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Abstract

The tropopause is the transitional layer between the troposphere and stratosphere, which
has significance in the weather monitoring and forecasting, aviation technology, and other
various fields. GNSS-RO is a method that is widely used to study and understand the atmo-
spheric properties and the phenomena related to it. In this study, the atmospheric data from
the Constellation Observing System for Meteorology Ionosphere and Climate – 2 (COSMIC-
2) mission are used to understand the impact of geomagnetic storm from 10-13 May 2024 on
the tropopause parameters. The tropopause height (TRH) and tropopause temperature (TRT)
is calculated using the World Meteorological Organization 1957 (WMO 1957) criteria during,
before and after the geomagnetic storm time as well as on the same days in previous years.
The result obtained is compared to each other. During the geomagnetic storm time, global
variation of TRH with longitude shows almost constant nature in tropical region (0◦ to ∼23◦
latitude) and higher-latitude (> 35◦) region but sharp changes is observed in sub-tropical
region (∼23◦ to ∼35◦ latitude). The increase in TRH can be seen in tropical region when
compared to prior years, which might be due to global warming and global increase in tem-
perature in May 2024. A comparison of TRH and TRT before, during and after geomagnetic
storm is performed using paired t-test. A significant change in TRH and TRT can be ob-
served in tropical and higher latitude (> 35◦) during and after the geomagnetic storm. Which
supports the physical mechanism of coupling between the ionosphere and upper troposphere
during geomagnetic storm.
Keywords: GNSS-RO, Tropopause dynamics, WMO, Tropopause height, Tropopause temperature,
Geomagnetic Storm, 10-13 May 2024.
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1 Introduction

The atmosphere is divided into five different lay-
ers, from lower towards higher altitude: the tro-
posphere, stratosphere, mesosphere, thermosphere
and exosphere. The tropopause is the boundary
layer between the troposphere and the stratosphere,
which is characterized by the rate of temperature
change with altitude, also known as the lapse rate
(LR) [1, 2]. Tropopause is not a fixed boundary;
its variation is referred as tropopause dynamics. A
number of different factors influences tropopause
dynamics, like; atmospheric weather events, large-
scale circulation patterns, extreme weather condi-
tions, etc., [3]. Space weather phenomenon like so-
lar flare, geomagnetic storm, etc., also have the
influence on middle atmosphere and troposphere
[4, 5]. The geomagnetic storm is a temporary dis-
turbance of the Earth’s magnetic field, which origi-
nates from solar wind disturbances. This can either
be in the form of Coronal Mass Ejections (CME) or
Solar Flares (SF). In SF, the energy is released in
the form of photons and charged particles. The
strong magnetic fields of the CME cause the most
powerful storms when it collides with the magneto-
sphere of the Earth [6, 7]. These storms can have
large effects on communication networks, satellite
operations, and even power grids. Global Navi-
gation Satellite System-Radio Occultation (GNSS-
RO) is a method that is widely used to study and
understand the atmospheric properties and various
phenomena.

Occultation is the condition in which the two-
communicating link is not in a straight line of sight
and blocked by some object. In case of GNSS-RO
the Earth’s atmosphere blocks the direct straight
communication link between the two satellites. The
signal from the transmitting satellite still reaches
the receiving satellite due to the bending by the
atmosphere of the Earth. By calculating the bend-
ing angle profile, the properties of various layers of
atmosphere can be studied with great vertical res-
olution [8, 9].

In this work, we have studied the nature of
global TRH and TRT during the geomagnetic storm
10-13 May 2024. The common geomagnetic storms
Dst index lies below -200nT while this geomagnetic
storm of May 2024 had the Dst index falls below
-400nT marking it one of the strong superstorms
experienced in recent years [10]. Also, to know the
effect of geomagnetic storm on tropopause parame-
ter, the result is compared with the days before and
after geomagnetic storm as well as in the same days
in previous years.

2 Methodology

2.1 Sources of Data

The major data used in this study are sourced
from the website of Taiwan Space Agency’s (https:
//tacc.cwa.gov.tw/data-service/), which pro-
vides GNSS-RO data from the COSMIC-2 mission
[9]. This data is publicly accessible and offers a va-
riety of datasets pertinent to the ionosphere, atmo-
sphere, climate, and related fields. The atmospheric
profiles data, labeled as ‘atmPrf’, are retrieved us-
ing Radio Occultation (RO) techniques. These pro-
files primarily include the dry component of the
neutral atmosphere, which is critical for the under-
standing atmospheric composition and dynamics.
This data type is particularly useful for studying at-
mospheric pressure, temperature, and humidity at
various altitudes. The information of the geomag-
netic parameters, such as; Kp index, Dst index, are
taken from the NASA’s Omni Web Data Explorer
(https://omniweb.gsfc.nasa.gov/). The infor-
mation of the geomagnetic quiet and disturb days
is obtained from website of International Service
of Geomagnetic Indices (https://isgi.unistra.
fr/).

