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[1] Solar radio burst (SRB) is the radio wave emission after a solar flare, covering a broad
frequency range, originated from the Sun’s atmosphere. During the SRB occurrence, some
specific frequency radio wave could interfere with the Global Navigation Satellite System
(GNSS) signals and therefore disturb the received signals. In this study, the low Earth orbit-
(LEO-) based high-resolution GNSS radio occultation (RO) signals from multiple satellites
(COSMIC, CHAMP, GRACE, SAC-C, Metop-A, and TerraSAR-X) processed in
University Corporation for Atmospheric Research (UCAR) were first used to evaluate the
effect of SRB on the RO technique. The radio solar telescope network (RSTN) observed
radio flux was used to represent SRB occurrence. An extreme case during 6 December 2006
and statistical analysis during April 2006 to September 2012 were studied. The LEO RO
signals show frequent loss of lock (LOL), simultaneous decrease on L1 and L2 signal-to-
noise ratio (SNR) globally during daytime, small-scale perturbations of SNR, and decreased
successful retrieval percentage (SRP) for both ionospheric and atmospheric occultations
during SRB occurrence. A potential harmonic band interference was identified. Either
decreased data volume or data quality will influence weather prediction, climate study, and
space weather monitoring by using RO data during SRB time. Statistically, the SRP of
ionospheric and atmospheric occultation retrieval shows ~4% and ~13% decrease,
respectively, while the SNR of L1 and L2 show ~5.7% and ~11.7% decrease, respectively.
A threshold value of ~1807 SFU of 1415 MHz frequency, which can result in observable
GNSS SNR decrease, was derived based on our statistical analysis.
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1. Introduction

[2] During solar flares, high-energy electrons are ejected
from the Sun’s upper atmosphere. Radio waves, also called
solar radio burst (SRB), which cover a broad frequency
range, are produced during this process and some of them
propagate toward the Earth. It is generally accepted that the
SRB is predominant by the gyrosynchrotron emission at fre-
quencies above 2 GHz and by the plasma emission below ~2
GHz [Dulk, 1985]. The polarization of the SRB can be either
the right hand circular (RHCP) or left hand circular (LHCP)

when observed on the Earth. The characteristic time of a
SRB event can be from seconds to days. The SRB events
can be separated into several categories according to the
wave frequency, which is related to the solar atmosphere al-
titude where the radiation originates [Zheleznyakov, 1970].
The SRB carries many information of the burst area’s physi-
cal environment on the Sun and radiation mechanism. The
reception of the global navigation satellite system (GNSS)
signals could be affected by the radio emissions from the
in-band, near band, and harmonic band emitted by the SRB.
[3] Klobuchar et al. [1999] first pointed out that the SRB

has the potential effects on the global position system
(GPS) signals. They made a theoretical estimation and con-
cluded that an SRB level of 40,000 SFU could result in an
observable decrease in signal-to-noise ratio (SNR) and an
SRB level of 200,000 SFU could be of serious concern to
the GPS users. During the past three solar cycles up to year
1999, there are ~14 SRB events that exceed 40,000 SFU
and the maximum SRB is ~88,000 SFU. Most of these
SRB events have a duration of a few minutes to tens of mi-
nutes above the level of 40,000 SRB and no significant
effects on the GPS receiver operation have been detected.
Bala et al. [2002] pointed out that several SRB events per
year could occur to cause severe interference in a cell site,
especially during solar maximum based on statistical analysis
on the SRB observations during 1960–1999. Chen et al.

1COSMIC Program Office, University Corporation for Atmospheric
Research, Boulder, Colorado, USA.

2High Altitude Observatory, National Center for Atmospheric Research,
Boulder, Colorado, USA.

3Key Laboratory of Ionospheric Environment, Chinese Academy of
Sciences, Institute of Geology and Geophysics, Beijing, China.

4CAS Key Laboratory of Geospace Environment, Department of
Geophysics and Planetary Sciences, University of Science and Technology
of China, Hefei, China.

5GPS Solutions, Inc., Boulder, Colorado, USA.

Corresponding author: X. Yue, COSMIC Program Office, University
Corporation for Atmospheric Research, Boulder, CO 80301, USA.
(xinanyue@ucar.edu)

©2013. American Geophysical Union. All Rights Reserved.
2169-9380/13/10.1002/jgra.50525

