orbit (~98.9°
inclination), with a period of approximately 101 minutes at an alti-
tude of around 860 km. This inclination enables the observation of
the auroral oval and the mid-latitude trough at higher latitudes.
The DMSP spacecraft carries space environment sensors, including
the Special Sensor J (SSJ), the Special Sensor Magnetometer
(SSM), the Special Sensor for lon and Electron Scintillation (SSIES)
instruments, the Special Sensor Ultraviolet Spectrographic
Imagers (SSUSI), and the Special Sensor Ultraviolet Limb Imager
(SSULI) (Ober et al., 2014). In our dataset, the SSJ and SSIES data
from the DMSP-F18 are chosen. DMSP-F18 was launched on Octo-
ber 18, 2009, and carried the sensors including SSJ5 and SSIES3. In
2013, during the periods of higher solar activity, the DMSP-F18
was at around 08 and 20 local time (LT), when mid-latitude
troughs could be frequently observed. SSJ could provide a
complete spectrum of the low-energy particles associated with
the aurora and other high-latitude phenomena. Both the ion and
electron spectrum and the energy flux from 30 eV to 30 keV, with
a time resolution of one second, are used. Because we could
observe clear, discontinuous boundaries of the electron spectrum
in the dataset, electron spectrums were chosen which define the
auroral oval boundary. Whenever the spectrum data of the SSJ is
not available, or no clear auroral boundary is observed, a constant
limit of the magnetic latitude from 40° to 65° is applied. SSIES
provides the electron density (Ne), the electron temperature (Te),
ion temperature (T;), ram drift ion velocity (Vy), horizontal
crosstrack ion velocity (V,), and the vertical crosstrack ion velocity
(V2) from its retarding potential analyzer (RPA) and the ion drift

meter (IDM). This approach enables us to identify the trough posi-
tion based on the auroral oval, and simultaneously analyze abnor-
mal temperature changes or velocity peaks within the vicinity of
the mid-latitude trough. This allows for classification of different
troughs and investigation into their possible relationships.

3. Instances of the lonospheric Mid-latitude Trough
Figure 1 shows an example of the mid-latitude trough, observed
from the DMSP-F18 on December 25, 2013. The mid-latitude
trough is generally defined as the depletion of plasma density in
regions located between the mid-latitude and the auroral oval. Aa
et al. (2020) used the magnetic latitude range of 45° to 75°, while
Yang N et al. (2018) used a magnetic latitude range of 40° to 80° to
define the locations of mid-latitude troughs. In this study, we
defined the troughs as occurring between a lower magnetic lati-
tude of 40° and the equatorward boundary of the auroral oval. We
identified the equatorward boundary of the auroral oval using the
SSJ electron energy spectrum, rather than assuming a fixed
magnetic latitude. As shown in Figure 1a, the electron spectrum
ranges from 30 eV to 30 keV. Newell et al. (1996) identified the
auroral boundary using the two lowest energy channels of the SSJ
instrument. Moving from lower to higher latitudes, an increase in
energy flux by a factor of 2 indicates the location of the boundary.
However, background noise can sometimes be strong in these
channels. Therefore, more channels and a higher detection
threshold are adopted in this work. When more than four energy
channels from 30 eV to 1 keV showed a clear discontinuity (with
differential energy flux exceeding 106 eV/(cm?s:sr-eV)), we identi-
fied this as the equatorward boundary of the auroral oval. This
boundary was then taken as the poleward boundary of the trough
position. As shown in Figure 1a, the electron spectrums were
significantly enhanced in most energy channels at 6:38 UT in the
northern hemisphere, and at 7:28 and 7:37 UT in the southern
hemisphere, all of which clearly show the auroral boundaries.
Additionally, the SSJ could provide information on auroral precipi-
tation. We observed a clear increase in the electron spectrum
inside the auroral oval around 6:39 UT, which is consistent with
the simultaneously observed increase of electron density (shown
in Figure 1b). The auroral precipitation, represented by the
increased electron spectrum, clearly contributes to formation of
the poleward edge of the mid-latitude trough.

