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Estimation of and Communication
Parameters of Ionosphere -Layer Using

GPS Data and IRI-Plas Model
Umut Sezen, Oktay Sahin, Feza Arikan, and Orhan Arikan

Abstract— -layer is the most important and characteristic
layer of the ionosphere in the propagation of high frequency (HF)
waves due to the highest level of conductivity in the propagation
path. In this study, the relation of Total Electron Content (TEC)
with the maximum ionization height and the critical
frequency of -layer are investigated within their
defined parametric range using the IRI model extended towards
the plasmasphere (IRI-Plas). These two parameters are optimized
using daily observed GPS-TEC (IONOLAB-TEC) in an iterational
loop through Non-Linear Least Squares (NLSQ) optimization
while keeping the physical correlation between and
parameters. Optimization performance is examined for daily
(24-hour) and hourly TEC optimizations separately. It is observed
that hourly TEC optimization produces results with much smaller
estimation errors. As a result of the hourly optimization, we
obtain the hourly and estimates as they are the
optimization parameters. Obtained and estimates
are compared with the ionosonde estimates for various low,
middle and high latitude locations for both quite and disturbed
days of ionosphere. The results show that and
estimates obtained from IRI-Plas optimization (IRI-Plas-Opt) and
ionosonde are very much in agreement with each other. These
results also signify that IRI-Plas provides a reliable background
model for ionosphere. With the proposed method, it is possible to
build a virtual ionosonde via optimization of IRI-Plas model using
the observed TEC values.

Index Terms—foF2, GPS, hmF2, IONOLAB, IRI-Plas, TEC, vir-
tual ionosonde.

I. INTRODUCTION

I onosphere is the layer of the atmosphere that lies between
60 km and 1000 km above Earth surface and has a great

importance in high frequency (HF) and satellite communica-
tions because of its electrical and ionic structure. The ionization
characteristics and electron density distribution vary according
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to the location on Earth, time, solar, geomagnetic and seismic
effects. Ionosphere consists of three distinct layers, namely ,
and . layer is normally divided into and layers.
-layer, having the highest electron density, is the most stable

layer for HF communications and it has major importance in
satellite communications [1]. -layer models can be found in
various studies including but not limited to [2]–[5]. The critical
parameters of -layer can be estimated using ionosondes
[6]–[8]. -layer model estimates are also investigated in
the context of HF communications in [9] and [10]. In [10],
HF channel electromagnetic parameters are estimated via ray
tracing using a modified International Reference Ionosphere
(IRI) model.
Many experimental and theoretical models—including but

not limited to TIEGCM, GTIM, and SUPIM [11]—are de-
veloped to obtain a realistic physical structure of ionosphere.
Among these models, the most complete and widely used
one is the IRI model [5], [12]. IRI is an international project
sponsored by the Committee on Space Research (COSPAR)
and the International Union of Radio Science (URSI). For a
given location, time and date, IRI provides the estimates of the
electron density, electron temperature, ion temperature, and
ion composition based on the monthly averages (www.iri.org).
In a recent study, IRI model is extended to include plasmas-
phere (IRI-Plas) up to 20,000 km corresponding to the height
of Global Positioning System (GPS) satellites [13], [14]. In
IRI-Plas, TEC estimates can be also provided externally as
input for the proper scaling of topside and plasmasphere exten-
sions. In this study, TEC values are the IONOLAB-TEC [15],
[16] estimates obtained from GPS data. The goal of this study is
to optimize IRI-Plas with the IONOLAB-TEC values using the
two IRI-Plas parameters and while considering
the physical correlation between these two parameters in a
well-designed iterative optimization loop. With the proposed
method, it is aimed to obtain more realistic ionospheric com-
munication parameters with a high resolution representation of
time and location on Earth. This study will extend the single
dimensioned ionospheric structure characterized only by TEC
values to a three dimensional structure by adding and

estimates, for better characterization of HF channel.
Preliminary results of IRI-Plas optimization are presented in
[17]–[20], respectively. IRI-Plas optimizations with TEC input
and without TEC input are considered in [17] and [19], respec-
tively, while the physical relationship between the and

parameters are not taken into account. [19] added the
physical relationship between the and parameters
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and [20] included the and variations over Turkey.
In this study, both the topside scaling effect of IRI-Plas and the
error-band of and estimations are investigated in
the optimization process.
IONOLAB-TECmethod is briefly described in Section II and

IRI-Plas model is explained in Section III. Then, the optimiza-
tion structure used for the estimation of -layer parameters
is explained in Section IV. Later, Section V discusses the opti-
mization strategy and presents the optimization results together
with the obtained and estimates.