5906

JOURNAL OF GEOPHYSICAL RESEARCH: SPACE PHYSICS, VOL. 118, 5906–5918, doi:10.1002/jgra.50525, 2013



[2005] evaluated the effects of 2003 October 28 SRB event
on the International GPS service (IGS) receivers in terms of
loss of lock (LOL) in detail. They found that the LOL oc-
curred most frequently in the subsolar point area primarily
caused by microwave in-band interference and the threat
threshold of SRB effects on the GPS system could be much
lower than 40,000 SFU as given by Klobuchar et al.
[1999]. The signal-tracking performance also depends on
the receiver type. Cerruti et al. [2006] show obvious car-
rier-to-noise ratio (C/No) degradation of GPS/Wide Area
Augmentation System (WAAS) during both 7 September
2005 and 28 October 2003 SRB events. Because of the
cross-correlation method used to track the encrypted L2 sig-
nal, semicodeless dual-frequency GPS receivers are particu-
larly vulnerable to loss of signal lock due to SRB. Cerruti
et al. [2008] then studied the degradation of the global GPS
receivers in detail during 6 December 2006 SRB event,
which was the strongest SRB event recorded up to that year.
Obvious SNR decrease in both L1 and L2 channels, LOL,
and WAAS degradation are observed during the event.
High precision GPS positioning disruption and high level
phase slip and count omission were further confirmed by
Afraimovich et al. [2008, 2009] during 6 and 13 December
2006 SRB events by using a more dense global GPS receiver
network. Carrano et al. [2009] did a systematic study on
series SRB events during 5, 6, 13, and 14 November 2006
using the Air Force Research Laboratory’s Scintillation
Network Decision Aid (AFRL-SCINDA) high rate GPS
receivers. They quantitatively investigated the sudden in-
crease in the total electron content (TEC) caused by the solar
flares, the C/No reduction and its dependence on the solar
incidence angle, intermittent LOL, and complete loss of posi-
tioning information for several minutes. They found that the
peak positioning errors in the horizontal and vertical direc-
tions can reach 20 and 60 m, respectively. Kintner et al.
[2009] did a statistical analysis on all the archived SRB
events and GPS data in the past. With the exception of the in-
tense solar radio bursts of December 2006, they found that
when both GPS data and solar radio data are available, they
agree within the limits presented by differing reception fre-
quencies and unknown polarization. They also pointed out
the inconsistencies and lapses within the radio solar telescope
network (RSTN) data set. Demyanov et al. [2012] confirmed
a threshold value of 1000 SFU of solar radio emission power,
which can result in tracking failure of L2 signal, through both
theoretical analysis and case studies. Almost all these papers
pointed out that the SRB event has the potential threat on the
global GPS monitoring system and therefore can degrade
the performance of timing, positioning, meteorology, space
weather monitoring, and other applications.
[4] In this study, we will investigate the effect of SRB on the

low Earth orbit- (LEO-) based GNSS signals especially the
radio occultation (RO) signals. Our study is expected
to distinguish from the above listed publications in the
following aspects: (1) All the previous studies mainly used
ground-based GNSS observations, while this study will use
LEO-based GNSS observations for the first time, which have
different observational geometry from the ground-based
observations; (2) The current available LEO-based GNSS
observations have varied sampling frequency from ~0.1 Hz
to ~50 Hz. Those higher sampling rate observations with good
global coverage could possibly provide more fine features of

the GNSS response to the SRB event than the ground-based
data (e.g., harmonic-band interference). We are going to
evaluate the potential threat of SRB on the GNSS RO
operational observations. Section 2 will describe the used data
set. We will show the case study in section 3 and statistical
results in section 4. We then discuss and conclude in sections
5 and 6, respectively.

2. Data Description

2.1. RSTN Solar Radio Wave Data

[5] Solar radio waves are observed routinely by the world-
wide ground solar observatories in terms of either fixed fre-
quency or continuous spectral measurements. In this study,
the RSTN observed 1 s radio waves in specific frequency of
245, 410, 610, 1415, 2695, 4995, 8800, and 15,400MHz will
be used. The RSTN is a network of solar observatories
maintained and operated by the U. S. Air Force Weather
Agency (US AFWA). The 1 s resolution fixed frequency ob-
servations were mostly recorded at the solar observatories in
Learmonth, Australia (22.22°S, 114.10°E), Palehua, US
(21.38°N, 158.11°W), Sagamore Hill, US (42.63°N, 70.82°
W), and San Vito, Italy (40.40°N, 17.43°E). As indicated
by Kintner et al. [2009], there are inconsistencies and lapses
within the RSTN data set. For example, the authors found
that the peak time of 1415 MHz flux has several minutes’ dif-
ference between RSTN observatories during the significant 6
December 2006 SRB event. We are not going to consider this
data inconsistency factor in our study. Where possible, the
data from Palehua solar observatory was used. In the case
where no data were available from Palehua, data from
Learmonth, Sagamore Hill, and San Vito were used sequen-
tially. Please note that the RSTN fixed frequency data have
no polarization information of the waves.

2.2. LEO-Based RO Data

[6] Since the success of the GPS/MET experiment on board
the MicroLab satellite in 1994, LEO-based RO has been an
important and robust atmospheric and ionospheric sounding
method. Many satellites equipped with RO payloads after
1994 that were successfully launched include CHAMP,
GRACE, COSMIC, SAC-C, TerraSAR-X, Metop-A, and C/
NOFS [Anthes, 2011]. Yue et al. [2012] gave a detailed de-
scription of these missions including altitude, inclination,
GNSS receiver type, antenna configuration, sampling rate,
and data availability. We will focus our study after the launch
of COSMIC (Taiwan’s FORMOSAT #3/Constellation
Observing System for Meteorology, Ionosphere, & Climate,
hereafter named COSMIC for short), which provided en-
hanced global coverage of RO measurements. Detailed infor-
mation of COSMIC can be found in Schreiner et al. [2007].