In addition to auroral precipitation, the increased temperature
and enhanced ion drifts also could contribute to trough forma-
tion. Figures 1b, ¢, and d depict the mid-latitude troughs observed
from SSIES data, along with temperature and ion drift speeds. The
quality flags of SSIES data were noted as ‘bad’ whenever the data
was deemed invalid (according to the quality flags described in
the SSIES-3 introduction document: https://spdf.gsfc.nasa.gov/
pub/data/dmsp/documents/). Invalid data flagged as 'bad' or
'cautious' were removed, along with discontinuous or abnormal
data (e.g. the abnormal electron temperatures in the northern
hemisphere). To identify the troughs from the electron density
data (Figure 1b), we set the threshold of trough depth to at least
1.6 times the density of the trough minimum. Trough depth is
expressed as the density drop from the lower density maximum
to the trough minimum. In cases where multiple troughs are
observed, the most prominent one (that with the largest
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Figure 1. An example of trough identification. (a) displays the electron energy spectrum observed by the SSJ instrument on the DMSP satellite,
where auroral boundary is clearly visible and its position identified. (b—d) show data from the SSIES instrument, also on DMSP. (b) plots the ion
density, where two troughs are detected in the northern hemisphere: one in the mid-latitude region (mid-latitude trough) and another within the
auroral oval (high-latitude trough). (c) illustrates the electron (black) and ion (red) temperatures, while (d) presents the ion drift velocities. Both
the mid-latitude and high-latitude troughs were associated with simultaneous temperature increase or fast ion drift.

width x depth) was selected. After the automatic scan, we then
scan manually, to ensure the validity of the trough identification.
As shown in Figure 1b, a significant mid-latitude trough was
observed at 6:36 UT and 71.6° MLAT.

lon temperature (T;), electron temperature (), and ion velocities
(Figure 1c and 1d) were used to analyze the relationship between
the mid-latitude trough, abnormal temperature change, and fast
ion drifts. As shown in Figures 1b and 1c, a substantial increase in
the ion temperature (reaching 5000 K) occurred within the trough
valley. Simultaneously, the trough was accompanied by increased
ion drift velocity. Vi, V), and V; near the trough reached 1000,
1500, and 700 m/s, respectively, compared to the 0 m/s at 55°
MLAT and less than 500 m/s from the equator to 55° MLAT. These
significant increases in temperature and ion drift velocities were
observed near the trough minimum, coinciding with the
increased electron spectrum.

Figure 2 presents another case where the trough was observed
without significant temperature change or enhanced ion drift
velocity. In this case, the ion temperature remained at around
1000 K, with only a slight decrease in the trough region. The ion
drift velocity stayed below 500 m/s, showing no notable increase.
The trough was detected just equatorward of the region with the
enhanced auroral precipitation. These two cases showed that
different factors could contribute to trough formation, indicating
that the classification of troughs is quite complex.

After manually scanning and classifying the data, we further iden-
tified prominent peaks and valleys in electron or ion temperature,
and the velocity peaks, within 2° of the trough minimum. Temper-
ature threshold was defined as temperature changes exceeding
500 K while the velocity threshold was set for the peaks exceeding
500 m/s. These events are further labeled as Te- & T;-maximum
(and minimum) and V;-maximum for convenience. We assume
that these factors could potentially be related to trough forma-
tion, and this classification will be discussed in detail later.

4, Statistical Results

4.1 Statistical Variations of the Mid-Latitude Trough

First, we conducted a statistical analysis of the mid-latitude trough
characteristics. Figure 3 depicts the temporal distribution of the
occurrence rate and magnetic latitude position of the mid-latitude
troughs, observed from DMSP in 2013. A clear annual variation of
the trough occurrence rate, with a higher occurrence rate in local
winter, was observed at 08 and 20 LT in both hemispheres. In the
northern hemisphere, the troughs were primarily observed from
January to March, and from October to December at 20 LT (the
local winter), with the occurrence rates exceeding 0.8 in January
and December. By contrast, during local summer (April to August),
the troughs rarely occurred. This winter-dominant pattern was
also observed at 08 LT in the southern hemisphere.

Although the occurrence rate was consistently higher in local
winter at both local times, there was a significant difference
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Figure 2. Another example of the trough, but without obvious temperature maximum and minimum or the ion drift velocity peak around the
mid-latitude trough.
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Figure 3. Variation of the occurrence rate (a, ¢, e, and g) and the latitude position (b, d, f, and h) of the mid-latitude trough during 2013. The top
and bottom panels are for northern and southern hemispheres, respectively.
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between two local times. At 08 LT in the northern hemisphere,
troughs were observed almost exclusively in January and Decem-
ber, with occurrence rates of around 0.2, significantly lower than
the nighttime observation at 20 LT. This pattern of lower trough
occurrence at dayside was also observed in the southern hemi-
sphere. At 20 LT in the southern hemisphere, the occurrence rate
peaked at around 0.7—0.8 during the equinoxes. This could result
from the higher relative geomagnetic activity during equinoxes
(Aa et al.,, 2020). At 08 LT, the trough occurrence rate reached 0.4
during local winter, and dropped to nearly 0 in the local summer.

