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Abstract. Although ionospheric troughs are a very important
feature of the subauroral ionosphere, many of their properties
remain incompletely documented and understood. Here Dy-
namics Explorer-2 satellite data are used to investigate one
specific part of this complex phenomenon, namely its equa-
torward wall. We find that in the afternoon/evening sector
of the Northern Hemisphere the location of this density drop
depends primarily on the level of geomagnetic activity and
magnetic local time. Longitudinal variations are only of sec-
ondary importance. A formula is derived which summarizes
these variations. The magnitude of the density drop in the
trough wall depends primarily on altitude and longitude, and
to a lesser degree on local time and geomagnetic activity.
These variations are also described quantitatively. Using a
superposed epoch type of averaging procedure, a mean lati-
tudinal profile of the trough wall is derived. No anomalous
increase in the density at the equatorward edge of the trough
is observed. There is, however, a significant increase in the
electron temperature at the location of the density drop. Our
results are important for the empirical description and nu-
merical simulation of ionospheric troughs. They also may be
used to define the boundary between middle and subauroral
latitudes.

Keywords. Ionosphere (Ionosphere-magnetosphere interac-
tions; Ionospheric disturbances; Plasma temperature and
density)

1 Introduction

One of the most striking features of the subauroral iono-
sphere is a sudden drop in the ionization density; see Fig. 1.
This density drop constitutes the equatorward wall of a phe-
nomenon which has been designated as “main ionospheric
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trough” (Muldrew, 1965) or “mid-latitude trough” (Sharp,
1966). The properties of this prominent anomaly have been
investigated in numerous studies, and pertinent results are
summarized in the review papers by Moffett and Quegan
(1983) and Rodger et al. (1992). These papers also contain
a discussion of the physics of this phenomenon. In spite of
this effort, many properties of subauroral troughs remain in-
completely documented and understood.

Recently, interest in this field has been revived by new data
sets like the Cosmos-900 and Intercosmos-19 satellite mea-
surements (e.g. Ben’kova et al., 1992; Besprozvannaya et al.,
1995; Deminov et al., 1996a, b; Afonin et al., 1997; An-
nakuliev et al., 1997; Shestakova et al., 1998; Zikrach et al.,
1999; Karpachev, 2003; and references therein) or the total
electron content measurements based on the NNSS and GPS
satellite systems (e.g. Mallis and Essex, 1993; Hargreaves
and Burns, 1996; Horvath and Essex, 2003; Wielgosz et
al., 2004; Afraimovich et al., 2005; and references therein).
New analysis techniques like radiotomography have also
contributed to the renewed interest in this field (e.g. Kersley
et al., 1997; Aladjev et al., 2001; Namgaladze et al., 2003;
Pryse et al., 1998, 2005; Meggs et al., 2005; Voiculescu et
al., 2006; and references therein). Here we use Dynamics
Explorer-2 satellite data to investigate one specific aspect of
a subauroral trough, namely its equatorward wall. First, this
density drop represents an important, arguably the most im-
portant, part of a trough. Second, this feature may be used
to define a fundamental boundary in the ionosphere, namely
the transition from middle to subauroral latitudes. Third, this
wall may be identified with relative ease and parameterized
with sufficient accuracy; these are advantages which should
not be underestimated in this field.

The general format of our presentation resembles that of
a recent investigation of the subauroral electron temperature
enhancement (Prölss, 2006). First, data selection and pro-
cessing are discussed (Sect. 2). Next, the location of the
trough wall and its dependence on magnetic activity, local
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Fig. 1. Examples of relatively simple ionospheric trough structures.
A sequence of seven latitudinal profiles of the electron density is
shown, as obtained by the DE-2 satellite on 9 December 1981. The
universal time of observation is indicated to the left of each profile.
The density is plotted on a logarithmic scale, an example of which is
shown in the bottom part of the figure. For each profile, a dotted line
marks the 1011m−3 density level. The data refer to the northern
winter hemisphere, and at 60◦ inv. latitude the solar zenith angle is
larger than 105 degrees. Solar local time of observation was approx-
imately 17:40 h, and the magnetic local time varied between about
17:00 and 19:00 h. Typical observation heights are indicated at the
top of the figure. The geomagnetic activity was relatively weak,
with theAE6 index varying between 155 and 281 nT. For each pro-
file, vertical blue lines mark the equatorward (latb) and poleward
(latm) boundaries of the density drop in the equatorward trough
wall. The associated densities are denoted asNe(latb)=Neb and
Ne(latm)=Nem, respectively.

time and longitude are determined (Sect. 3). Variations in
the magnitude of the density drop with altitude, longitude,
local time and magnetic activity are considered in Sect. 4.
Mean latitudinal profiles of the trough wall and the associ-
ated increase in electron temperature are derived in Sect. 5.
In Sect. 6, our observations are discussed and compared with
previous findings. Finally, the main properties of the equa-
torward trough wall are summarized once more in Sect. 7.

2 Data selection and parameterization

The present study uses electron density and temperature mea-
surements obtained by the Langmuir probe aboard the Dy-
namics Explorer (DE)-2 satellite. A general description of
this satellite is given in Hoffman and Schmerling (1981), and
details on the Langmuir probe experiment can be found in
Krehbiel et al. (1981). Here the data contained in the unified
abstract files prepared by the NASA National Space Science
Data Center are analyzed.