3. 6 December 2006 Case Study

3.1. RSTN Observations

[7] During December 2006, a series of X-class solar flares
originated from the active sunspot region 10930 accompanied
by the SRB events on 5 (X9.0), 6 (X6.5), 13 (X3.4), and 14
(X1.5), respectively. According to previous studies, the 5
December SRB did not result in an observable effect on GPS
signals due to the weak SRB flux near the GPS band, despite
that this solar flare was the most significant one in the month
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[Carrano et al., 2009]. The three SRB events caused varying
degrees of degradation on GPS signals, with 6 December
event being the most significant one as shown by many inves-
tigations [Afraimovich et al., 2008; Carrano et al., 2009;
Cerruti et al., 2008; Kintner et al., 2009].
[8] Figure 1 shows the RSTN observed eight fixed frequen-

cies solar radio flux in unit of solar flux unit (SFU, 1
SFU=10�22 W m�2 Hz�1) on 6 December 2006. Generally,
this burst mainly occurred during 18.7–19.7 UT (universal
time) with 610 and 1415 MHz frequencies most significantly
enhanced. The peak value and UT for (610, 1415 MHz) are
(5.27× 1010, 9.9193× 104) SFU and (19.5258, 19.4719) UT,
respectively. We also looked at the time change rate of each
frequency’s flux (figure not shown here) and found that all fre-
quencies mostly jump simultaneously.

3.2. SNR Response

[9] UCAR/CDAAC processes and archives almost all the
available RO data (cf., Figure 1 on Yue et al. [2012]).
Table 1 lists the altitude, inclination, and antenna configura-
tion of these satellites. During 6 December 2006, only obser-
vations from COSMIC (FM1-6), CHAMP, and GRACE-A
are available. Figure 2 shows these satellites’ orbit coverage

during the SRB event at 18.7–19.7 UT, as well as their local
time in terms of solar zenith angle (SZA) at 19.25 UT (white
color represents daytime while black nighttime). Also,
embedded in the picture are the geographic locations of the
four RSTN solar observatories. During December 2006, the
COSMIC satellites were still under the deployment phase.
FM5 and FM2 were already separated from other FMs and
raised to higher altitude orbit at this time. FM1, 3, and 6 were
flying along the similar path with ~30 min delay. During 18.7–
19.7 UT, the COSMIC FM4 had no observations and therefore
its orbit is not shown. Generally, the COSMIC along with
CHAMP and GRACE-A satellites shows good local time, alti-
tude, and latitude coverage globally.
[10] In Figure 3, we plot the UT variation of 1415 MHz ra-

dio flux and its time change rate (a–b). SNR on L1 and L2 of
POD antennas for all the LEO satellites is shown in Figure 3
(c–i), and the time change rate of SNR in (j) for all shown
LEO satellites. Note that the sampling rate of COSMIC
POD antenna is ~1Hz, while it is 0.1 Hz for CHAMP and
GRACE-A POD antennas. We select 1415 MHz radio flux
to represent SRB here because it is close to GPS frequencies
and is expected to interfere with the GPS signal most signif-
icantly. The SNR are plotted versus UT, regardless the GPS

2006 December 6                                  UT                                                                

RSTN (SFU)

18.5 18.7 18.9 19.1 19.3 19.5 19.7 19.9 20.1 20.3 20.5
10^1

10^2

10^3

10^4

10^5

10^6

10^7

10^8

10^9

10^10
245 (MHz)

410

610

1415

2695

4995

8800

15400

Figure 1. Time variation of the radio solar telescope network (RSTN) observed solar radio flux of eight
specific frequencies in unit of solar flux units (SFU, 1 SFU= 10�22 Wm�2 Hz�1) around 6 December 2006
solar radio burst (SRB) event. Each color represents one frequency as listed in the legend.
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PRN and the LEO-GPS elevation angle. Except the SRB in-
terference effect in this specific case, the LEO-observed SNR
is mainly determined by the GPS transmitter gain pattern,
receiver antenna gain pattern, and the influence of the iono-
sphere and atmosphere including absorption, multipath, and
irregularities. The GPS transmitter power has specific varia-
tion with the angle between the transmitted GPS ray and
the GPS satellite’s nadir direction [GPS Interface Control
Document (ICD) 200, http://www.gps.gov/technical/icwg/].
During a continuous LEO-GPS tracking arc, the variation
of this angle is insignificant and therefore the transmitter
power’s variation could not be very large. As for the LEO
GPS receiver antenna, the gain has a close relationship with
the antenna type and satellite design. For COSMIC satellites,
the POD antenna is a single patch antenna. However, this
single patch antenna is more susceptible to the multipath
signal. In addition, the COSMIC POD antennas suffer very
complicated multipath effects due to the movable solar
panels as indicated by Yue et al. [2011]. So when looking
at SNR variation of continuous POD observed arc as shown
in Figure 3 panels (c–g) before or after the SRB occurrence,
there are some large-scale variations due to the combined ef-
fects listed above. While for CHAMP and GRACE-A (panels
(h–i)) observations, the SNR variation is much smoother due
to less multipath environment and high gain type antenna.
[11] We need to separate the effects of ionospheric irregu-