II. IONOLAB-TEC METHOD

In this study, IONOLAB-TEC (www.ionolab.org) is used as
the GPS-TEC data. IONOLAB-TEC [15], [16], [21], [22] com-
bines data from all the GPS satellites that are above 10 ele-
vation angle (horizon limit) of the GPS station with a temporal
resolution of 30 seconds. Themethod calculates VTEC (Vertical
Total Electron Content) per satellite and combines them using
a weighting function based on satellite positions which reduces
the contamination caused bymultipath effects [16], [21]. The re-
ceiver differential code biases are estimated using IONOLAB-
BIAS method described in [15]. IONOLAB-TEC estimates are
robust, reliable and accurate, and they can be used with any
single GPS station either in IGS1 or EUREF2 network.

III. IRI-PLAS MODEL AND MODEL PARAMETERS

IRI-Plas model [13], [14] being an improved version of the
IRI model [5], [12], [23] with the plasmasphere extension [24]
is a climatic and empirical model of ionosphere that can be up-
dated with different observational data sources. In IRI-Plas, the
region of interest has been extended to plasmasphere, i.e. 20,000
km. Ion and electron density distributions and TEC estimates
along the local zenith axis can be obtained using this model.
The TEC estimates (in topside and plasmasphere regions) can be
scaled by providing observed (or measured) TEC inputs. Some
of the model inputs, such as Sun Spot Number (SSN) and ge-
omagnetic coordinates do not change for a given day and are
kept constant in the used data set. Some of the parameters are
option selection flags used for deciding internal sub-models and
input-output configuration settings. Output parameters of the
model are provided for each layer of ionosphere as TEC esti-
mates and related layer-critical values.
During the sunlit hours, all ionosphere layers are available,

but when ionization effect of Sun disappears at night, -layer
becomes the predominant layer in spite of a decrease in peak
electron density [4], [10]. Twomain characteristic parameters of
this layer are the maximum ionization height (km) and
the critical frequency (MHz). Only electromagnetic sig-
nals above a critical frequency level can traverse the ionosphere
and propagate into outer space. Signals with lower frequencies
are refracted and reflected. Therefore, is very important in

1The International GNSS (Global Navigation Satellite Systems) Service
2IAG (International Association of Geodesy) Reference Frame Sub-Commis-

sion for Europe

Fig. 1. IRI-Plas model with input and output parameter sets.

radio communications [1], [10]. IRI-Plas model estimates crit-
ical frequency and height values by analyzing its preset coeffi-
cient matrices.
In this study, -layer critical height and frequency

input parameters are examined hourly for any selected
day, with and without the scaling effect of observational TEC
given as an external input to IRI-Plas. Related input parame-
ters are represented with , , and
for the -th hour of day during this study. Other non-optimized
parameters such as configuration setting flags, latitude, longi-
tude, date, time, daily SSN and index (SSN and index
are database inputs independent of user entries) are represented
with vector, as shown in Fig. 1. Produced model esti-
mates are represented with , , and
other layer estimates are defined as . So, final estimates
vector is given below, as

(1)

where denotes the transpose of a vector or matrix.
IRI-Plas model without TEC input is defined as

(2)

and IRI-Plas model with TEC input is defined as

(3)
where represents the measured (or observed) TEC
value for the -th hour of the day obtained by IONOLAB-TEC.
It is aimed to get a more realistic estimation vector, by
using a well-designed optimization loop.