In a first step, all DE-2 orbits were divided into four seg-
ments, each extending from equatorial to polar latitudes.
In order to reduce this rather large data set, the follow-
ing selection criteria were applied. First, only data ob-
tained in the Northern Hemisphere were retained. This fa-
cilitates the identification of longitudinal variations which
depend on the hemisphere considered. Second, only data
obtained during winter/equinox conditions were considered.
It is well known that troughs are most pronounced during
these seasons. Third, only data obtained below 700 km al-
titude were retained. This eliminates all light ion troughs
and leaves us with ionospheric troughs (see, e.g., Moffett
and Quegan, 1983). Finally, we are only interested in the
afternoon/evening sector (15:00 to 21:00 MLT) because here
magnetic local time variations are expected to be most pro-
nounced. This leaves us with 875 orbital segments.

For each of these remaining segments, the electron density
was plotted as a function of invariant latitude and displayed
on a terminal screen. These plots were then used to param-
eterize the equatorward wall of the subauroral trough. First,
the latitudelatb of the equatorward boundary of the density
drop was estimated; see Fig. 1. The associated density value
is denoted here asNeb. Second, the latitudelatm of the
first and most equatorward located density minimum was de-
termined, together with the associated electron densityNem.
Note that this first density minimum may well be a secondary
minimum, not necessarily well separated from other and pos-
sibly more pronounced minima at higher latitudes. As in-
tended, this parameterization describes only the equatorward
wall of the trough, not the trough as a whole. It is also clear
thatlatm can be determined with higher precision thanlatb.
This is especially true if the density decreases more gradu-
ally. In this case, the location oflatb can be estimated only
within, say,±2 deg. In an earlier study, we also tried an auto-
mated procedure to identifylatb but were not satisfied with
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Fig. 2. Statistics of the data set analyzed in the present study.(a) Histogram indicating the magnetic local time distribution of the 740 electron
density profiles parameterized. The time is given in hours.(b) Histogram indicating the geographic longitude distribution of the data set.
The longitude is given in degrees east.(c) Histogram indicating the height distribution of the data set. The height is given in kilometers.
(d) Histogram indicating the magnetic activity distribution of the data set. As a measure for this activity we use theAE6 index defined in
Eq. (1). The units of this index are nT.

the results. It appears that the pattern recognition capability
of the human brain is unsurpassed. Of course, a visual iden-
tification always involves some subjective judgement, espe-
cially if the trough signatures are not well defined. It is hoped
that our larger data sample will smooth out such deficiencies.

Not all density profiles allowed such a parameterization.
There were quite a few cases when either no clear trough
structures were detected or these trough structures could not
be reliably identified in the fluctuating electron density. This
happened most frequently at higher altitudes and in the lon-
gitude range 180–240◦ E where the depth of the trough is
relatively small; see Sect. 4. Also, in some cases only the
minimum could be identified with sufficient accuracy. This
leaves us with 740 data sets oflatm andNem values, and
724 data sets of all four parameters.

The statistics of our data set are presented in Fig. 2. As
can be seen, the local time and longitude distributions are
fairly even; see Figs. 2a and b. As to the height distribu-
tion, most data were collected in the 300 to 400 km altitude

range (Fig. 2c). Finally, most data refer to moderately dis-
turbed conditions; see Fig. 2d. It may also be of interest
that slightly more than 70% of our data were obtained dur-
ing winter conditions, and that in more than 98% of all cases
the solar zenith angle was equal to or larger than 90 degrees.
Solar activity during the DE-2 mission was medium to high.

3 Location of the equatorward trough wall

The location of the equatorward trough wall depends primar-
ily on the level of geomagnetic activity and local time, and
to a lesser degree on longitude. Here we describe and model
these variations.

The latitudes of the equatorward boundarylatb and first
minimum latm serve as convenient parameters to specify
the location of the equatorward trough wall. Selecting a
suitable index to quantify the level of geomagnetic activ-
ity poses a greater problem. Various geomagnetic activity
indices were tested, including theap, Kp, Dst , AE, and
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Fig. 3. Position of the equatorward trough wall as a function of ge-
omagnetic activity. TheAE6 index is indicated on the abscissa, the
associated invariant latitudes of the equatorward (latb) and pole-
ward (latm) boundaries of the trough wall on the ordinate. The
median and the upper and lower quartiles of these latter parameters
were determined for each 50 nT- wide interval of theAE6 index.
In case oflatm, these are indicated by the blue dots and bars. In
the case oflatb, only the respective medians are shown (open blue
circles). In both cases, the quartile ranges are of comparable magni-
tude. Linear regression lines were fitted to the median values (latm:
solid red line;latb: dashed red line). The associated ordinate inter-
sectionsa (in degree) and slopesb (in degrees per nT) are given
in the upper right-hand (latm) and lower left-hand (latb) corners,
respectively. Note that the results presented in this figure refer to a
magnetic local time of 18:00 h. Also note that only relatively few
data points are available forAE6 values larger than, say, 600 nT.