larities and local multipath on SNR from the influences of
SRB. The effect of ionospheric irregularity such as sporadic
E/F layer can be easily distinguished because the ionospheric
irregularity will cause the sharp increase and decrease of
SNR, which is different from the sudden decrease of SNR
in Figure 3. Hwang et al. [2010] estimated the multipath

effects of COSMIC and GRACE GPS POD observations.
Indicated from the typical SNR variation during multipath
occurrence as shown in Figure 2c of their paper, the SNR var-
iation resulted from multipath for GRACE is less than ~15%.
This value might be a little higher for COSMIC. During SRB
occurrence, the SNR is shown here to decrease by ~50% in
Figure 3. Furthermore, it is rare for either the ionospheric
irregularity or the multipath to result in simultaneous big
decrease of SNR from different GPS PRNs and for different
LEO satellites. So the sudden simultaneous decrease of SNR
from different PRNs and LEOs is mainly due to the
SRB interference.
[12] The following features of SNR response to SRB event

can be identified from Figure 3:
[13] LOL: Obvious LOL occurs frequently in time scales

of seconds to minutes. During ~19.5–19.8 UT, COSMIC
FM6 lost most GPS signals. The COSMIC FM1 has a total
LOL lasting ~1 min around 19.4 UT. The CHAMP POD an-
tenna only tracks 1 GPS satellite around 19.3 UT. We also
checked the instantaneous LOL in terms of cycle clips of
phase data and found that it has a higher occurrence rate dur-
ing SRB event.
[14] SNR Decrease and Perturbation: A prominent fea-

ture illustrated in the figure is the perturbation of SNR in both
L1 and L2 channels. In combination with the RSTN and its time
change rates as shown in panels a and b, we can see that the SNR
decreases simultaneously in both L1 and L2 channels and all an-
tennas globally along with the RSTN 1415 MHz flux increase.
When the satellites fly over the midnight time area, this perturba-
tion is small or totally disappears. These cases include the FM1
during 19.5–19.7 UT, FM3 during 19.0–19.6 UT, CHAMP
during 19.62–19.70 UT, and GRACE-A during 19.42–19.70
UT. During sunset or sunrise time, the perturbations only occur
in the signals from the daytime GPS PRNs. For example,
around 18.90 UT, only signals from one of the available nine
GPS PRNs show decrease for COSMIC FM2. In response to
the same flux increase event, each satellite has different SNR
decrease amplitude due to the local time difference.
[15] During 19.50–19.70 UT, the amplitude of the 1415

MHz flux is around 103 SFU except several sudden jumps.
However, all the daytime SNRs (COSMIC FM2, 5, and
CHAMP) during that time period show significant perturba-
tions, most of which have no corresponding perturbations
in the time change rate of 1415 MHz flux. This is most prob-
ably due to the ~1/2 harmonic band interference by ~610
MHz, which has much larger flux than the remaining fre-
quencies. In Figure 4 we plotted the COSMIC FM5 SNR
(both L1 and L2) during 19.51–19.60 UT along with the flux
value of 610 MHz and 1415 MHz and their time change
rates. We are not considering other harmonics here because
610 MHz flux is far larger than others. Please note that
1415 MHz is between GPS L1 and L2 frequency and closer
to L1, while 610 MHz is the ~1/2 harmonic band of L1 and
L2 and closer to L2.
[16] Overall, the SNRs of both frequencies especially L2 are

very noisy. Both L1 and L2 SNRs show either large- or small-
scale perturbations. During 19.51–19.534 and 19.55–19.572
UT, L1 SNR is about ~50% lower than other times. During
19.57–19.588 UT, all L2 SNR has low value of less than
~20 V/V. In addition, either L1 SNR or L2 SNR could have
simultaneous perturbations from all GPS PRNs. Significant
increase (decrease) of 1415 MHz flux is always accompanied

Table 1. The Parameters of the Low Earth Orbit (LEO) Satellites
Used in This Studya

Satellites
Altitude
(km)

Inclination
(o)

Antenna Number
(Sampling Rate: Hz)

COSMIC
FM1

532 72 2 POD (1) 2 Occ. (50)