2.2 Atmospheric Parameters from GNSS-
RO

GNSS RO technique is used to extract atmospheric
parameters from signals received from GNSS satel-
lites. The radio waves from GNSS satellites that
passes through Earth’s atmosphere are collected by
low earth orbit (LEO) satellites equipped with the
GNSS receivers. The variations in temperature, hu-
midity, pressure and density of the various layers of
the Earth’s atmosphere cause the GNSS signals to
be refracted as they pass through it. The excess
phase of the refracted GNSS signals, measured by
LEO satellite, provides information about the at-
mospheric delay of the signal on passing through
the different layers of atmosphere [11].

The bending angle of the ray as it passes
through the atmosphere and reaches the LEO satel-
lite is given as [11]:

α(a) =

∫ b

a

dn(µ)√
x2 − a2

(1)

Here, ‘a’ is the impact parameter and ‘µ’ is the
refractive index. The refractive index profile of the
atmosphere can be obtained by the Abel transfor-
mation of the equation (1), which is given as [12,13]:

µ = exp

[
1

π

∫ ∞

x

α(a)√
(a2 − x2)

da

]
(2)
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Figure 1: The bending of GNSS signal as it passes
through the atmosphere and reaches the LEO satel-
lite [12].

The relation that relates the reflectivity (N) to
the refractive index profile (µ) is:

N = (µ− 1)× 106 (3)

The reflectivity depends on the dry air pressure,
temperature, and water vapor pressure within the
neutral atmosphere, which is expressed as:

N = K1
Pd(z)

T (z)
+K2

e(z)

T (z)
+K3

e(z)

T 2(z)
(4)

The first term represents the contribution due
to dry air reflectivity, which is significant up to an
altitude of 60 km and the second term is for the wet
component, which is relevant up to 8 km to 10 km
altitude [13,14].

To include the ionospheric contribution another
term is added which gives the following complete
equation:

N = K1
Pd(z)

T (z)
+K2

e(z)

T (z)
+K3

e(z)

T 2(z)
+K4

Nc

f2
(5)

The values of constant in the above equations
are as

K1 = 77.67 Kmb−1, K2 = 70.71 Kmb−1, K3 =
3.734×105 Kmb−1 and K4 = 40.3×106 Kmb−1 [14].

2.3 Tropopause Estimation: World Me-
teorological Organization 1957 (WMO
1957) Method

The general convention of World Meteorological Or-
ganization held on 1957 (WMO 1957) uses the con-
cept of LR to define the tropopause [15]. LR can
be defined as rate of drop in the temperature with
respect to the altitude on moving up in the atmo-
sphere. If T denotes the temperature and z denotes
the altitude then:

LR = −dT

dz
(6)

The -ve sign indicates that the temperature de-
creases as the altitude increases. The WMO 1957

defines the tropopause using the two conditions of
the LR, which are; (i) lowest altitude point at which
the lapse rate drops below 2◦C/km and, (ii) the av-
erage LR should not be greater than 2◦C/km for
the next 2km. The first condition helps in identify-
ing the point from where the atmospheric transition
from troposphere to stratosphere starts and the sec-
ond condition ensures that the identified transition
layer is not just a temporary layer and is an actual
tropopause [15].

The details of the python program for the esti-
mation of LR and tropopause is given below.

For the estimation of LR we require datasets of
altitude, temperature, latitude and longitude. The
following python code is used to estimate LR.

def LR_estimate(altitudes,temp,latitude,longitude):
LR = [ ]
h_data = [ ]
t_data = [ ]
lat = [ ]
lon = [ ]
for i in range(1, len(altitudes)):

altitude_diff = altitudes[i] - altitudes[i-1]
temperature_diff = temp[i] - temp[i-1]
lapse_rate = -temperature_diff / altitude_diff
lat.append(latitude[i])
lon.append(longitude[i])
LR.append(lapse_rate)
h_data.append(altitudes[i])
t_data.append(temp[i])

return [LR, h_data, t_data, lat, lon]

These five variables LR, h−data, t−data, lat,
lon are used to estimate the TRH and TRT alog
with their respective latitude and longitude using
following python code.