AE6 indices. The best result (i.e. the highest correlation
coefficientr) was obtained with theAE6 index. For compar-
ison,rap=−0.65;rKp=−0.75;rDst=0.69;rAE=−0.69; and
rAE6=−0.83. TheAE6 index was introduced by Werner and
Prölss (1997) and is defined as the weighted mean of hourly
averagedAE indices

AE6 =

∑6
i=0 AE(UT − i[h])e−i∑6

i=0 e−i
(1)

Here UT refers to the universal time for which theAE6 index
is to be calculated (in our case the universal time of the trough
observation). By not only considering the actualAE index
but also theAE indices of the previous six hours, this index
takes the “memory effect” of the ionosphere into account.

In order to find out what kind of correlation exists between
theAE6 index and the location of the trough wall, alllatm

values were sorted into 50 nT-wide intervals of this index.
For each of these intervals, the median and the upper and
lower quartiles of thelatm values were determined. They
are indicated by the blue dots and bars in Fig.3. As is evi-
dent, a linear correlation exists between theAE6 index and
the latitude of the density minimum. Therefore, a linear re-
gression line was fitted to the median values; this is indicated
by the solid red line. The associated line parameters are given
in the upper right-hand corner.

According to this regression line, the inner boundary of the
trough wall is located slightly poleward of 70 deg. invariant
latitude, provided there is no geomagnetic activity and we are
in the 18:00 h magnetic local time sector. For each increase in
theAE6 index by 100 nT, this boundary moves equatorwards
by almost 2 degrees. For anAE6 index of 700 nT, this results
in a total displacement of almost 13 degrees.

A similar correlation study was also performed on the lat-
itude of the equatorward boundary of the trough wall, i.e. on
latb. The regression line obtained in this case is indicated
by the open blue circles and the dashed red line. The associ-
ated line parameters are given in the lower left-hand corner.
As can be seen, both boundaries of the trough wall move at
almost the same rate towards lower latitudes with increasing
geomagnetic activity. Their mean distance is about 3.5 de-
grees.

The location of the trough wall not only depends on the
level of geomagnetic activity but also on magnetic local time.
In order to describe this effect quantitatively, alllatm val-
ues were sorted into 1/2 h-long intervals of magnetic local
time. For each of these intervals, the median and the upper
and lower quartiles of thelatm values were determined; see
Fig.4. Evidently, a linear correlation exists between the mag-
netic local time and the location of the trough wall, at least
within the local time sector considered in this study. Again,
a linear regression line was fitted to the median values (solid
red line), and the associated line parameters are given in the
upper right-hand corner.

According to this regression line, the inner boundary of
the trough wall is located near 70 deg. invariant latitude at
15 h magnetic local time and for anAE6 index of 250 nT.
As time progresses, this boundary moves equatorwards by
about 1.3 deg per hour. For the magnetic local time range
considered in this study, this amounts to a total displacement
of almost 8 degrees.

A similar correlation study was also performed on the lat-
itude latb of the equatorward boundary of the trough wall.
The results obtained in this case are indicated by the open
blue circles and the dashed red regression line. Again,latb

andlatm move towards lower latitudes at the same rate with
progressing time. Their mean distance is about 3.5 deg., in
agreement with the results of Fig.3.

To avoid misunderstandings, the rate at which the location
of the trough wall changes with local time decreases signif-
icantly as we approach the noon or midnight sector. For ex-
ample, at midnight this rate (≈0.5 deg./h) is only about half
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Fig. 4. Position of the equatorward trough wall as a function of
magnetic local time. The format of data presentation corresponds
to that of Fig.3 except that the magnetic activity index is replaced
by the magnetic local time (MLT). Note that the results presented in
this figure refer to a geomagnetic activity level ofAE6=250 nT.

the value observed in the afternoon/evening sector. Also note
that the latitude values presented in Fig.3 refer to a magnetic
local time of 18:00 h. The adjustment to this common local
time was accomplished with the help of the results presented
in Fig. 4. Likewise, the latitude values presented in Fig.4
refer to anAE6 index of 250 nT. Their adjustment to this
common level of magnetic activity was accomplished with
the help of the results presented in Fig.3. These adjustment
processes were performed in an iterative fashion such that the
results presented in both figures are self-consistent.

Besides depending on magnetic activity and local time, the
location of the trough wall varies also with geographic lon-
gitude. This is documented in Fig.5. The format of data
presentation corresponds to that of Figs.3 and4 except that
this time sin- and cos-functions of lowest order have been fit-
ted to the median values. As can be seen, the amplitude of the
longitudinal variation is small, and peak-to-peak changes are
less than 2 degrees. Forlatm, poleward shifts are observed
near 0 deg., and equatorward shifts near 180 deg. geographic
longitude. Forlatb, these extrema are displaced by about
45◦ to the west.

To summarize, the following expressions for the locations
of the boundaries of the equatorward trough wall are obtained

latf = 70.9 − 0.0196· AE6 − 1.23 · (MLT − 15)

−0.537 sin3 + 0.589 cos3 (2)

latm = 74.1 − 0.018· AE6 − 1.29 · (MLT − 15)

+0.065 sin3 + 0.915 cos3 (3)

Fig. 5. Position of the equatorward trough wall as a function of
geographic longitude. The format of data presentation corresponds
to that of Fig.3, except that this time the latitude range has been
considerably reduced, and sin- and cos- functions have been fitted to
the median values. The analytical forms of these regression curves
are contained in Eqs. (2) and (3). Note that the results presented in
this figure refer to a geomagnetic activity level ofAE6=250 nT and
a magnetic local time of 18:00 h.