COSMIC
FM2

798

COSMIC
FM3

532

COSMIC
FM4

532

COSMIC
FM5

812

COSMIC
FM6

532

CHAMP 363 87.3 1 POD (0.1) 1 Occ. (1,50)
GRACE-A 479 89
SAC-C 710 98.2 1 POD (0.1) 2 Occ. (50)
TerraSAR-X 514 97.44
Metop-A 820 98.7 1 POD (1) 2 OCC. (50)

aThe altitudes of the COSMIC and CHAMP satellites are not quasi-con-
stant during the whole life and the corresponding results shown in the table
are that during the case of 6 December 2006 solar radio burst. Please note
that, the COSMIC satellites profile the ionosphere using POD antennas,
CHAMP and GRACE profile the ionosphere using occultation antennas,
and SAC-C, TerraSAR-X, and Metop-A have no integral ionosphere profil-
ing mostly. The occultation antennas of Metop-A begin to sample the neutral
occultations with 50 Hz around tangent point altitude of ~80 km, while that
of the remaining satellites’ is ~140 km. The occultation antenna of CHAMP
and GRACE has ~1 Hz sampling rate when observing the ionosphere
radio occultations.
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by the large decrease (increase) of 610 MHz flux during this
selected time period. The corresponding SNR response could
be either increase or decrease due to the competing effects of
near band and harmonic band interference. During
either higher 1415 MHz or higher 610 MHz flux periods, the
SNR have many simultaneous perturbations for the same
frequency. The L2 SNR perturbations could occur indepen-
dently with L1 in both amplitude and phase. In addition, dur-
ing 19.535–19.55 and 19.57–19.59 UT, the overall SNR
does not decrease so much as other time intervals although
the 610 MHz flux is very high and noisy. This is probably
due to the fact that the corresponding RHCP might be low.
In addition, harmonic interference is always less significant
than the in-band interference.

3.3. Influence on the RO Data

[17] In UCAR CDAAC, we process almost all the avail-
able RO data in both near-real time and postprocessing
[Schreiner et al., 2011]. The RO observations in the iono-
sphere and atmosphere are first converted to the excess phase
files (ionPhs in ionosphere and atmPhs in atmosphere) and
then retrieved to the corresponding profiles (electron density
profile ionPrf in ionosphere and temperature profile atmPrf

in atmosphere) by using the Abel inversion [Schreiner
et al., 2011]. To evaluate the effects of SRB on RO observa-
tions, we plot the COSMIC satellites’ hourly number of
ionPhs, ionPrf (c), atmPhs, atmPrf (e), and the successful
retrieval percentage (SRP) from the phase data to the profiles
(d, f) done in UCAR CDAAC in Figure 5 along with the
RSTN 1415 MHz flux (a) and the simultaneous tracked
GPS PRNs (b) by POD antennas for each FM during 6
December 2006. Also plotted in the figure is the hourly mean
SNR on both L1 (g) and L2 (h) from only POD antennas for
all the available COSMIC FMs regardless of the GPS PRN
and elevation. The SRB hour (18.7–19.7 UT) is highlighted
by the gray color. The tracked GPS PRN number is plotted
with a 1 h smooth window to make the picture more readable.
So the short time LOL, such as the 1 min LOL of FM1 from
19.4 UT, cannot be identified in the figure. The COSMIC
FM4 has total LOL from 10.3 UT, while FM2 and FM6 lost
all GPS satellites from ~14.3 and 20.8 UT for ~1.6 and 1 h,
respectively. One prominent feature is that the FM6 experi-
enced LOL at 19.5 UT, which further deteriorated to total
LOL during 20.8–21.8 UT, and then recovered from 22.3
UT. The LOL after SRB might be due to the so-called
postburst effects as confirmed by Chen et al. [2005] using

Figure 2. Satellite orbit trajectories during 6 December 2006 solar radio burst event (18.7–19.7 UT) of
COSMIC FM1-3, FM5-6, CHAMP, and GRACE-A. The number in both ends of each the trajectory is
the corresponding UT. Along each LEO orbit, a cross symbol marks up the UT every 12 min. The solar
zenith angle corresponding to 19.25 UT and 500 km altitude above the Earth is also embedded in the figure.
Blue circle patches represent the geographic locations of the four RSTN solar observatories.
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f: COSMIC FM5 SNR
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Figure 3. Time variations around the 6 December 2006 solar radio burst (SRB) event (18.5–20 UT) of
(a): The radio solar telescope network (RSTN) observed solar radio flux at 1415 MHz in unit of solar flux
units (SFU, 1 SFU= 10�22 W m�2 Hz�1), (b): Time change rates of RSTN 1415 MHz radio flux in unit of
SFU/s, (c–i): signal-to-noise Ratio (SNR) on L1 (blue) and L2 (green) channel observed by the POD
antennas of COSMIC (c) FM1, (d) FM2, (e) FM3, (f) FM5, (g) FM6, (h) CHAMP, and (i) GRACE-A,
(j): Time change rates of the SNRs shown in Figures 3c–3i. The shadow area corresponds to the time during
when dRSTN(1415 MHz)/dT larger than 200 SFU/s. The red box in Figure 3f shows the time range
during when the SNR will be plotted in detail in Figure 4. The black lines in Figures 3c–3i illustrate the
day-night terminator time. Except COSMIC FM5, all other LEOs fly from daytime to nighttime during this
SRB interval.
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ground GNSS data. The mean SNR during SRB occurrence
hour for L1 (356 V/V) and L2 (83 V/V) decrease ~(8.01%,
25.89%) in comparison with the daily mean value (387,
112). Obviously, the SRB effects of L2 SNR are more signif-
icant than that of L1, due to the semicodeless tracking of L2,
as indicated by Cerruti et al. [2006]. The RO events number,