IV. IRI-PLAS OPTIMIZATION DESIGN

Correlation between and parameters and the
scaling effect of TEC input need to be investigated before
moving on to the optimization design. As a first step,
output of IRI-Plas is plotted for different values of
for a quite day (15 October 2008) and location (unpg station

) as shown in Fig. 2, demonstrating the
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Fig. 2. Physical correlation characteristics of and for a quiet day
(unpg, 15 October 2008).

correlation between and parameters. As seen in
Fig. 2, IRI-Plas — correlation is high during day
hours, and less for night hours.
Later, for a selected quite day (15 October 2008 and unpg sta-

tion), IRI-Plas input parameter-set affecting TEC estimates are
investigated in their defined parametric range as shown in Fig. 3
and Fig. 4. In order to achieve this, root-mean-squared (RMS)
error between IRI-Plas TEC estimates and IONOLAB-TEC
values is calculated separately for and variations.
Initially, dependency of IRI-Plas TEC estimates to is
investigated, where is taken as the default IRI-Plas
daily average, , for the selected location and day.
Hence, for a given day the average frequency , and
average daily TEC error are given by

(4)

and

(5)
respectively. In the above equations, represents the hour of
the day and is given by

(6)

Here, is varied between 150 km and 600 km in steps of
50 km. Results are shown on Fig. 3. It is seen from Fig. 3(a)
that the average error is a parabolic curve.
Fig. 3(b) shows the variation of the where the
emphasized (bold) curve in the middle indicates the observed
IONOLAB-TEC, . Also Fig. 3(c) shows the variation
of the which is obtained by using the observed
TEC as the input to IRI-Plas, i.e.,

(7)

where the emphasized (bold) curve in the middle indicates the
observed IONOLAB-TEC, . The scaling effect of top-
side and plasmasphere regions of IRI-Plas with TEC input is

Fig. 3. IRI-Plas single parameter search on 15 October 2008 at unpg:
(a) Daily RMS error (without TEC input) (b) Daily -TEC variation
without TEC input (c) Daily -TEC variation with TEC input.

clearly seen in Fig. 3(c), showing that the effect of vari-
ations on TEC output is greatly reduced.
Similarly, while investigating dependency of IRI-Plas TEC

estimates to , is taken as the default IRI-Plas
daily average, for the selected location and

day. Hence, for a given day the average frequency ,
and average daily TEC error are given by

(8)

and

(9)
respectively. Here, is given by

(10)

Here, is varied between 2 MHz and 9 MHz in steps of
1 MHz. Results are shown on Fig. 4. It is seen from Fig. 4(a)
that the average error is also a parabolic curve.
Fig. 4(b) shows the variation of the where the
emphasized (bold) curve in the middle indicates the observed
IONOLAB-TEC, . Also Fig. 4(c) shows the variation
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Fig. 4. IRI-Plas single parameter search on 15 October 2008 at unpg:
(a) Daily RMS error (without TEC input) (b) Daily -TEC variation
without TEC input (c) Daily -TEC variation with TEC input.

of the which is obtained by using the observed
TEC as the input to IRI-Plas, i.e.,

(11)

where the emphasized (bold) curve in the middle indicates the
observed IONOLAB-TEC, . The scaling effect of top-
side and plasmasphere regions of IRI-Plas with TEC input is
clearly seen in Fig. 4(c), showing that the effect of varia-
tions on TEC output is greatly reduced.
Having parabolic structures for single parameter sets, it is ex-

pected that a quadratic surface will be formed for double param-
eter search. So, Non-Linear Least Squares (NLSQ) optimization
(with the Levenberg-Marquardt method) [25], [26] is chosen for
the optimization of and parameters. The iterative
optimization loop model is based on the minimization of the
TEC difference between the observed and estimated TEC values
as shown in Fig. 5.
IRI-Plas integrates physical correlation of critical frequency

and height parameters inside its model. So, correlation is taken
from the model using frequency as input and height as output
shown in (12)

(12)

Fig. 5. IRI-Plas iterative optimization model.

output is used as the correlated height. A new output
vector is defined as follows:

(13)

where

(14)

Here and .
Error vector is defined as the combination of the

two estimation errors, and
, for each hour of day as shown below

(15)

where represents the measured (or observed) TEC
for the -th hour of the day obtained by the IONOLAB-TEC
method. Minimizing the mean -norm square of the error
vector , i.e., minimizing ,
in an iterative loop leads to hourly optimized and

parameter values.