def estimate_trop(h_data,t_data,LR,latitude,longitude):
tropopause_level = None
lat_twh = None
lon_twh = None
steps = 200 # for 2km, there are 200 steps of 10m
num_levels = len(LR)
for i in range(num_levels):
if LR[i] <= 2:
within_2km = LR[max(i,0):min(i+steps, num_levels-1)]
variation = np.mean(within_2km)
if variation <= 2:

trh = h_data[i]
trt = t_data[i]
lat_tropo = latitude[i]
lon_tropo = longitude[i]
break

return [trh, trt, lat_tropo, lon_tropo]
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2.4 Cubic Spline Interpolation: CSI

Cubic spline interpolation (CSI) is used to improve
the vertical resolution of atmospheric data obtained
from COSMIC-2 satellite. While the COSMIC-
2 satellite data has a good vertical resolution of
approximately 20m, further interpolation is per-
formed to achieve even finer vertical resolution.
This further interpolation to make the finer verti-
cal resolution (∼10m) make sure that the continuity
and stability of each atmospheric profile is smooth
which helps in the precise determination of the
tropopause parameter (TRT and TRH). CSI takes
two-dimensional variables and uses them to create
a smooth curve that passes through all the data
points. CSI is advantageous because it minimizes
the overall curvature of the interpolating function,
leading to a smooth and natural fit that avoids os-
cillations [16]. In this work, we have to interpolate
for four variables, which are; altitude, temperature,
latitude and longitude. But CSI takes only 2 vari-
ables at a time. This can be done by interpolating
multiple times for temperature, latitude and longi-
tude by taking fixed array of the altitude, similar
to the Paudel et. al, (2024) [17].

2.5 Data Pre-processing

The data obtained from the COSMIC-2 has more
than 5000 atmospheric profiles per day. Not all
the atmospheric profiles are good as several fac-
tors influence them. In order to get better result,
we must process the data to remove the irregular
and bad profiles that may introduces error in the
calculation. In order to sort out the bad profiles
we employ certain conditions. A complete GNSS-
RO atmospheric profile must cover from the sur-
face to the 60 km. Therefore, those profiles start-
ing above the 10km altitude and ends below 40km
are removed following Paudel et. al, (2024) [17].
This filtering criteria drastically improved the ver-
tical profile of temperature. The study on global
tropopause variation by Seidel et al. (2001) [18],
the tropical tropopause by Randel et al. (2003) [19]
and Fueglistaler et al. (2009) [20] found the typical
range for the tropopause temperature to lie in be-
tween approximately –100°C to –40°C. The values
of temperature which are colder than -100°C and
warmer than –40°C are physically implausible and
are likely due to the misidentified or false tropo-
spheric inversion rather than the true tropospheric
condition. Hence, the atmospheric profiles with the
tropopause temperature lying outside of that range
were filtered during the preprocessing.

The height of the TRH also varies with lati-
tude (φ), the minimum cutoff value of TRH is given
by [21]:

hcutoff = 7.5 + 2.5 cos(φ) (7)

The lower limit of the interpolated array of al-
titude is set either equal or greater than hcutoff

so that the estimated TRH is more than the cutoff
value at given latitude.

In figure 2, the left figure shows sample of
all the atmospheric profiles and the right figure
shows the atmospheric profiles after applying all
pre-processing criterion on that sample. After ap-
plying pre-processing criterion, most of the atmo-
spheric profiles having irregular shape in tropo-
sphere are removed.

Figure 2: Atmospheric profiles before and after ap-
plying pre-processing criterion.

2.6 Region and Time-Period of Interest

The region of interest of our study is global cov-
erage of the COSMIC-2 satellite constellation from
45°S to 45°N in latitude and 180°W to 180°E in
longitude [9]. This wide geographic range enables
for then in-depth analysis of the global variation
in the tropopause caused by several factors. The
time-period of the interest is 10-13 May 2024, at
which prominent geomagnetic storm had hit on the
Earth [10]. The figures 3 and 4 are the evidence
of geomagnetic storm in this time. Between 10-13
May 2024, the disturb storm time (Dst) index is less
than -400 nT, Kp index is more than 8 and mag-
netic field ∼70 nT can be seen. The GNSS-RO data
from COSMIC-2 at time-period of interest can pro-
vide insight into the influence of geomagnetic storm
to change global TRH and TRT. These changes are
compared to the days before (26-19 April and 4-
7 May) and after the storm (17-20 May and 26-
29 May). In addition to 2024 events, the data of
the same period, 10-13 May, from 2020 to 2023 is
also used to identify patterns and anomalies in the
global TRH and TRT, which may be caused due to
geomagnetic storm.
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Figure 3: Kp and Dst index in the month of May,
2024

Figure 4: Average field magnitude in May, 2024. A
sharp peak on 11 May, can be seen as the indication
of geomagnetic storm.