The higher occurrence rate during local winter is consistent with
previous studies (Lee et al, 2011; Ishida et al., 2014; Aa et al,,
2020). Meanwhile, the significantly lower trough occurrence rate
at 08 LT in both hemispheres is consistent with earlier findings.
Our dataset is based on in-situ observation at an altitude of
around 860 km in the topside ionosphere during 2013 (a period of
relatively higher solar activity during which the ionosphere
expanded due to the increased temperature and scale height).
Meanwhile, Aa et al. (2020) used the SWARM data collected at
around 500 km. Additionally, as we discuss later, differences in the
ion drift velocity peak between 08 and 20 LT may also contribute
to this difference in occurrence rate.

Additionally, we analyzed the variation in trough position
throughout 2013. In the northern hemisphere, at around 20 LT
(Figure 3b), the magnetic latitude of the trough was approximately
70° during local winter, extending to lower latitudes in the local
summer. However, the trough position determination in the local
summer is challenging due to the low rate of occurrence. These
seasonal and latitudinal variations in trough observations in the
northern hemisphere align with the findings of Aa et al. (2020). At
08 LT on the dayside, the occurrence rate was too low to establish
a clear trend over the year. By contrast, the southern hemisphere
exhibited less pronounced seasonal variations of the observed
trough position. At 20 LT, the average trough position ranged
from around 63° magnetic latitude in the local winter, to 67° in the
local summer. The troughs in the southern hemisphere spanned a
wider range of the geomagnetic latitudes in the local winter as
compared to summer. At 08 LT, the troughs also covered a
broader magnetic latitude range, with no significant differences
from month to month.

Figure 4 presents the distribution of mid-latitude troughs in terms
of magnetic latitude and longitude. We compared trough positions
during periods of relatively lower and higher geomagnetic activi-
ties, represented by Kp indices from 0-3 and 3-6, respectively. In
Figure 4a, the northern hemisphere shows a longitudinal difference
in the magnetic latitude position of the trough. At most longitudes
in the eastern hemisphere, the trough was observed around 66°
magnetic latitude, while it was near 70° at around 270° longitude
(western hemisphere). When the Kp index increases from 0-3 to
3-6, a similar variation pattern is observed, with the trough’s
highest averaged magnetic latitude being around 62° at 270°
longitude, and the lowest around 59° at 0° longitude. The trough
shifted approximately 8° equatorward as the Kp index increased.

A similar pattern of longitudinal and magnetic-latitudinal variation
was observed in the southern hemisphere when comparing lower
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and higher geomagnetic activity. On the nightside (Figure 4c), the
trough was near 60°S MLAT and 270° longitude, shifting poleward
to around 67°S MLAT at 60° longitude. The trough position moved
equatorward by about 7° across all longitudes when the Kp index
increased from 0-3 to 3—6. On the dayside (Figure 4d), the trough
reached its maximum (70°S MLAT) and minimum magnetic latitude
(58°S MLAT) at 180°E and 330°E, respectively. Despite some data
gaps at higher Kp values, the equatorward shift of the trough
during increased geomagnetic activity was evident. These results
are consistent with previous studies (Karpachev et al.,, 1996, 2019;
Karpachev, 2019), showing that the trough was more poleward
around 180° longitude, and shifted equatorward at the longitude
near 330°.

Figure 5 illustrates the trend of the mid-latitude trough minimum
and the auroral equatorward boundary as a function of geomag-
netic activity. As the Kp index increases, both the trough minimum
and the auroral equatorward boundary shift equatorward.
However, the trough moved faster than the equatorward bound-
ary, resulting in an increasing magnetic latitude gap between the
trough minimum and the auroral equatorward boundary as
geomagnetic activity intensified. A possible link between the
trough and the plasmapause has been proposed (Yizengaw et al.,
2005; Yizengaw and Moldwin, 2005). Typically, the trough maps to
the plasmapause, and the auroral particle precipitation originates
primarily from the plasma sheet. This widening gap, illustrated in
Figure 5, implies that the separation between the ionosphere
projections of the plasmapause and the plasma sheet is increasing
with geomagnetic activity.