Herelatf andlatm are in degrees of invariant latitude,AE6
in nT, the magnetic local time MLT in hours, and the geo-
graphic longitude3 in degrees east. Of course, these expres-
sions only apply for the 15:00 to 21:00 h magnetic local time
sector.

4 Magnitude of the density drop in the trough wall

Besides the location, the magnitude or depth of the density
drop in the trough wall is of interest. Here the ratio of the
densities observed at the equatorward and poleward bound-
aries of the trough wall serves as a suitable measure of this
quantity

depth=
Ne(latb)

Ne(latm)
=

Neb

Nem
(4)

As it turns out, this parameter depends primarily on altitude
and longitude.

In order to document the altitude variation, all depth values
were first adjusted to a common geographic longitude of 0
deg. using the results of Fig.7. Next, they were sorted into
20 km-wide height intervals. For each of these intervals, the
median and the upper and lower quartiles of the depth values
were determined. They are indicated by the blue dots and
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Fig. 6. Height variation of the magnitude of the density drop in
the equatorward trough wall. This magnitude is denoted here as
depth. It is defined as the ratio of the density values observed at the
equatorward (Neb) and poleward (Nem) boundaries of the trough
wall. For each 20 km-wide height interval, the median and the up-
per and lower quartiles of this parameter were determined; see the
blue dots and bars. Subsequently, the height variation of the median
values was approximated by an exponential function; see Eq. (5).
Note that the results presented in this figure apply to a geographic
longitude of 0 degree.

bars in Fig.6. In spite of the large scatter of the data, there is
a clear trend for the magnitude of the density drop to decrease
with increasing altitude. This trend is described well by the
following exponential function

depth(h, 0 deg. long.) = 3.0+ 5 exp(−0.018(h − 260)) (5)

where the heighth is in kilometers. This approximation is
indicated by the red line in Fig. 6.

In a similar way, the longitude dependence of the mag-
nitude of the density drop is derived. In order to reduce
the scatter of the data, all depth values were first adjusted
to a common altitude of 350 km using Eq. (5). Next, they
were sorted into 15 degree-wide intervals of geographic lon-
gitude. For each of these intervals, the median and the upper
and lower quartiles were determined. These quantities are
shown in Fig. 7. Most prominent is the strong increase in
the magnitude of the density drop between about 270 and
360 deg. longitude, i.e. in the neighborhood of the magnetic
north pole. An analytical description of this variation is ob-
tained if a combination of sin- and cos-functions is fitted to
the median values

Fig. 7. Longitudinal variation of the magnitude of the density drop
in the equatorward trough wall. The format of data presentation
corresponds to that of Fig.6 except that the height is replaced by
the geographic longitude. The regression curve fitted to the median
values is given in Eq. (6). Note that the results presented in this
figure refer to an altitude of 350 km. The approximate position of
the magnetic north pole is indicated by an aroow.

depth(3, 350 km) = 3.52− 0.43 sin3 + 0.92 cos3

−0.44 sin(23) − 0.17 cos(23)

−0.04 sin(33) − 0.22 cos(33) (6)

see the red curve in Fig.7. Here the longitude3 is in degrees
east.

The depth of the density drop depends also on magnetic
local time (Fig.8) and magnetic activity (Fig.9). These
variations, however, are much less pronounced. First-order
descriptions of these effects are provided by the following
expressions

depth(MLT , 350 km) = 12.19+ 13.08 sin(15 · MLT)

+0.61 cos(15 · MLT)

+0.25 sin(30 · MLT)

−4.88 cos(30 · MLT) (7)

depth(AE6, 350 km) = 3.15+ 0.0014· AE6 (8)

Here the magnetic local time MLT is in hours, and theAE6
index in nT. These approximations are indicated by the red
curve and line shown in Figs.8 and9, respectively.
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Fig. 8. Magnetic local time dependent changes in the magnitude of
the density drop in the equatorward trough wall. The format of data
presentation corresponds to that of Fig.6 except that the height is
replaced by the magnetic local time. The regression curve fitted to
the median values is given in Eq. (7). All data have been adjusted
to a common reference altitude of 350 km.

Considering the fairly large scatter of the depth data, we
refrain from summarizing the various equations in a compre-
hensive expression.

5 Mean latitudinal profiles of the trough wall and the
associated temperature increase

Calculating the mean latitudinal profile of the equatorward
trough wall requires special care. This is because the den-
sity drop is confined to a relatively narrow latitudinal range
whose position is constantly changing with the level of ge-
omagnetic activity. Therefore simply averaging the individ-
ual profiles would invariably smear out the density drop. To
avoid this kind of distortion, a superposed epoch type of av-
eraging procedure was used in the present study.