in terms of excess phase file in both ionosphere and atmo-
sphere, is time dependent due to the variation of tracked
satellites. However, the numbers of successfully retrieved
RO events during SRB hour in both ionosphere (ionPrf)
and atmosphere (atmPrf) have minimum hourly value of
the day, although the corresponding occultation event
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Figure 5. Daily variation during 6 December 2006 of (a): RSTN 1415 MHz solar radio flux, (b):
Simultaneous tracked GPS satellites by COSMIC FM1-6, (c): Hourly mean file number of ionosphere
phase (ionPhs) and retrieved electron density profile (ionPrf) observed by COSMIC FM1-6, (d):
Successful retrieval rate (%) of ionPrf in COSMIC data analysis and archive center (CDAAC), (e–f):
The same as Figures 5c–5d, but for atmPhs and atmPrf, (g): Hourly mean SNR on L1 channel of
COSMIC FM1-6 POD antennas, (h): The same as Figure 5g, but for L2 channel. The shadow area corre-
sponds to the time interval of solar radio burst (SRB) occurrence.
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number (ionPhs, atmPhs) are not the minimum of the day.
This implies that more observed RO events are rejected by
the quality control (QC) algorithm due to the bad quality during
SRB hour than others. The SRP in ionosphere (73.28%) and at-
mosphere (65.4%) processing during SRB hour decreases
(14.79%, 10.41%) in comparison with the daily mean SRP.
[18] Intense perturbations and sharp decreases in SNR will

cause either LOL or perturbations in both pseudo range and
carrier phase observations. These observations’ perturbations
will therefore reduce the quality of the RO-derived data. As
an example, we compared a quiet time (12.72 UT) iono-
spheric RO event with one occurred during SRB time
(19.38 UT) by the same LEO (COSMIC FM2)-GPS (PRN
6) pair during 6 December 2006 in Figure 6. Both the GPS
L1 SNR (a) and the Abel retrieved electron density profile
(EDP, b) are shown here. Two cases are distinguished by
the colors. As can be seen, both SNR and EDP during SRB
time are very noisy. The SRB EDP deviates from the normal
quiet time EDP very much especially in the topside and lower
ionosphere. Figure 7 shows another comparison of SNR in
L1 and L2 between a quiet and a SRB time atmospheric
RO event observed by COSMIC FM1 occultation antenna
during 6 December 2006. During quiet time, both L1 and
L2 SNRs decrease with the decrease of the tangent point
height since ~50 km and are significantly low near the
Earth’s surface due to the dense neutral density and water
vapor. While for the SRB case, L2 SNR is always near
0 and L1 SNR is significantly perturbed and much lower than
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Figure 6. (a) Altitude (impact height of straight line of GPS ray) variation of SNR on L1 and (b) the cor-
responding Abel retrieved electron densities. A quiet (blue line, 12.72 UT) case and an SRB (red line, 19.38
UT) case observed by COSMIC FM2 POD antenna from GPS PRN 6 during 6 December 2006 are shown.
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during 6 December 2006.
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that of quiet time, which resulted in the retrieval failure in the
routine data process in CDAAC.

4. Statistical Results

[19] To further evaluate the effect of SRB event on RO sig-
nals, we statistically studied the RO signal response to all the
SRB events that occurred during April 2006 to September
2012 using the COSMIC and other available LEO satellites’
observations. Table 1 lists all these LEO satellites and their
altitude, inclination, antenna configuration, and sampling
rate. The altitude of COSMIC satellites is not constant and
the results given here are corresponding to the 6 December
2006 SRB case which was studied in detail in section 3.
We did the statistics manually, not automatically due to the
followings: (1) The NOAA provided RSTN observations
are noisy; it is hard to routinely identify the SRB events
sometimes. In addition, it is really hard to determine the
beginning and ending time of SRB automatically; (2) The
LEO SNR data are noisy, too. Sometimes, even in quiet time,
the SNR has the similar oscillations as during SRB time. (3)
The COSMIC POD antennas suffer very complicated
multipath effects due to the movable solar panels as indicated
by Yue et al. [2011]. We identify the effective cases by the
following steps: (1) The SRB case was first manually recog-
nized day-by-day from the RSTN solar flux observations as
the observable sudden simultaneous increase of all frequen-
cies in terms of radio flux. No threshold of radio flux was
set during our selection. The maximum radio flux amplitude
during SRB could be varying from several hundreds to more
than 1010 SFU. To eliminate the potential influences from the
observational noise and inconsistency, simultaneous obser-
vations from all four RSTN stations shown in Figure 2 are
used. Only the SRB events that can be reproduced by at least