4.2 Relationship Between the Trough and lonospheric
Parameters

The physical mechanisms underlying the mid-latitude trough are
complex. Rodger et al. (1992) proposed a rough classification of
these troughs based on the characteristics of ion velocity (Vj), elec-
tron temperature (T), ion temperature (T;), and ion composition.
Stagnation troughs are associated with high T, and normal V; and
Ti; High E-field troughs are characterized by both high V; and high
Ti. SAID troughs display simultaneously high V,, T, and T;. Other
troughs between patches do not exhibit enhancements in V;, T,
or Ti. Since variations of the V;, T, and T; can indicate different
physical processes, we performed a statistical analysis of the rela-
tionship between the mid-latitude trough and these parameters.

Figure 6 shows the seasonal and longitudinal variations of the mid-
latitude trough in relation to various physical parameter changes,
as observed by the DMSP. The southern hemisphere data at the
nightside (20 LT) from DMSP-F18 was used due to the higher
trough occurrence rate during this period. After manually scanning
the mid-latitude troughs, we noticed that they were often accom-
panied by either elevated electron temperature, high ion temper-
ature with increased ion drift speed, or occasionally lower electron
or ion temperature. Based on this, we categorized the troughs
according to whether abnormal T, T;, and V; were present.
Troughs without any noticeable T, T;, and V; changes were classi-
fied as “normal troughs”.

As seenin Figure 6a, the Te-maximum troughs occurred at relatively
lower latitudes (around 60°S) during local winter (from May to
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Figure 4. Longitudinal variation of the magnetic latitude position of the mid-latitude trough for the relatively quiescent condition (Kp from 0 to

3, blue dots) and higher geomagnetic activity (Kp from 3 to 6, red dots).

August), and shifted poleward in local summer. By contrast, the
Te-minimum troughs were observed at higher latitudes (between
60°S to 70°S), and showed a seasonal preference: they appeared
more frequently during the equinoxes, and were mostly absent in
December and January.

Figure 6b shows the distribution of the troughs in terms of
magnetic latitude and geographic longitude. The Te-minimum
troughs appear at all longitudes and latitude ranges. By contrast,
the occurrence of the T.-maximum troughs exhibited a distinct
preference for specific longitudes and magnetic latitudes.
Notably, Te-maximum troughs were completely absent in the
longitude range of 90° to 240° and magnetic latitude range of 60°
to 70° in the southern hemisphere. These troughs with T,
enhancements were found in other longitudes and magnetic lati-
tude regions.

Figure 6¢ and 6d illustrate the distribution of the troughs related
to ion temperature maxima and minima. Ti-maximum troughs
were predominantly observed between April and October (local

winter in the southern hemisphere), and occurred at a relatively
higher magnetic latitude, ranging from 60° to 70°. Interestingly,
this region was complementary to where Te-maximum troughs
were found, with Te-maximum troughs being located at lower lati-
tudes (around 60°) during the same period. Ti-minimum troughs
were more frequently observed than Ti-maximum troughs, and
followed a similar magnetic latitude and temporal distribution
pattern to all troughs. Figure 6d shows the latitudinal and longitu-
dinal distribution of these troughs. Notably, Ti-maximum troughs
were concentrated within the longitudinal range of approximately
0° to 60°, and between 60° to 70° magnetic latitude. While the
data from 90° to 240° longitude also covered the magnetic latitude
range from 60° to 70° the Ti-maximum troughs were absent in
this region, a distribution similar to that of the T.-maximum
troughs. The Ti-minimum troughs, however, were distributed
across all longitudes, with higher occurrences between longitudes
300° and 120°, and fewer observed from 120° to 300°.

Both T; and V; could be associated with mid-latitude troughs.
Rodger (2008) indicated that the magnitude of electric field has
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significant impact on ion temperature T;. For instance, within the
SAID, T; could exceed 3000 K, accompanied by a plasma velocity
of over 1 km/s. The enhanced electric field leads to a larger ion
drift, which in turn increases T. Additionally, energy transfer from
ions to electrons could further enhance electron temperature Te.
To explore this relationship, Figures 6e and 6f illustrate the distri-
bution of troughs related to the velocity and ion temperature
peaks. It can be clearly seen that the troughs associated with V;
peaks occurred throughout the year, predominantly within the
geomagnetic latitude range of 60° to 70°. As shown in Figure 6f, V;-
maximume-related troughs were mainly observed from 330° to
120° longitude, and within 60° to 70° magnetic latitude range in
the southern hemisphere at 20 LT. T-maximum-related troughs,
compared with Vi-maximum-related troughs, displayed a similar
pattern in both longitude and latitude distribution. Nevertheless,
the Vi-maximum-related troughs do not always collocate to those
with maximum-V;.