V. DISCUSSION ON THE OPTIMIZATION STRATEGY
AND RESULTS

After choosing NLSQ optimization, performance evalu-
ation of IRI-Plas model is investigated for different input
combinations:
• running IRI-Plas with optimized parameters and TEC
input, i.e.,

• running IRI-Plas only with optimized parameters (without
TEC input), i.e.,
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Fig. 6. IRI-Plas TEC estimation performance on 15 October 2008 at unpg.

• running IRI-Plas only with TEC input (without optimized
parameters input), i.e.,

• running IRI-Plas without optimized parameters and TEC
input, i.e.,

where and are the final and
values obtained at the end of hourly optimizations

and they are called as the hourly and estimates,
respectively.
Here, optimized parameters refer to the and pa-

rameters obtained as a result of the optimization. Results are
shown in Fig. 6. The normalized errors are obtained by dividing
the norm of the error vectors by the norm of the observation vec-
tors. In this text, normalized errors will be presented in paren-
theses along with the RMS errors.
As shown in Fig. 6, using optimized parameters with and

without the IRI-Plas TEC input gives the best TEC estimations
with RMS errors of TECU (0.0027%) and
TECU (0.017%), respectively. Optimization algorithm which
uses IONOLAB-TEC observations only for error calculations,
not for IRI-Plas input, is marked with a ‘ ’ sign in Fig. 6. Run-
ning IRI-Plas with TEC input only, i.e., without the optimized
parameters, produces a significant RMS error of 0.70 TECU
(6.45%), and shows large drifts especially during night-time as
clearly seen on Fig. 6. Running IRI Model without optimization
parameters and TEC input produces the highest error of 2.57
TECU (23.78%) as expected.
The scaling effect of the topside and plasmasphere regions

on and parameters are shown in Fig. 3(c) and
Fig. 4(c). As running IRI-Plas with TEC input reduces the ef-
fect of and parameters, IRI-Plas is optimized by
using only and parameters as the input parame-
ters of IRI-Plas. Thus, IONOLAB-TEC values are only used in
error calculations as shown in (15).
In order to observe the dependency to referenced observa-

tional TEC and produce a parameter estimation error-band for
and parameters, uniform random noise with an

Fig. 7. IRI-Plas optimization structure with uniform random noise.

Fig. 8. TEC estimationwith uniform random noise on 15October 2008 at unpg.

amplitude of TECU is added on the IONOLAB-TEC
values used in optimization, as shown in Fig. 7.
Here, 10 different TEC vectors are produced corresponding

to different noise levels as

(16)

where and is a uniform random noise with
TECU. Here TECU range indicates

an error margin during TEC measurements. These extra inputs
are marked with dots viewed as vertical fluctuations around the
actual hourly IONOLAB-TEC values, as shown in Fig. 8.
TEC outputs of the IRI-Plas optimization and

IONOLAB-TEC values with and without noise exactly
match each other as shown in Fig. 8 below.
Ionosonde RO041 located in Rome and

unpg receiver located in Perugia are se-
lected for the analysis of and estimations. The
approximate distance between these two locations is 147 km.
Comparison of and estimates and ionosonde data
for 15 October 2008, unpg EUREF receiver are given in Fig. 9
below. Here, fractured lines show the observational ionosonde
data and the smoother lines with vertical fluctuations of dots
show the and estimates obtained via optimization.
Vertical fluctuations of dots represent the error margins of the
estimations, as they are obtained for each value of .
The optimization estimates, in Fig. 9(a) and

in Fig. 9(b), match well with the ionosonde data. RMS differ-
ences for and estimates are found to be 31.42 km
(12.8%) and 0.70 MHz (14.3%), respectively. The difference in
the values are higher during night hours as seen in
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Fig. 9. Comparison of and estimates with ionosonde data for
unpg-RO041 on 15 October 2008: (a) , (b) .

