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Abstract—Electron density (Ne) and temperature (Te) values
recorded by the Langmuir probe onboard the first satellite of the
China Seismo-Electromagnetic Satellite (CSES-01) mission allow
calculating quantities such as the rate of change of electron density
index (RODI) and the rate of change of electron temperature index
(ROTEI), which are essential to describe the ionospheric irregu-
larities and their dynamics. These two indices depend significantly
on two parameters, i.e., the measurement sampling time and the
width of the sliding windows used for their computation. Ne and Te
measurements from CSES-01 present two different sampling times,
i.e., 3 s in the survey mode and 1.5 s in the burst mode. The purpose
of this article is to understand what are the best values of these two
parameters to be used when computing RODI and ROTEI based on
CSES-01 data. The main results of the study show the following:
The shorter the data sampling time, the higher the values of the
calculated ionospheric indices, which means that it is not possible to
merge values of either RODI or ROTEI calculated with a different
sampling time; the wider the sliding window used to calculate the
indices, the higher the indices. A reasonable compromise between
the data sampling time and the satellite orbital velocity suggests
that the optimal way to calculate RODI and ROTEI from CSES-01
should be done by considering data with a 3-s sampling time (i.e.,
in the survey mode or in the downsampled burst mode), and a 24-s
wide sliding window.

Index Terms—CSES-01 satellite, ionospheric indices, Langmuir
probe data, topside ionosphere.

I. INTRODUCTION

THE distribution and dynamics of the topside ionospheric
plasma exhibit variations on really different spatial and
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temporal scales (e.g., [1]–[3]). Specifically, the scale size of
ionospheric irregularities ranges from submeters to thousands of
kilometers [4], [5]. At large scales, the topside electron density
(Ne) and temperature (Te) behaviors are well described by
empirical ionospheric models, like the International Reference
Ionosphere (IRI; [6]). Instead, at small scales, the Ne and Te
behaviors can be investigated through the calculation of specific
indices based on in situ observations from instruments onboard
low-Earth-orbit satellites, such as the rate of change of electron
density index (RODI; [7]) and the rate of change of electron
temperature index (ROTEI; [8], [9]). These two indices allow
identifying a large spectrum of irregularities, which characterize
both the high latitudes (e.g., [10]–[13]) and the low latitudes
(e.g., [14]–[16]).

The in situ measurements performed by the Langmuir probe
(LAP) onboard CSES-01, the first satellite of the China Seismo-
Electromagnetic Satellite (CSES, also called ZhangHeng-1,
ZH-1) mission [17], are considered with two different sampling
times, i.e., 3 s in the survey mode and 1.5 s in the burst mode.
As we were willing to calculate ionospheric indices from CSES
data, the following questions arose: How a different sampling
time affects them? More specifically, can indices computed in
burst and survey modes be merged? How do they depend on
the width of the sliding window used in their computation? The
present study aims at answering all these questions. Concerning
the last one, it is well known that the width of the sliding
window is a crucial parameter for the detection of fluctuations
on different spatial and temporal scales. When the sampling time
is either 1 s or 0.5 s, as is the case of the Swarm mission [18], a
good compromise is to select a 10-s wide sliding time window, as
was done, for instance, in [7], [13], and [19]. However, CSES-01
presents longer sampling times, which prompted us to do a more
in-depth study to understand what is the optimal sliding time
window width to calculate both RODI and ROTEI starting from
CSES-01 data. CSES-01 LAP Ne and Te measurements were
recently compared to those recorded by Swarm and DEMETER
satellites, the Millstone Hill incoherent scatter radar, and values
modeled by the IRI empirical model [20]–[22]. Overall, these
preliminary comparisons identified some differences in the Ne
and Te magnitude among the different datasets, but their quite
similar spatial and seasonal patterns make CSES-01 data very
promising for ionospheric studies.
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Fig. 1. CSES-01 LAP data recorded in the burst mode (FLAG = 2) from
January 1, 2019 to August 31, 2021, and plotted in geographic coordinates. The
color scale represents the number of measurements in each bin (bins are 2° wide
in latitude and 4° wide in longitude). The top panel is for the daytime sector
(∼14 LT) and the bottom panel is for the nighttime sector (∼02 LT). The black
curve in both panels represents the geomagnetic equator.