In a first step, all density values of a latitudinal profile were
normalized. This facilitates a comparison of density profiles
obtained during different geophysical conditions. Here the
density valueNeb measured at the equatorward boundary of
the trough wall serves as a suitable normalization standard.
Next, all latitudinal profiles were superimposed in such a way
that the density minima atlatm were aligned and located at
a common reference location (i.e.latm→latref =0). This
way the basic latitudinal structure of the density drop is pre-
served when averaging the data. Subsequently, spline func-

Fig. 9. Magnetic activity dependent changes in the magnitude of
the density drop in the equatorward trough wall. The format of data
presentation corresponds to that of Fig.6 except that the height is
replaced by theAE6 index. The regression line fitted to the median
values is given in Eq. (8). All data refer to a common reference
altitude of 350 km. Note that the correlation coefficient for this
data set is rather low,r=0.25, indicating that the dependence of
the trough depth on theAE6 index is surprisingly weak, at least on
average.

tions were fitted to each profile. This allowed us to calculate
the densities at one degree steps relative to the new reference
latitude. The median and the upper and lower quartiles of
the density values were determined for each degree of this
new coordinate system. Finally, spline functions were fitted
to these parameters. The end product of this whole procedure
is presented in Fig.10.

As indicated by the shaded area between the lower and up-
per quartiles, the scatter of the data is quite substantial. Nev-
ertheless, the mean electron density drop in the trough wall
stands out as a relatively narrow feature, not unlike those ac-
tually observed. The decrease amounts to about 70%, which
at a median altitude of 372 km is consistent with the results
presented in Fig.6. Note that the latitudes indicated on the
abscissa refer to anAE6 index of 250 nT and a magnetic
local time of 18:00 h (longitudinal variations are neglected).
For these conditions, the density minimum is located close to
66 deg. invariant latitude (see Fig.3). For other levels of ge-
omagnetic activity and/or other local times, the mean profile
should be shifted towards higher or lower latitudes.

How does the electron temperature behave in the neighbor-
hood of the density drop? To answer this question, mean lat-
itudinal profiles of the electron temperature were generated,
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Fig. 10. Mean latitudinal profile of the equatorward trough wall.
The median of 724 density profiles is plotted (red curve). These
profiles have been superimposed in such a way that the latitude of
the poleward boundary of the trough walllatm serves as a com-
mon reference location. In addition, all density values of a profile
have been normalized to the respective density value observed at the
equatorward boundary of the trough wall,Neb. The blue-shaded
area indicates the range between the upper and lower quartiles. The
latitudes given on the abscissa apply to a geomagnetic activity level
of AE6=250 nT and a magnetic local time of 18:00 h. For other
conditions the mean profile should be shifted to higher or lower lat-
itudes.

again using the latitude of the poleward boundary of the
trough wall as a common reference location. The result is
presented in Fig.11. Evidently, a peak in the electron tem-
perature is observed at the location of the density minimum.
Figure 11 is the counterpart of Fig. 13 in Prölss (2006).

6 Comparison with previous findings and discussion

In the preceding sections, some important properties of the
equatorward trough wall were described. Here our results
will be discussed and compared to previous findings. Such
a comparison is not straightforward since up to now there
have been no other studies which specifically investigate this
feature. Therefore, our results will be compared to the more
general findings of previous trough studies.

6.1 Location of the equatorward trough wall

6.1.1 Magnetic activity effect

From the beginning it was realized that the trough moves to-
wards lower latitudes with increasing geomagnetic activity
(Muldrew, 1965). Since then numerous further attempts have
been made to model this effect (e.g. Liszka, 1967; Thomas
and Andrews, 1968; Rycroft and Thomas, 1970; Rycroft
and Burnell, 1970; Tulunay and Sayers, 1971; Köhnlein
and Raitt, 1977; Neske, 1978; Tulunay and Grebowsky,
1978; Collis and Ḧaggstr̈om, 1988; Deminov et al., 1992;
Karpachev et al., 1996) albeit with limited success. One

Fig. 11. Mean latitudinal profiles of the electron density (blue
curve) and electron temperature (red curve) at the location of the
equatorward trough wall. The format of data presentation corre-
sponds to that of Fig.10except that this time only the median curves
are shown.

problem here is the selection of a suitable index to spec-
ify the level of geomagnetic activity. Most of the previ-
ous studies have used theKp index. The big advantage of
this index is that it is readily available. Disadvantages are
its ill-defined physical meaning and its low time resolution,
but especially its logarithmic nature which renders any sum-
ming up and/or averaging of this index a dubious procedure.
Therefore, Werner and Prölss (1997, henceforth abbreviated
as W&P) introduced theAE6 index. This index is based on
theAE index with its well-defined physical meaning. It also
takes the history of the geomagnetic activity into account.
Most importantly, this index was shown to be better corre-
lated with the trough location than theKp index. Our present
results support this choice. When correlating the location of
the trough wall with theKp, ap, Dst , AE andAE6 indices,
the best correlation was obtained for theAE6 index. This in-
dex was therefore also chosen in the present study to model
the geomagnetic activity effect.