Fig. 9(a). Also for values shown in Fig. 9(b), a sudden
jump in the ionosonde data is seen between 10:00–12:00 UT
which increases the matching error. This jump may be due to a
local disturbance in the ionosphere that is not recorded as a ge-
omagnetic storm, or due to a measurement error. Due to these
sudden and short duration variabilities that may occur in instan-
taneous data, ionospheric scientists use hourly or monthly run-
ning mean and median values before they include the measure-
ment data into their models.
The optimization algorithm is also tested for loca-

tions in higher latitudes. The results for wroc IGS re-
ceiver located in Wroclaw and the
nearest ionosonde of JR055 located in
Juliusruh/Rugen are provided in Fig. 10. The approximate
distance between these two locations is 460 km.
Similarly, in Fig. 10, fractured lines show the JR055

ionosonde data and the smoother lines with vertical fluctuations
of dots show the and estimates obtained via
optimization. RMS differences for and estimates
are found to be 30.48 km (11.8%) and 0.37 MHz (9.3%), re-
spectively. The difference in the values are higher in the
night-time as seen in Fig. 10(a). Both and plots
indicate that nearly all ionosonde data lie within the estimation
error-bands which correspond to approximate errors of 1 TECU
made in TEC measurements.
In Fig. 11, the comparison is provided for karr IGS re-

ceiver located in Karratha and LM42B
ionosonde located in Learmonth. The
approximate distance between these two locations is 337 km.
Here, fractured lines are the observational ionosonde data and
the smoother lines with vertical fluctuations of dots are the

and estimates obtained via optimization. Here,
RMS differences for and estimates are found
to be 13.4 km (4.8%) and 0.32 MHz (6.7%), respectively.
Fig. 11(a)–(b) shows that ionosonde data and our and

estimates are very much in agreement with each other.

Fig. 10. Comparison of and estimates with ionosonde data for
wroc-JR055 on 15 October 2008: (a) , (b) .

Fig. 11. Comparison of and estimates with ionosonde data for
karr-LM42B on 15 October 2008: (a) , (b) .

The performance of the proposed algorithm is evaluated for
a longer period in 2008 for LM42B ionosonde and karr GPS
stations. LM42B ionosonde data were missing before 21 Au-
gust 2008 and karr GPS receiver data were missing for some
days in December. So, the remaining four-month data are pro-
cessed with the proposed optimization method with an RMS
error of TECU and the results are shown (as a
scatter plot) in Fig. 12(a)–(b) and summarized in Table I. The
figures indicate that estimates cover most of the scat-
tering of the ionosonde data, and estimates show
a strong underlying trend, probably which the IRI-Plas model
imposes. Although maximum errors can be high as indicated in
Table I, RMS errors of 24.31 km and 0.83 MHz are actually in
an acceptable range. For example, [27] reports a similar order of
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Fig. 12. Long term comparison of and estimates with
ionosonde data for karr-LM42B (21 August 2008–23 December 2008): (a)

, (b) .

TABLE I
LONG TERM PERFORMANCE ANALYSIS OF THE OPTIMIZATION METHOD

(21 AUGUST 2008–23 DECEMBER 2008)

mismatch between two measurement systems, a MU radar and
ionosonde, in terms of values.
The proposed method is also tested for disturbed days of

ionosphere corresponding to a geomagnetic storm. The dates,
29 October 2003 and 8 October 2012 are chosen for analysis.
The former date is a well-known strong geomagnetic storm
date. The latter date is a moderate geomagnetic storm date.
The ionosonde and GPS stations are chosen according to
data availability and location distance. On 29 October 2003,
ionosonde AT138 located in Athens and orid
receiver located in Ohrid are selected for
the analysis of and estimations. The approximate
distance between these two locations is 423 km.

Fig. 13. IRI-Plas TEC estimation performance on 29 October 2003 at orid.