Section II will describe the data and methods used. Section III
will describe how different sampling times affect the computed
ionospheric indices, whereas Section IV will describe how dif-
ferent sliding time window widths affect the computed iono-
spheric indices. The summary and conclusions are the subjects
of Section V.

II. DATA AND METHODS

CSES-01 is a Sun-synchronous satellite flying with an orbital
inclination of 97.4°, an altitude of ∼500 km, and descending
and ascending nodes are at ∼14 local time (LT) and ∼02 LT,
respectively. The main scientific objective of the CSES mission
is to get data on the ionospheric environment to monitor and
study perturbations possibly associated with earthquake activity
[17]. Anyway, its payload is valuable to perform wider studies
linked to the topside ionosphere. In this work, Ne and Te data
measured by LAP [23], [24] from January 1, 2019, to August 31,
2021, have been considered. These consist of Level-2 calibrated
data with a sampling time of 3 s in the survey mode (identified
as FLAG = 1) and a sampling time of 1.5 s in the burst mode
(identified as FLAG = 2), the latter being available only for
definite regions of the terrestrial globe (see Fig. 1). CSES-01
data are recorded only in a geographical latitudinal range mainly
between 70°S and 70°N, so they are not representative of high
latitudes.

RODI values can be derived from Ne measurements by
applying the procedure described in [8]. As a first step, the
rate of change of electron density (ROD) is calculated as the
time derivative of Ne along the satellite’s orbit. Ne values are
continuous time series for a specific semiorbit, with a defined
sampling time (survey or burst mode depending on the location).

By indexing with k the contiguous measured values recorded at
different times tk, the kth ROD value is calculated as follows:

RODk =
Nek+1 −Nek
tk+1 − tk

(1)

where Nek is the electron density measured at time tk. In order
to exclude the effect of possible gaps in Ne data, ROD values are
calculated only for time-consecutive measurements, i.e., when
the condition (tk+1 − tk) = Δt = 3 s (or 1.5 s) is met.

The second step consists of organizing the calculated ROD
values in windows of width ΔT centered at time tk, sliding
along the satellite’s orbit. For each window, the arithmetic mean
of ROD at time tk is calculated by considering all the values
falling inside the window and then between (tk −ΔT/2) and
(tk +ΔT/2)

RODk =
1

N

j∑
i=−j

RODk+i (2)

where RODk+i are ROD values falling inside the rectangular
window of width ΔT centered at time tk and containing N = 2j
+ 1 values.

Finally, the RODI value at time tk is calculated as the standard
deviation of the ROD values inside the window

RODIk =

√√√√ 1

N − 1

j∑
i=−j

(
RODk+i − RODk

)2
. (3)

RODI is calculated only when at least half of the maximum
number of occurrences that could fall in a window are actually
present; otherwise, the window sample is considered not sta-
tistically significant and discarded. For example, if ΔT = 30 s
and Δt = 3 s (survey mode), at most 11 ROD values fall in the
window and at least 6 ROD values are needed for the RODI
calculation.

Recently, in [8], the ROTEI index is introduced by applying
the same mathematical approach to Te values. As a consequence,
ROTEI is defined as the standard deviation of the rate of change
of electron temperature (ROTE) values inside a window sliding
along the satellite’s orbit and is calculated by applying (1)–(3)
to Te values. Specifically

ROTEk =
T ek+1 − T ek
tk+1 − tk

(4)

where T ek is the electron temperature measured at time tk and

ROTEk =
1

N

j∑
i=−j

ROTEk+i (5)

where ROTEk+i are ROTE values falling inside a window of
width ΔT centered at tk and containing N = 2j + 1 values.
Finally, the ROTEI value at time tk is calculated as the standard
deviation of the ROTE values inside the window

ROTEIk =

√√√√ 1

N − 1

j∑
i=−j

(
ROTEk+i − ROTEk

)2
. (6)

Since the width of the window is crucial for detecting fluctua-
tions of different spatial and temporal scales, in the next sections,
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Fig. 2. Electron density (left column), |ROD| (where ROD is calculated through (1), middle column), and RODI (right column) values recorded by CSES-01 on
July 25, 2020, between 03:41 UT and 04:18 UT, for a descending orbit in the daytime sector (∼14 LT). Data are represented in geographic maps (top row) and
as separated (middle row) and superposed (bottom row) time series. In the top and middle rows, data are represented as scatter points whose color identifies the
corresponding magnitude (in logarithmic scale). In the bottom row, data are represented as curves of different colors: black for Ne, light blue for |ROD|, and red
for RODI.

we will investigate the use of windows with differentΔT values,
i.e., encompassing a different number of ROD and ROTE values.