How does the trough minimum location modeled by W&P
compare to the trough wall location modeled in the present
investigation? Since both studies are based on the DE-2
data set, similar results are to be expected. With regard to
the rate at which both features move towards lower latitudes
with increasing geomagnetic activity, there is indeed excel-
lent agreement; see Fig.12. However, the trough minimum
determined in the W&P study is displaced by about 3 deg. to-
wards higher latitudes. This indicates that the first minimum
selected in the present investigation does not always coincide
with the major trough minimum selected in the W&P study.
A careful comparison of both parameterizations reveals that
in simple cases like those illustrated in Fig.1, the first mini-
mum and the major trough minimum coincide. However, in
more complex cases like those documented in Fig.13, W&P
selected the most pronounced trough minimum, which is lo-
cated at higher latitudes. This explains why the location of
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Fig. 12. Positions of the poleward boundary of the trough wall
(latm, red line) and the trough minimum (green line) as a func-
tion of geomagnetic activity. The format of data presentation cor-
responds to that of Fig.3. The position of the trough minimum is
specified according to the model of Werner and Prölss (W&P, 1997).

the trough minimum shown in Fig.12 is systematically dis-
placed towards higher latitudes.

Note in this context that more than one type of trough
may exist in the daytime sector of the subauroral ionosphere
(Karpachev et al., 1998). Furthermore, the results presented
in Figs.3 and12are only reliable in a statistical sense. If the
trough wall motions observed during a geomagnetic storm
are to be modeled in detail, more sophisticated algorithms
are certainly needed (see, for example, Besprozvannaya and
Schuka, 1994; Besprozvennaya et al., 1995; Deminov et al.,
1995, 1996a, b; Annakuliev et al., 1997; Karpachev and
Afonin, 2004).

6.1.2 Local time variation

It was also realized from the beginning that the trough loca-
tion depends on local time (Muldrew, 1965). In the mean-
time, several attempts have been made to model this effect.
Here we compare our results with those obtained by Spiro
(1978), Ahmed et al. (1979), Collis and Häggstr̈om (1988),
Werner and Pr̈olss (1997), and Wielgosz et al. (2004).

As shown in Fig.14, there is excellent agreement between
the results obtained by Spiro, Collis and Häggstr̈om and the
present author (op. cit.). The local time variation derived by
Ahmed et al. is also in rough agreement with these results.

Larger differences are observed with respect to the Werner
and Pr̈olss (1997) study. The origin of the displacement of

Fig. 13.Examples of more complicated trough structures. The gen-
eral format of data presentation corresponds to that of Fig.1. Shown
are seven latitudinal profiles of the electron density as obtained by
the DE-2 satellite between 12 November and 24 November 1981.
The respective orbit numbers are given to the left of each profile.
The location of the poleward boundary of the equatorward trough
wall (i.e. latm) is indicated by the solid blue line. This location is
compared to the position of the trough minimum (dashed blue line)
as identified in the study of Werner and Prölss (W&P, 1997).
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Fig. 14. Magnetic local time variation of the trough position. Re-
sults obtained by Spiro (1978; blue curve), Ahmed et al. (1979; or-
ange curve), Collis and Ḧaggstr̈om (C&H, 1988; dashed cyan line),
Werner and Pr̈olss (W&P, 1997; green curve), Wielgosz et al. (2004;
crosses), and the present author (latm, red line) are compared. The
format of data presentation corresponds to that of Fig.4

the W&P curve towards higher latitudes has already been
explained. There is, however, also a slight difference in the
slope of both curves. This difference may be attributed to the
different data processing procedures employed. In the W&P
study the local time variation was derived without first ad-
justing the data to a common level of geomagnetic activity.
In the present study, both the magnetic activity and local time
dependence have been derived self-consistently. If the W&P
procedure is applied to the present data set, we also obtain a
somewhat steeper regression line.

Whereas the slope of the local time variation derived by
Wielgosz et al. (op. cit.) is not unlike those obtained in other
studies, their trough location is considerably displaced to-
wards lower latitudes. The reason for this fairly large dis-
crepancy is not known to the author.

6.1.3 Longitudinal variation

More recently, the importance of longitude variations in
the trough position has been emphasized (e.g. Karpachev,
1992; Deminov et al., 1992; Besprozvannaya et al., 1993;
Karpachev et al., 1994, 1995; Afonin et al., 1995). In
fact, initial investigations claimed the amplitude of these
changes to be of the order of 10 to 11 degrees (Deminov and
Karpachev, 1986a). It was also suggested that this effect de-
pends on altitude (e.g. Afonin et al., 1992; Karpachev et al.,

1996) and local time (Karpachev and Afonin, 1999). Here
we find that at least in the afternoon/evening sector, longi-
tudinal variations are small (peak-to-peak changes less than
2 deg.) and do not depend on altitude. Figure15 compares
our results with those published by Karpachev and Afonin
(1999). Evidently, the amplitude of our variation is still
smaller than that derived by these latter authors. Also, the
shape of our longitudinal variation agrees much better with
their daytime (06:00–18:00 MLT) than with their nighttime
(18:00–06:00 MLT) curve. Clearly, a reinvestigation of the
longitude effect in the nighttime sector would be desirable.

6.2 Magnitude of the density drop in the trough wall

Compared to their location, much less is known about the
shape of subauroral troughs. This has probably to do with the
complexity and variability of the trough structure. A more
detailed discussion of this topic can be found in Karpachev
(2003).

In the simplest case, the shape of a trough is specified by
its width and depth. Here we are interested in the latter pa-
rameter, especially if it is defined as the ratio of the density
observed at the equatorward edge of the trough to the density
observed at the trough minimum. In simple cases like those
illustrated in Fig.1, this so-defined trough depth exactly cor-
responds to the magnitude of the density drop in the trough
wall investigated in the present study.