Fig. 13 shows that plain IRI-Plas TEC values (indicated with
circles) are much lower than the observed IONOLAB-TEC
values, giving an RMS error of 66.8 TECU (39%). However,
optimization results (indicated with squares) perfectly match
with the IONOLAB-TEC values (indicated with dots and line)
with and RMS error of TECU. Resulting and

estimates are shown in Fig. 14(a)–(b), respectively. The
mismatch is high in with an RMS difference of 294 km
(18.13%). estimates follow the trend of the ionosonde

values closely with an RMS difference of 6.24 MHz
(15%).
On 8 October 2012, Ionosonde RL052 lo-

cated in Chilton and hert receiver located in
Hailsham are selected for the analysis of and esti-
mations. The approximate distance between these two locations
is 140 km. Fig. 15 shows that plain IRI-Plas TEC values (indi-
cated with circles) aremuch higher than the IONOLAB-TEC es-
timates, giving an RMS error of 84 TECU (146.5%). However,
optimization results (indicated with squares) perfectly match
with the IONOLAB-TEC values (indicated with dots and line)
with and RMS error of TECU. Resulting
and estimates are shown in Fig. 16(a)–(b), respectively.
Fig. 16(a) shows that mismatch is especially higher be-
tween 6 am and 12 pm. Total RMS difference is found to be
141.8 km (9.59%). In figure Fig. 16(b), estimates follow
the same trend with the ionosonde values but with an
RMS difference of 3.86 MHz (16.3%).
As mentioned in [6], [8], [13] and [27], ionosphere is an

inhomogeneous and anisotropic region. The reflection from
ionospheric layers occur over turning points and they do not
resemble specular reflection. The ionosonde ‘measurements’
include this inherent ambiguity and therefore model
values may agree with ionosonde computations in a wider
confidence band. The critical frequency values are generally
extracted from ionosonde signals using a Fourier transform
based method which is more sensitive to frequency measure-
ments. Therefore, the frequency estimates from ionosondes are
more reliable compared to critical height estimates. As a result,
IRI-Plas model coefficients, which are based on observations
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Fig. 14. Comparison of and estimates with ionosonde data for
orid-AT138 on 29 October 2003: (a) , (b) .

Fig. 15. IRI-Plas TEC estimation performance on 8 October 2012 at hert.

from a wider and more complete set, provide a better agreement
with ionosonde -layer critical frequency estimates.

Fig. 16. Comparison of and estimates with ionosonde data for
hert-RL052 on 8 October 2012: (a) , (b) .

VI. CONCLUSION

IRI-Plas model is optimized via and pa-
rameters in an iterative NLSQ optimization loop using the
IONOLAB-TEC values in cost calculations. External TEC
input is not supplied to IRI-Plas during optimization as it would
force extra scaling of the topside and plasmasphere regions af-
fecting and estimations. During the optimization
process, physical relationship between and is
preserved. IRI-Plas optimization TEC output matched exactly
with the IONOLAB-TEC values. The final and
parameter of the optimization are called as the and

estimates, and the specific optimization routine including
IRI-Plas is called as IRI-Plas-Opt.
In this study, the and estimates are compared

with the nearest ionosonde values for both quiet and disturbed
days of ionosphere. It is observed that the results for the
quite days are very much agreement with the ionosonde data.
Although the differences in the disturbed days are higher, the
results indicate that estimates follow the same trend with
the ionosonde data. The proposed algorithm is tested
for a four-month period, and RMS differences are found to be
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24.31 km and 0.83 MHz for and values, respec-
tively. The scatter bands of the IRI-Plas-Opt and ionosonde

estimates are found to be mostly in agreement. However,
IRI-Plas-Opt estimates demonstrate a strong underlying
trend which is imposed by the IRI-Plas model. Also, estimation
differences are higher during the night hours, especially for

values. We expect that this may be due to IRI-Plas model
structure for nighttime ionosphere or ‘measurement’ errors of
ionosondes. Physically, it is more difficult to ‘measure’
values accurately than to measure values, due to the
inhomogeneous and anisotropic distribution of electron density
in the ionosphere. As a result, IRI-Plas favors the accuracy of

more than .
From another perspective, our results also justify the model

reliability of the IRI-Plas. The proposed IRI-Plas-Opt opti-
mization method allows the effective computation of
and parameters of -layer using the IRI-Plas model
and GPS-TEC estimates (or TEC measurements) where the
ionosonde data are not available, and acts as a virtual ionosonde.
The results indicate that IRI-Plas-Opt method is highly reliable
especially for the quite days of ionosphere.
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