2.7 Paired t-Test

The paired t-test is used as a statistical tool to test
the statistical significance whether there was any
significant difference in TRH and TRT before, dur-
ing and after the geomagnetic storm. Before apply-
ing the paired t-test the normality of the data was
verified using the Shapiro–Wilk test. All compar-
isons showed that the p-values were greater than
0.05 which confirmed that the data were approxi-
mately normally distributed and that the t-test was
suitable for testing statistical significance. For this
the data were made as a pair: one before and dur-
ing storm and the other during and after the storm
and the pairs were subjected to paired t-test. The
t-statistics for paired t-test is given as [22];

t =
d̄

σd/
√
n

(8)

where, d̄ and σd are the mean and standard de-
viation of difference between two set of data and n
is sample size.

We have also estimated p-value to find the prob-
ability of getting t-statistics as extreme value than
observed value. The p-value for the two tailed t-test
is given by;

p = 2× P [T > (tcalc)] (9)

where, T follows the t-distribution with degree
of freedom (n-1).

3 Results and Discussion

3.1 Variation of Global TRH and TRT

The global TRH and TRT in the active storm days,
10-13 May 2024, is shown in figure 5. In this fig-
ure, latitude is divided into 36 bins, so that each
bin represents the 2.5° latitude. The box plot of
each bin can be seen along with respective mean,
median, standard deviation(SD) and extreme val-
ues whiskers (EVW). In the tropical region, up to
∼23°, in both northern and southern hemisphere,
the value of TRH is seen almost constant with small
SD.

In sub-tropical region, ∼23° to ∼35° latitude,
TRH values decrease sharply with large SD and
EVW. Beyond sub-tropical region, > 35° latitude,
TRH becomes more or less constant, but it has
slightly higher value in northern hemisphere. The
TRT variation shows concave shape from 0° to 30°
latitude. Beyond 35° longitude it became more or
less constant, but its value is slightly less in north-
ern hemisphere. This may be due to the inclination
of the northern hemisphere of Earth towards the
Sun in this time.

The variation of the global TRH and TRT in
geomagnetic quietest period from 26-29 May 2024
is shown in figure 6. The variation trend of the
TRT and TRH looks similar in tropical region to
that of 10-13 May but there are few differences in
sub-tropical region and beyond, which can be seen
in figure 8. Comparison of the global TRH and
TRT from 10-13 May, from 2020 to 2024. In trop-
ical region, TRH is found to be increased in 2024
as compared to the prior year but the condition is
different in sub-tropical and high latitude region.

Moreover, beyond sub-tropical region (> 35◦),
the TRH behavior is different in southern and
northern hemisphere, maximum in northern and
minimum in southern hemisphere in 2024 compared
to previous year. The behavior of the global TRT
is also different at tropical, sub-tropical and beyond
sub-tropical region in 2024 and other years.

3.2 Comparison of the Global TRH and
TRT Before, During and After Geo-
magnetic Storm

The comparison of the global TRH and TRT be-
fore and after the geomagnetic storm in 2024 can be
seen in figure 8. The days from 26-29 April to 26-29
May are taken into the consideration for the com-
parison. This process helps to extract the anoma-
lies in TRH and TRT due to seasonal effect. The
visualization of the graph shows that there is no
any notable difference in TRH and TRT between
geomagnetic storm time and other time-period in
tropical region but some difference can be observed
in sub-tropical and higher latitude. We have also
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compared TRH and TRT separately between geo-
magnetic storm days, from 10-13 May, with quite
days, from 26-29 May, shown in figure 9.

For the quantitative analysis, we performed the
two tailed paired t-test. The data of TRH and TRT
before the storm from 4-7 May and after the storm
from 26-29 May is compared with storm time 10-
13 May. The result is presented in Table 1. It is
observed that there is no any significant difference
between TRH and TRT before and during the geo-
magnetic storm.

But the result obtained for during and after the
storm time is different. The result indicates that
TRH and TRT do not differ significantly in the
subtropical region (23°–35°); however, both param-
eters show significant variations within the tropical
region (0°–23°). Beyond subtropical region (>35°)
significant difference is observed for only TRT.