We further examine the relationship between the Ti- and Vi-maxi-
mume-related troughs at 20 LT in the northern hemisphere. As the
T. data is unavailable, only T; and V; results are presented in
Figure 7. Out of 2065 troughs identified at 20 LT in the northern
hemisphere, there were 1148, 453, and 381 troughs correlated
with Vi-maximum, Ti-maximum, or both, respectively. By compari-
son, 2489 troughs were observed at 20 LT in the southern hemi-
sphere; however, the numbers of troughs corresponding to V-
maximum, Ti-maximum, or both are only 297, 288, and 131,
respectively. Further investigation is required to understand why
the characteristics of troughs related to T; and V; variations differ

so greatly between the two hemispheres.

5. Discussion

In Figure 3, we analyzed the temporal variations in the occurrence
rate and magnetic latitude positions of mid-latitude troughs. We
observed higher trough occurrence rates in the local winter,
which aligns with previous studies (Ishida et al., 2014; Aa et al,,
2020). The trough occurrence rates on the dayside (08 LT) are
significantly lower than on the nightside (20 LT), which is consistent
with other observations. For example, Aa et al. (2020), using in-
situ observation from the SWARM constellation, reported a signifi-
cantly higher occurrence rate of the mid-latitude trough at 20
magnetic local time (MLT) as compared to 08 MLT.

The higher occurrence rate of trough on the nightside than
dayside may be related to the differing physical processes on the
duskside as compared to the dayside. At the pre-midnight sector,
the westward convection and the eastward corotation create a
stagnation zone, leading to continuous plasma density loss at
night. By contrast, on the post-midnight zone and dawnside, both
convection and corotation are eastward, which could push the
trough from pre-midnight to other local times (Spiro et al., 1978).
Additionally, in our dataset, we found that the nightside troughs
were more frequently associated with high-speed ion drifts, as
shown in Figure 6f. By contrast, high-speed ion drifts were rarely
observed on the dayside, and were only present at very high
geomagnetic latitudes, near the equatorward boundary of auroral
oval. This absence of high-speed ion drift may explain the relatively
lower occurrence rate of dayside mid-latitude troughs.
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Figure 6. The seasonal (left) and the longitudinal (right) distribution of the magnetic latitude position of the mid-latitude trough, and the

association with different ionospheric physical parameters (T, T. and V), in the southern hemisphere. (a, b) The distribution of the Te-maximum-
related, Te-minimum-related, and the normal trough (red dots, blue dots, and gray dots). (c, d) Same as panels a and b, for T.. (e, f) Comparison of
Ti-maximum-related troughs and the velocity-maximum-related troughs.
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In Figure 6, we categorize the trough observations from the DMSP
SSIES instrument, based on the simultaneous presence of abnormal
Te, Ti, and V; within the trough. The phenomenon of T.-enhance-
ment at sub-auroral latitudes has been previously studied by
researchers (Fok et al., 1991; Prolss, 2006). The subauroral electron
temperature enhancement can be attributed to the heat transfer
from the ring current (Prolss, 2006), or the influx during the
magnetic storm in the vicinity of the plasmapause (Fok et al.,
1991). At the trough, where plasma density is low and more easily
influenced, it is reasonable to observe a T. peak at the trough
minimum, if the influx is relatively constant. However, in our
study, we observed troughs with electron temperature enhance-
ment located close to the equator during the local winter in the
southern hemisphere. Interestingly, these troughs were predomi-
nantly located at specific magnetic latitudes in the western hemi-
sphere. Further investigation into the seasonal and hemispheric
variations of these troughs is needed to better understand this
phenomenon.

Additionally, we observed instances where the T-minimum coin-
cided with the mid-latitude trough. This decrease in electron
temperature likely results from the absence of external energy
sources, including solar radiation and magnetospheric inputs. The
distribution of the Te-minimum occurred at nearly all latitudes,
suggesting that there might not be a unique reason for this T,
drop, given its scattered occurrence. We also identified V-maxi-
mum troughs, and their statistical pattern showed some similarities
to Ti-maximum troughs. For example, both were observed at rela-
tively higher magnetic latitudes. While Ti-maximum troughs were
more frequently detected during the local winter, Vi-maximum
troughs were present across all seasons. Despite this seasonal
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difference, the spatial distribution of both the Ti-maximum and V-
maximum troughs were notably similar.