two stations are selected. Most observational noise and
inconsistency can be easily distinguished when looking
through the data. (2) For each selected SRB event, the SNR
data from all the available LEO satellites are plotted versus
UT. The cases that have simultaneous SNR decrease and per-
turbations from different GPS PRNs similar to the results
shown in Figure 3 are selected. According to Hunt et al.
[2008], the SNR could be decreased or oscillated possibly
due to the antenna deformation and receiver temperature vari-
ation. To mitigate the effects from these factors, only the cases
that have SNR perturbations from at least two separate LEO
satellites are considered as effective cases. Six effective cases
are detected finally. For each effective case, some statistical
parameters including maximum and mean radio flux of three
selected frequencies, mean value of SNR (L1, L2) and suc-
cessful retrieval percentage (SRP, both ionospheric and atmo-
spheric occultations) during both the SRB interval and the
whole day and their relative difference, are calculated.
Table 2 lists these six cases, the corresponding statistical pa-
rameters, and the occurrence date, UT, solar flare class, and
the LEO satellites that show observable SNR perturbations.
[20] When looking through the RSTN observations during

2006–2012, we found that the SRB events occurrence rate
has a solar activity dependency as reported previously
[Klobuchar et al., 1999]. Fewer SRB events were detected
during the extremely low solar activity of 2007–2009. The
finally identified six effective cases occurred in the moderate
solar activity years of 2006 and 2011. Except case 5, which is
an M7 solar flare, all the remaining cases are accompanied by
X-class solar flares. The duration of these SRB events varies
from ~24 min to ~2 h. For every case, the SNR response
looks similar to that of case 1, which was given in section 3
in detail. Specifically, obvious SNR decrease and perturba-
tion only happen in response to the sharp variation of solar

Table 2. Statistical Parameters of Six Identified SRB Cases, During Which More Than One LEO Satellites of Table 1 Have Observable
Perturbations in SNRa

Case
Num.

Date
(mm/dd/yy)

SRB
Interval (UT)

Flare
Class

Observable
Perturbation Satellites

Maximum Flux
Mean Flux (SFU)

SRP (Daily) SRP
(SRB) Rel. Diff.

Mean SNR
(Daily, V/V) Mean SNR
(SRB,V/V) Rel. Diff. (%)

610(MHz) 1415 2695 Ion. Atm. L1 L2
1 12/06/06 18.8–19.7 X6.5 FM 1–3, 5–6 CHAMP GRACE 5.27E10 99,193 7614 86% 73% 387 112

1.83E9 9452 1054 73% 65% 356 83
�15% �10% �8% �26%

2 12/13/06 2.35–2.75 X3.4 FM 2, 4 CHAMP GRACE 39,447 98,632 40,253 82% 58% 392 107
88% 31% 363 883028 8613 2126
+6% �47% �7% �18%

3 12/14/06 22.1–23.3 X1.5 FM 1–5 CHAMP GRACE 7828 40,657 2776 84% 69% 392 111
87% 79% 360 103

396 4666 593 +3% +15% �8% �8%
4 02/15/11 2.2–4.0 X2 FM 1–2,4–6 SAC-C 47,328 50,631 248 74% 64% 385 107

77% 56% 374 996123 1876 118
+3% �14% �3% �8%

5 03/07/11 19.9–20.9 M7 FM 2, 4, 6 2846 29,763 24,025 51% 64% 377 105
59% 62% 368 102

980 1807 1716
+16% �3% �4% �3%

6 09/24/11 12.5–14.5 X1.9 FM 1,4,6 TerraSAR-X 81,027 114,144 10,775 42% 57% 371 102
4494 5080 544 28% 46% 358 95

�37% �18% �4% �7%

aThese parameters include: SRB date, SRB time interval, accompanied solar flare class, LEO satellites that have observable SNR perturbations, maximum
and average flux of three selected RSTN frequencies (610, 1415, and 2695 MHz) during the SRB interval, the successfully retrieval percentage (SRP) during
the whole day and SRB interval and their relative difference for both ionospheric and atmospheric occultations, and the mean SNR during the whole day and
SRB interval only and their relative difference for both L1 and L2. Case 1, which was studied in detail in section 2, is highlighted. The statistical results of SRP
and mean SNR are obtained only based on COSMIC observations.
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radio flux in daytime statistically. Frequent LOL can be seen
during SRB interval. The LEO satellites with observable
SNR perturbations vary from case to case due to the orbit
coverage variation. In this table, only the radio flux of one
near-GPS band (1415 MHz) and two GPS harmonic (½,2)
bands (610, 2695 MHz) are given to represent SRB intensity.
The interference from other higher-order harmonics is sup-
posed to be negligible here after [Hutchinson et al., 1987].
As shown in the case study of section 3, the SNR mainly re-
sponds to the near-GPS band interference. As such, it is ap-
propriate for us to use 1415 MHz only to do the statistics
here. The lowest value of mean 1415 MHz radio flux during
the SRB events, for which RO SNR shows observable re-
sponse, is ~1807 SFU. This value is much lower than the the-
oretical threshold of 40,000 SFU estimated by Klobuchar
et al. [1999] and is comparable with the threshold of 1000
SFU given by Demyanov et al. [2012]. We also found many
small SRB events with mean 1415 MHz radio flux less than
1000 SFU, for which no RO SNR response was detected. All
the cases show decreased mean SNR during the SRB interval.
L2 SNR always shows either comparable or even higher de-
crease than L1 SNR. On average, SNR of L1 and L2 shows
~5.7% and ~11.7% decrease. Five of six cases show decreased
SRP during SRB interval in atmospheric occultation data pro-
cessing. While for ionospheric occultation processing, only
two cases show decreased SRP during the SRB interval. This
is probably due to the fact that the ionospheric RO processing
does not use SNR directly. But for neutral atmospheric occulta-
tion retrieval, SNR is used directly in the quality control. On av-
erage, the SRP decreases ~4% and ~13% for ionospheric and
atmospheric occultations during SRB time, respectively.