Figure 5: Global latitudinal variation of TRH and
TRT showing mean, median, standard deviation
and extreme values in 10-13 May 2024.

Figure 6: Global TRH and TRT variation along
latitude, showing mean, median, standard devia-
tion and extreme values in 26-29 May 2024.

Figure 7: Comparison of the global TRH and TRT
in 10-13 May from 2020 to 2024.
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Figure 8: TRH and TRT variation with latitude in
period with geomagnetic storm and in period with-
out storm.

Figure 9: TRH and TRT variation with latitude in
period with geomagnetic storm and in period with-
out storm.

Table 1: Parameters obtained from paired t-test at 95% confidence level for the TRH and TRT before,
during and after the geomagnetic storm.

Latitude Before and during storm During and after storm
For TRH Significance at p<0.05 For TRH Significance at p<0.05t-statistics p-value t-statistics p-value

0°–23° -1.593 0.129 No 9.026 <0.001 Yes
23°–35° 0.268 0.794 No -0.863 0.415 No
>35° -0.637 0.544 No -0.124 0.904 No

Latitude Before and during storm During and after storm
For TRT Significance at p<0.05 For TRT Significance at p<0.05t-statistics p-value t-statistics p-value

0°–23° 0.779 0.447 No -5.994 <0.001 Yes
23°–35° 0.670 0.520 No 2.598 0.288 No
>35° 1.396 0.205 No 13.80 <0.001 Yes

3.3 Discussion

The nature of the global TRH and TRT during the
time of the geomagnetic storm from 10-13 May 2024
similar to the global trend as suggested by Rieckh
et al. (2014) [23] and Zhren & Mousa (2023) [24].
This indicates that during geomagnetic storm there
is no any significant change in shape of the variation
of tropopause parameters with latitude.

From yearly comparison of global TRH and
TRT, it can be said that the discrepancies observed
in the tropical region is due to the effect of global
warming [25] as well as the increase in global tem-
perature in 2024, since, May 2024 was the hottest
May recorded ever [26]. The differences observed
in sub-tropical and high-latitude region is due to
the geomagnetic storm. The significant difference

observed between TRH and TRT during and af-
ter the geomagnetic storm strongly support the
coupling between the ionosphere and upper tro-
posphere. The During Geomagnetic storm, large
amount of the energy flows from magnetosphere to-
wards the ionosphere at high latitude region. This
could produce heating and drag resulting the vari-
ous types of waves, such as; gravity wave and plan-
etary waves, which can propagate up to the upper
part of the troposphere [27,28]. The higher value of
the TRH and lower value of TRT in northern hemi-
sphere comparison to southern hemisphere is due to
the orientation of the Earth towards the Sun in this
season, which causes higher temperature in north-
ern hemisphere compare to southern hemisphere.
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4 Conclusions

In this work, we have studied the behavior of the
global TRH and TRT in the periphery of the geo-
magnetic storm time 10-13 May 2024. The result
obtained is compared with the days before and after
the geomagnetic storm as well as the same day in
previous year. Following are the major conclusions;

• The value of global TRH is found almost con-
stant in tropical region (0° to ∼23° latitude)
and beyond sub-tropical region (>35°) but de-
creases sharply in sub-tropical region (∼23°to
∼35° latitude) in both hemisphere in the pe-
riphery of May 2024.

• The value of global TRT is increasing slowly
with the increase in latitude in the tropical
region, but increases sharply in sub-tropical
region. Beyond sub-tropical region, TRT re-
mains almost constant in the periphery of
May 2024.

• At higher latitude (>35°), the value of TRH
us slightly higher and TRT is slightly lower to-
wards northern hemisphere compare to south-
ern hemisphere due to the orientation of the
Earth with respect of Sun in this season.

• In comparison to prior years, the TRH is in-
creased even in the equatorial region during
the period of geomagnetic storm of May 2024.
This seemed to indicate the likely impact of
geomagnetic storm on TRH but on further
analysis this increase was found to be due
to global warming and the global increase in
temperature in May 2024.

• There is no significant difference in TRH
and TRT before and during the geomagnetic
storm in all geographical regions but differ-
ence is observed during storm time and quiet
time after the storm. Which supports the cou-
pling mechanism between ionosphere and up-
per atmosphere.

The study of the effect of the geomagnetic storm
on the troposphere and tropopause is very im-
portant. This study is limited between geomag-
netic latitude 45°S to 45°N due to the limitation of
COSMIC-2 data. Similar types of study for more
geomagnetic storm events at different seasons in-
cluding higher latitude data is necessary to explore
the effects furthermore.
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