This similarity between the Ti-maximum and Vi-maximum troughs
is more evident in the northern hemisphere (Figures 7c and 7d). A
higher number of troughs were observed where both maximum-
Ti and maximum-V; occurred simultaneously. Ti-maximum troughs
are more pronounced during winter, while the Vi-maximum
troughs could also be observed during equinox period. The
troughs associated with the ion temperature enhancement are
probably similar to the SAID troughs described by Rodger et al.
(1992). Figure 6f shows that the troughs with T;and V;enhancement
appear in similar magnetic latitude and longitude sectors. Accord-
ing to Rodger et al. (1992), SAID troughs are characterized by an
enhanced electric field greater than 25mV/m (while
V; > 500 m/s), and a significant increase in T; within the SAID.
Some of the T; and V; enhancements observed in overlapping
region (Figure 6f and Figure 7d) occurred simultaneously (Figure
6e and Figure 7c¢), suggesting a possible association with the SAID.
The distribution of the SAID is found adjacent to the poleward
boundary (Providakes et al., 1989), or sometimes overlapping the
equatorward edge of the diffuse aurora (Anderson et al., 1991). In
our statistics (Figure 6f, Figure 7d, and Figure 8), it is interesting to
note that the Ti-enhancement-related troughs and Vi-maximum-
related ones were observed over a relatively broad area, equator-
ward of the auroral oval at the nighttime (20 LT). This contrasts
with a more confined area near the auroral oval at the daytime (08
LT). In some cases, troughs with enhanced ion drift and ion
temperature were observed at higher latitudes, even inside the
auroral oval at 08 LT (Figure 1). This suggests that SAID troughs at
08 LT may reach a higher magnetic latitude, and might not be

80 Northern hemisphere LT = 08

© (b) o 'o o OOQ?o
o Q0 g
> 75 BO%S o & S0 & Og . R
S 70} 2 :
2
B 651 1
=
D 60+ ]
S
2 > Normal 1
50 L o T-maximum i
o Vi-maximum
45 . L . L .
0 60 120 180 240 300 360
Southern hemisphere LT = 08
—45 - T T
(d)
__—50¢ . ]
8 55, ;
2
= —60 |
R
O ol 4
k] 65 %ﬁo(go
g\ -70 (e &
£ o 9%g ° 8 Gl Normal
75} ° B o Tr-maximum | |
ok .
o V-maximum
-80 . . . . -
0 60 120 180 240 300 360
Longitude (°)

Figure 8. The longitudinal distribution of the magnetic latitude position of the troughs associated with Ti-maximum and Vi-maximum, in the
northern hemisphere (top panels) and southern hemisphere (bottom panels), at 20 LT (left panels) and 08 LT (right panels).
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classified as mid-latitude troughs, due to their magnetic latitude
limit. Therefore, SAID-associated troughs can occur at either mid-
latitude or high-latitude.

It should be noted that the SAID contributes to significant plasma
depletion, depending on the drift velocity, while the auroral
precipitation shapes the density enhancement (auroral oval
boundary). Further investigation is needed to better understand
how these two factors contribute to the formation and structure
of both the mid-latitude and high-latitude troughs.

6. Conclusion

In this study, we statistically analyzed the characteristics of mid-
latitude troughs and their relationships with various physical
parameters using in-situ electron density and multiple-parameter
observations from DMSP throughout 2013. We found that troughs
had a higher occurrence rate during local winter, and extended to
lower latitudes with increasing geomagnetic activity.

lonospheric mid-latitude troughs associated with different poten-
tial physical parameters exhibited distinct features. In the southern
hemisphere, troughs related to T, enhancements were frequently
observed at lower magnetic latitudes during local winter, while
those with T; enhancements were observed at higher magnetic
latitudes around 60°-70°. These T; enhancements showed a
complementary relationship with T.. Vi-maximum troughs were
also observed inside the mid-latitude region around 60°-70° at
the nightside (~20 LT), with their positions overlapping those of
the T; enhancement. A correlation between T- and Vi-maximum
troughs was found in the northern hemisphere, indicating the
possible presence of SAID troughs, which are characterized as
both high V; and high T;.

The relationship between the troughs and the different physical
parameters could deepen our understanding of mid-latitude
troughs and their underlying mechanisms. However, in this work,
only one year’s worth of data is used. Future work will extend this
analysis over a longer period to further explore the variations and
the detailed mechanisms of the mid-latitude troughs.
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