Examples of RODI and ROTEI indices obtained from CSES-
01 LAP observations recorded on July 25, 2020, during the main
phase of a weak geomagnetic storm with a minimum Dst equal
to −75 nT and a maximum Kp equal to 4, for a descending orbit
in the daytime sector (∼14 LT), are reported in Figs. 2 and 3. In

these cases, both indices were calculated with ΔT = 24 s and
Δt = 3 s. These figures clearly display the ability of both indices
in catching small-scale variations in Ne and Te, respectively.
In fact, between about 5°S and 70°S, large variations in the
magnitude of both Ne and Te cause steep increases in both RODI
and ROTEI (the scale is logarithmic). Due to their mathematical
definition, RODI and ROTEI describe the variability of Ne and
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Fig. 3. Electron temperature (left column), |ROTE| (where ROTE is calculated through (4), middle column), and ROTEI (right column) values recorded by
CSES-01 on July 25, 2020, between 03:41 UT and 04:18 UT, for a descending orbit in the daytime sector (∼14 LT). Data are represented in geographic maps
(top row) and as separated (middle row) and superposed (bottom row) time series. In the top and middle rows, data are represented as scatter points whose color
identifies the corresponding magnitude (in logarithmic scale). In the bottom row, data are represented as curves of different colors: black for Te, light blue for
|ROTE|, and red for ROTEI.

Te at the scale of the window used for their calculation and
are unaffected by large-scale variations. This is well visible in
Figs. 2 and 3 by comparing the smooth trend characterizing the
Northern hemisphere with the oscillating one characterizing the
Southern hemisphere, which results in a difference of more than
two orders of magnitude between the lowest and the highest
values of RODI and ROTEI.

III. EFFECT OF DIFFERENT CSES-01 LAP SAMPLING TIMES

ON THE IONOSPHERIC INDEX CALCULATION

By definition, the magnitude of both RODI and ROTEI
depends on the observation sampling time Δt. To investigate
the effect of different CSES-01 LAP sampling times, we
here consider only data acquired in the burst mode (with a
sampling time of 1.5 s) but use it to build a further dataset
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Fig. 4. (Top panels) Joint probability distribution of RODI values calculated with different sampling times: RODIΔt=3s on the x-axis, RODIΔt=1.5s on the
y-axis. Black dots with error bars represent the mean and standard deviation of RODIΔt=1.5s conditioned by RODIΔt=3s. CSES-01 data are those recorded from
January 1, 2019, to August 31, 2021, in those regions where LAP measured in the burst mode (see Fig. 1). On the top and right of the distributions, histograms
of the probability density for RODIΔt=3s and RODIΔt=1.5s are also reported. (Bottom panels) Q–Q plots between RODIΔt=3s and RODIΔt=1.5s. The values
of quantiles of both distributions are represented in color scale. The dashed lines represent the bisector of the first-third quadrant. Left panels refer to the daytime
sector, whereas right panels refer to the nighttime sector. The considered window width is ΔT = 30 s.

made of data characterized by a 3-s sampling time (obtained
by downsampling the 1.5-s time series). Since, usually, both Ne
and Te exhibit variations at time scales lower than those probed
by CSES-01 LAP, the two different sampling times produce dif-
ferent ROD and ROTE values [through (1) and (4), respectively]
and, consequently, also different RODI and ROTEI.

To test the effect of different sampling times on the index
values, with a sliding window of fixed width, we selected the
CSES-01 dataset measured in the burst mode and calculated
RODI and ROTEI values with the following two specifications:

1) RODIΔt=3s and ROTEIΔt=3s, i.e., RODI and ROTEI val-
ues obtained with Δt = 3 s and ΔT = 30 s, and at most
N = 11 values in the sliding window;

2) RODIΔt=1.5s and ROTEIΔt=1.5s, i.e., RODI and ROTEI
values obtained with Δt = 1.5 s and ΔT = 30 s, and at
most N = 21 values in the sliding window.