6.2.1 Height variations

The first to study the height dependence of ionospheric
troughs were Mendillo and Chacko (1977). Analyzing a
rather special data set referring to geomagnetically very quiet
conditions in the local midnight sector of the northern winter
hemisphere, they found that the trough signatures get weaker
with increasing altitude. Basing their study on an even more
limited data set (two Intercosmos-19 satellite passes and as-
sociated ionosonde measurements) Kozlov et al. (1988) con-
cluded that the depth of the trough decreases with increasing
height. The same conclusion was reached by Anderson et
al. (1991). Comparing data obtained at different altitudes,
they found that at F-region heights a deep trough appears in
the ion concentration while at altitudes above about 700 km,
the trough is either absent or considerably mitigated. All
these findings are consistent with our present results. Height
variations of the trough depth have also been investigated by
Ben’kova et al. (1992) and Karpachev (2003), but their re-
sults are less clear, and both increases and decreases with
altitude are documented in their studies.

Considering that the temperature in the trough region is
significantly enhanced, the decrease of the depth with al-
titude does not come as a surprise. Because of its larger
scale height, the density inside the trough will decrease more
slowly with height than outside this region.
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Fig. 15. Comparison of the longitudinal variation in the trough po-
sition as derived by Karpachev and Afonin (K&A, 1999) and the
present author. Plotted are deviations from the mean, with the mag-
netic activity and local time changes removed. The solid blue curve
refers to the night sector (18:00 to 06:00 MLT), the green line to the
day sector (06:00 to 18:00 MLT) of the K&A study. Our results for
latm are indicated by the red curve. The approximate position of
the magnetic north pole is indicated by an arrow.

Whereas the trend documented in Fig. 6 is quite convinc-
ing, there remains the disturbingly large scatter of the data at
lower altitudes. One possible explanation for this large vari-
ability is that one part of the data points refers to altitudes
above, the other part to altitudes below the height of the F-
layer peak. Even though troughs extend all the way from
the lower to the topside ionosphere and even though the ob-
served density profiles tend to be fairly flat (e.g. Nilsson et
al., 2005), this will certainly contribute to the scatter of the
data. How this affects the average height variation of the
trough depth derived in the present study is difficult to say.
A more detailed study of this point would require additional
information on the height variation of the density within the
trough wall.

6.2.2 Longitudinal variation

Deminov and Karpachev (1986b) were probably the first to
suggest that the trough depth also depends on longitude. Sub-
sequent work confirmed this effect (Karpachev, 1992; Be-
sprozvannaya et al., 1993; Karpachev, 2003). A representa-
tive result of their studies is shown in Fig.16. If their longi-
tudinal variation is compared with ours, points of agreement
and disagreement are observed. For example, the absolute
maxima and minima of both curves are located at approxi-

Fig. 16.Longitudinal variation in the magnitude of the density drop
in the trough as derived by Karpachev (2003; blue curve) and the
present author (red curve). The format of data presentation corre-
sponds to that of Fig.7.

mately the same longitudes, respectively. On the other hand,
their secondary maximum at about 140 deg. longitude is not
confirmed by our data set. Moreover, our depth values are
much larger. Whether these discrepancies have to do with
the different local time sectors considered or with differences
in analysis techniques remains an open question. However,
there can be no doubt that at least for the magnitude of the
density drop in ionospheric troughs, longitudinal variations
are very important.

Longitudinal variations in the trough morphology have
also been identified by means of ionosonde measurements.
As demonstrated by Whalen (1987, 1989), a well-defined
“bite-out” is observed by all ionosonde stations located
within a specific longitude sector (250 to 75 deg. east). This
bite-out represents the leading edge of the dayside trough.
According to the results presented in our Fig.7, larger den-
sity drops (Neb/Nem≥3.5) are observed between 260 and
60 deg. east, in good agreement with the bite-out region iden-
tified by Whalen. Sojka et al. (1990) have modeled this ef-
fect. They attribute it to the offset of the geomagnetic axis
from the geographic axis of the Earth.

6.2.3 Magnetic local time variation

There has been some debate in the literature concerning the
local time at which the deepest troughs are observed (e.g.
Moffett and Quegan, 1983; Karpachev, 2003; and references
therein). All we can contribute to this discussion is that in the
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limited local time sector considered here, the largest density
drops are observed near 18:00 h magnetic local time.

6.2.4 Magnetic activity effect

Intuitively, one would expect the trough to be more pro-
nounced during disturbed conditions, and this is indeed of-
ten observed; see the discussion in Karpachev (2003). Here
we find that, on average, the magnitude of the density drop
increases with increasing geomagnetic activity; see Fig.9.
However, this trend is relatively weak, and the scatter of the
data is large. We are thus faced with the somewhat surprising
situation that magnetic activity and local time have a much
larger influence on the location than on the magnitude of the
density drop in the trough wall.

6.3 Mean latitudinal profiles

The difficulty of deriving a mean latitudinal profile of the
subauroral trough without smearing out its smaller-scale
structure was first pointed out by Mendillo and Chacko
(1977). Here we use a superposed epoch type of averaging
procedure. This method works especially well in the neigh-
borhood of the common reference location. We are therefore
quite confident that the equatorward wall of the trough and
the recovery of the density after the first minimum are well
described by our mean profile.