Fig. 4 shows the comparison between RODI values calculated
according to the two aforementioned settings. The compari-
son is performed through the graphical representation of joint

probability distributions and quantile–quantile (Q–Q) plots of
RODIΔt=3s and RODIΔt=1.5s values, for the two different LT
sectors probed by CSES-01. In the joint probability distribu-
tion plots, the mean and standard deviation of RODIΔt=1.5s

conditioned by RODIΔt=3s are also reported as black points
and vertical bars, respectively. By looking at joint probability
distribution plots, it is clear how RODIΔt=1.5s > RODIΔt=3s

for the bulk of dataset, with conditioned mean values above the
bisector of the first-third quadrant (dashed line) in the entire
range of calculated RODI values. The Q–Q plot is a scatterplot
of two sets of quantiles that gives information on the similarity
between the two distributions of data [25]. In fact, if both sets of
quantiles came from the same distribution, they will distribute
along a straight line. Fig. 4 shows that quantiles distribute
along a straight line only above a certain RODI threshold value,
whereas lower quantiles (those associated with the tail of the
distribution concerning the lowest RODI values) depart from this
behavior. As a consequence, the two distributions of RODIΔt=3s

and RODIΔt=1.5s values can be considered quite similar, with
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Fig. 5. (Top panels) Joint probability distribution of ROTEI values calculated with different sampling times: ROTEIΔt=3s on the x-axis, ROTEIΔt=1.5s on the
y-axis. Black dots with error bars represent the mean and standard deviation of ROTEIΔt=1.5s conditioned by ROTEIΔt=3s. CSES-01 data are those recorded from
January 1, 2019 to August 31, 2021, in those regions where LAP measured in the burst mode (see Fig. 1). On the top and right of the distributions, histograms of
the probability density for ROTEIΔt=3s and ROTEIΔt=1.5s are also reported. (Bottom panels) Q–Q plots between ROTEIΔt=3s and ROTEIΔt=1.5s. The values
of quantiles of both distributions are represented in color scale. The dashed lines represent the bisector of the first-third quadrant. Left panels refer to the daytime
sector, whereas right panels refer to the nighttime sector. The considered window width is ΔT = 30 s.

differences only at the tail of the lowest RODI values. Moreover,
most of the RODIΔt=1.5s quantiles are higher than RODIΔt=3s

ones (they are above the bisector of the first-third quadrant), as
already highlighted by the joint probability distribution plots.
To sum up, the shorter the data sampling time, the higher the
calculated RODI values, with the corresponding distributions
being very similar except for the very low quantiles, which are
related to low RODI values that are few and those we are least
interested in.

Fig. 5 shows the same analysis as in Fig. 4 but for ROTEI.
Corresponding results are very similar to those obtained for
RODI and confirm that the shorter the data sampling time, the
higher the calculated ionospheric index values. This result is
similar to that found by Li et al. [26] in their analyses finalized
to look for seismological ionospheric signatures. This means
that both Ne and Te exhibit variability at time scales smaller
than those probed by CSES-01 LAP.

The results of this analysis highlight that it is not possible
to merge values of RODI or ROTEI calculated with different

sampling times because their magnitude is sensibly different.
This is highlighted also in Fig. 6, which is an example of median
daytime RODI values, with both a sampling time of 1.5 s and a
sampling time of 3 s (obtained by downsampling the 1.5-s time
series), calculated only in the region where the satellite records
in the burst mode. As a consequence, in the following analyses,
RODI and ROTEI will be calculated with a fixed sampling time
Δt = 3 s. In this way, RODI and ROTEI values obtained in both
survey and burst modes are comparable and the entire CSES
dataset (both FLAGS) can be used.