Two possible applications of such a mean profile come into
mind. First, it may be incorporated into empirical models of
the ionosphere. For example, so far the International Ref-
erence Ionosphere (IRI) does not contain a specification of
the subauroral trough (e.g. Bilitza, 2001). Second, such a
mean profile may serve as a boundary condition for theoreti-
cal models. Especially the output of global numerical simu-
lation studies should be compared to the mean properties of
a trough (e.g. Sojka et al., 1985, 1990; Fuller-Rowell et al.,
1991; Kolesnik et al., 2001; Aladjev et al., 2001; Namgal-
adze et al., 2003; Pryse et al., 2005; and references therein).

Our data set also offers the opportunity to look for a phe-
nomenon which has been designated as “storm enhanced
density” (Foster, 1993; Vo and Foster, 2001). By this an
anomalous increase in the ionization density is meant which
occurs immediately equatorward of the ionospheric trough
during the initial phase of a magnetic disturbance. This fea-
ture is regularly observed at Millstone Hill at magnetic ac-
tivity levels as low asKp=2 (see also Horvath and Essex,
2003). Surprisingly, our mean profile does not show any
signs of such a density enhancement. Since these density
increases are thought to be especially pronounced near Mill-
stone Hill, mean density profiles were also derived for this
particular region. Again, no signs of an anomalous density
increase were observed. Finally, all individual latitudinal
profiles were checked with the same result. This indicates
that the storm-enhanced density may not be such a common
phenomenon as hitherto thought.

Recent studies on the subauroral electron temperature en-
hancement have raised the question as to what controls
the location of this phenomenon (e.g. Kozyra et al., 1997;
Liemohn et al., 2000; Prölss, 2006; Wang et al., 2006;
and references therein). Is it the inner-magnetospheric heat
source or is it the position of the ionospheric trough? The
data presented in Fig. 11 support the latter proposition: the
trough and the electron temperature enhancement are co-
located, on average. Moreover, a cursory inspection of in-
dividual profiles indicates that the temperature enhancement
follows the trough as it moves back and forth in response to
changes in geomagnetic activity and local time. There are,
however, also cases when additional temperature enhance-
ments are observed at middle latitudes and well equatorward
of the trough. These heating effects may well be associated
with the magnetospheric ring current.

Following Sharp (1966), ionospheric troughs are fre-
quently designated as “mid-latitude” troughs implying that
middle latitudes extend all the way to the auroral oval. Here
we prefer to call them “subauroral” troughs and consider sub-
auroral latitudes a separate region. Among others, this region
is characterized by anomalous changes in the density, tem-
perature and ion drift (i.e. the subauroral trough, the subau-
roral temperature enhancement and the subauroral polariza-
tion stream). Projected into the magnetosphere, subauroral
latitudes correspond to the plasmasphere-plasmasheet transi-
tion region which also contains the plasmaspheric boundary
layer and the plasmapause (e.g. Lemaire and Gringauz, 1998;
Yizengaw et al., 2005; Yizengaw and Moldwin, 2005; and
references therein). Considering subauroral latitudes a sepa-
rate region also implies that subauroral phenomena like the
equatorward trough wall may be used to define the poleward
boundary of the mid-latitude region.

7 Summary of observations

This study investigates the sudden density drop in the equa-
torward wall of the subauroral trough. For the after-
noon/evening sector in the shadow region of the Northern
Hemisphere, the properties of this remarkable feature may
be summarized as follows.

– The mean width of the trough wall is 3.5 degrees.
Within this latitude range, the density decreases by a
factor of 0.32, on average.

– The location of the trough wall depends primarily on the
level of geomagnetic activity and magnetic local time.
Other variations, like changes with longitude, are of sec-
ondary importance.

– The location of the trough wall correlates best with the
geomagnetic activity indexAE6, defined in Eq. (1). For
each increase of this index by 100 nT, the trough bound-
ary moves towards lower latitudes by about 2 degrees.
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– Within the local time sector considered (15:00 to
21:00 h magnetic local time), the trough wall moves to-
wards lower latitudes at a rate of 1.3 deg. per hour.

– The magnitude of the density drop in the trough wall
depends primarily on altitude and longitude. Other vari-
ations, like changes with local time and the level of ge-
omagnetic activity, are of secondary importance.

– Within the height range considered (ca. 250 to 700 km),
the magnitude of the density drop in the trough wall de-
creases exponentially with increasing altitude.

– Longitudinal variations are more complex, with the
largest density drops observed between about 100 deg.
west and 60 deg. east, i.e. in the neighborhood of the
magnetic north pole.

– No signs of an anomalous increase in the density at the
equatorward edge of the trough are observed.

– On average, the electron temperature increases as the
density decreases in the trough wall. This indicates that
the location of the subauroral electron temperature en-
hancement is primarily controlled by the position of the
subauroral trough.

Since the afternoon/evening sector in the shadow region of
the Northern Hemisphere is certainly not the only place
where subauroral troughs are observed, our present investi-
gation should be considered a pilot study. Future investiga-
tions should extend our study and establish the properties of
the equatorward trough wall for all local time sectors, for all
solar zenith angles, and for both hemispheres.
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