IV. EFFECT OF DIFFERENT TIME WINDOW WIDTHS ON THE

IONOSPHERIC INDEX CALCULATION

To investigate the effect that the width ΔT of the sliding
window has on the index magnitude, we calculated RODI and
ROTEI by using windows of different widths and fixing the
sampling time to Δt = 3 s, for the entire CSES-01 LAP dataset.
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Fig. 6. Median RODI calculated from January 1, 2019 to August 31, 2021, for the daytime sector (∼14 LT) in the regions where CSES-01 LAP data have been
recorded in the burst mode (FLAG = 2) and plotted in geographic coordinates. The top panel refers to a sampling time of 3 s (obtained by downsampling the 1.5-s
time series), whereas the bottom panel refers to a sampling time of 1.5 s. Bins are 2° wide in latitude and 4° wide in longitude. The black curve in both panels
represents the geomagnetic equator. The figure for the nighttime sector can be found in the Supplementary Material.

This means that we considered all survey mode data and burst
mode data downsampled at 3 s.

Specifically, we tested seven windows of width ΔT =
[12, 18, 24, 30, 36, 42, and 48] s. Then, seven RODI and ROTEI
datasets were obtained. To compare them, we applied the same
analysis shown in Figs. 4 and 5 by putting the dataset obtained
with ΔT = 30 s on the x-axis and the ones obtained with dif-
ferent ΔT values on the y-axis. This means that the differences
among RODI and ROTEI values obtained with different ΔT

values are evaluated by taking ΔT = 30 s as a touchstone.
Corresponding comparisons are shown in Figs. 7–10 for both
RODI and ROTEI, for the daytime sector. The corresponding
analyses related to the nighttime sector can be found in the
Supplementary Material.

Figs. 7–10 highlight the effect that the use of windows of
different widths has on the index calculation. In fact, as it is
well testified by the data distribution compared to the bisector
of the first-third quadrant in the joint probability distribution
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Fig. 7. Joint probability distribution of RODI values calculated with the sampling time fixed to Δt = 3 s. In each of the six panels, the RODI dataset calculated
with ΔT = 30 s (RODI30s) is reported on the x-axis, whereas RODI datasets for different ΔT values are reported on the y-axis. CSES-01 LAP data are those
recorded from January 1, 2019, to August 31, 2021, for the daytime sector.
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Fig. 8. Q–Q plots of RODI values calculated with the sampling time fixed to Δt = 3 s. In each of the six panels, the RODI dataset calculated with ΔT = 30 s
(RODI30s) is reported on the x-axis, whereas RODI datasets for different ΔT values are reported on the y-axis. CSES-01 LAP data are those recorded from January
1, 2019, to August 31, 2021, for the daytime sector.

plots, the wider the window, the higher the calculated indices.
WhenΔT < 30 s, a portion of data distribute below the bisector
of the first-third quadrant, which means that RODI[12,18,24]s <
RODI30s; the reverse is true when ΔT > 30 s (which means
that RODI[36,42,48]s > RODI30s). A similar behavior holds also
for ROTEI. By looking at Q–Q plots, we can see that the effect

of the window width change is clear above all at the tails of
the distributions. Overall, slight differences are visible for the
rangesΔT ∈ [24, 36] s, so the three options (24, 30, and 36 s) can
be considered rather equivalent. Instead, a further decrease or
increase in the window width produces larger differences above
all at the tails of the distributions. CSES-01 satellite moves at
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Fig. 9. Joint probability distribution of ROTEI values calculated with the sampling time fixed to Δt = 3 s. In each of the six panels, the ROTEI dataset calculated
with ΔT = 30 s (ROTEI30s) is reported on the x-axis, whereas ROTEI datasets for different ΔT values are reported on the y-axis. CSES-01 LAP data are those
recorded from January 1, 2019 to August 31, 2021, for the daytime sector.
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Fig. 10. Q–Q plots of ROTEI values calculated with the sampling time fixed to Δt = 3 s. In each of the six panels, the ROTEI dataset calculated with ΔT = 30 s
(ROTEI30s) is reported on the x-axis, whereas ROTEI datasets for different ΔT values are reported on the y-axis. CSES-01 LAP data are those recorded from
January 1, 2019 to August 31, 2021, for the daytime sector.



PEZZOPANE et al.: ON THE BEST SETTINGS TO CALCULATE IONOSPHERIC IRREGULARITY INDICES 4069

Fig. 11. Median RODI calculated from January 1, 2019 to August 31, 2021for
the daytime sector (∼14 LT) with Δt = 3 s, for ΔT = 24 s (top panel), ΔT =
30 s (middle panel), and ΔT = 36 s (bottom panel), plotted in geographic
coordinates. Bins are 2° wide in latitude and 4° wide in longitude. In the top
panel, four red arrows highlight the position of four maxima that are well visible
also in the middle and bottom panels. The black curve in all the panels represents
the geomagnetic equator. The figure for the nighttime sector can be found in the
Supplementary Material.

about 7.5–8.0 km/s, and then data are taken in different spatial
regions. Consequently, the time and spatial scales are tied by the
satellite velocity, and to study the local small-scale properties of
both Ne and Te, we would need a window as short as possible.
At the same time, however, the choice of the window width is
affected by both the measurement sampling time and the need
of having enough data in the window, in order to obtain an index
statistically significant.

Finally, we need to find a reasonable compromise according
to both the data sampling time and the satellite orbital velocity.
This is why we think that the best choice is to set ΔT to 24 s.
This choice is supported also by what is shown in Fig. 11, which
is an example of median daytime RODI values, forΔt = 3 s and
ΔT ∈ [24, 36] s. The three maps show similar large-scale pat-
terns. For instance, at low latitudes, four maxima can be observed

in the longitudinal variation of electron density. These features
were first discovered by Immel et al. [27] in IMAGE/EUV
observations, then confirmed by Lühr et al. [28] with CHAMP
data, and by Scherliess et al. [29] with TOPEX data. Moreover,
part of the auroral boundaries in both hemispheres can be seen, in
agreement with recent works by Jin et al. [7] and Pezzopane et al.
[19]. Although the choice of the window width in the range [24,
36] s seems not to dramatically affect the climatological maps
of RODI, the shortest window is the most indicated to highlight
small-scale patterns, which emerge by looking at individual
orbits. With this choice, the maximum number of data points
included in the sliding window will be 9 in the survey mode
(Δt = 3 s) and 17 in the burst mode (Δt = 1.5 s). Considering
the satellite orbital velocity withΔT = 24 s, we are considering
data collected in a 180–192 km wide region.

V. SUMMARY AND CONCLUSION

The main goal of the CSES mission is to look for ionospheric
perturbations possibly associated with earthquakes. To this end,
the calculation of indices, such as RODI and ROTEI, could be
valid help. In this article, we have investigated the effects of dif-
ferent sampling times and different sliding window widths when
calculating RODI and ROTEI based on Ne and Te measurements
made by LAP onboard CSES-01 satellite. Considering that these
two indices are essential to describe the ionospheric irregulari-
ties and dynamics, it is easy to understand the importance of the
choice of these two parameters. To accomplish this task, we have
considered Ne and Te measurements recorded between January
1, 2019 to August 31, 2021 in both survey (sampling time of 3
s) and burst (sampling time of 1.5 s) modes. The main outcomes
of the study can be summarized as follows.

1) It is not possible to merge values of RODI or ROTEI
calculated with different sampling times because their
magnitude is sensibly different; the shorter the data sam-
pling time, the higher the calculated indices. By taking
into account that CSES-01 LAP data are recorded in the
burst mode (Δt = 1.5 s) only for a limited portion of the
Earth’s surface, we suggest calculating RODI and ROTEI
considering a sampling time of 3 s. In this way, the whole
CSES dataset can be used;

2) The wider the sliding window used to calculate the indices,
the higher the indices. Anyhow, to study the small-scale
properties of both Ne and Te, the window cannot be too
wide, but at the same time, it must contain a number of
points, such as to obtain a statistically significant index.
According to the analyses shown in this article, we suggest
setting the width of the sliding window to 24 s.

The results of this study represent the first fundamental step
toward the implementation of a standard procedure to calculate
RODI and ROTEI from CSES-01 satellite LAP data. In order
to characterize the small-scale irregularities of the topside iono-
sphere, which is crucial for space weather purposes, it is the
intention of the authors to explore in the near future the main
spatial, seasonal, and solar activity variations exhibited by these
indices, calculated through the procedure outlined in this work,
and compare them with those based on Swarm data.
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