5. Discussion

5.1. Potential Threat of SRB on RO Technique

[21] The LOL and SNR decrease and perturbation resulted
from the SRB event could theoretically influence the RO
operation in terms of the following items:
[22] 1. Fail to position or degraded position accuracy. In

the RO data processing, the position of LEO and GNSS sat-
ellites is a crucial factor in determining the impact height of
GNSS ray in either ionospheric or atmospheric occultations.
In atmospheric occultation retrieval, accurate position and
velocity of LEO satellite are needed to derive bending angles
from excess phase observations [Schreiner et al., 2011].
Currently, almost all RO missions have one or more POD
antennas as part of the GNSS RO receiver to get higher accu-
racy position of LEO satellite [Schreiner et al., 2011].
Decreased accuracy of LEO’s position and velocity will mainly
cause retrieval uncertainty in atmospheric occultations. Due to
the frequent LOL and SNR decrease, the GNSS position could
have a degraded performance [Afraimovich et al., 2008, 2009].
We also looked at the COSMIC position error during SRB time
and no significant degradation was detected, probably due to:
(1) no long lasting LOL (e.g., 1 h) and SNR decrease, (2) a
zero-difference reduced-dynamic filtering approach from
Bernese software (v5.0) is used to do the position in UCAR/
CDAAC [Schreiner et al., 2011].
[23] 2.Decrease of SRP in ionospheric and atmospheric

occultation process. As shown in either the case study or the
statistical study, the SRP for both ionospheric and atmo-
spheric occultation shows decreased value during SRB time

due to the increased observational noise. The average de-
crease of SRP of six cases in Table 2 is ~4% and ~13% for
ionospheric and atmospheric occultation, respectively. First,
the LOL during an occultation occurrence will result in an in-
complete occultation and is therefore nonretrievable.
Furthermore, cycle slips in phase observations will definitely
result in unusable occultations. During atmospheric occulta-
tion retrieval, the SNR is used to determine the truncation
height and bending angle optimization in the full spectrum
inversion (FSI) [Schreiner et al., 2011]. The truncation
height is where the SNR is higher than the threshold value.
Sudden decrease in SNR as shown in Figure 7 may cause
much higher truncation height and therefore retrieval failure.
[24] 3. Increased uncertainty of RO products. The

main products of RO technique include profiles of bending
angle, refractivity, temperature, and water vapor in the lower
atmosphere, profiles of amplitude scintillation index (S4) and
retrieved electron density profile in ionosphere, and inte-
grated slant TEC along the GNSS ray in ionosphere
[Anthes, 2011]. Sudden decrease and perturbations of SNR
could cause noise in original pseudo range and carrier phase
observations, which are mainly used to derive all these prod-
ucts. According to the test by Kursinski et al. [1997], the 1 s
phase error after double differencing is 0.8mm and 0.24mm
for SNR= 300 and SNR= 1000, respectively. We assume the
phase error increases linearly with the SNR decrease here
[Kursinski et al., 1997]. For a 300 V/V decrease of SNR,
which is the situation of the extreme case of 6 December
2006 as shown in Figure 3, the phase error increases
0.24mm. Simply, the error of satellite velocity will increase
0.24mm/s. According to Schreiner et al. [2011], a constant
error in velocity of 0.17 mm/s will translate into a bending
angle bias of approximately 0.05 μrad for any given occulta-
tion. So a 0.24 mm/s error can result in ~0.07 urad error of
bending angle. As shown in the Figure 9 of Kursinski et al.
[1997], a 0.05mm/s error in LEO velocity will result in a
peak error of ~0.18%, 0.14%, and 0.05% for refractivity, pres-
sure, and temperature, respectively, in the altitude range of
40–60km. So a 0.24 mm/s error of LEO velocity resulted from
300 V/V decrease of SNR will cause peak error of 0.87%,
0.67%, and 0.24% error for refractivity, pressure, and tempera-
ture, respectively. These errors might be not significant for the
NWP; it will influence climate studies based on RO data.
Since S4 index is derived from higher-resolution (50 MHz for
COSMIC) SNR data, perturbations in SNR will lead to pseudo
scintillations. Noise in pseudo range and carrier phase will cause
noise in the calculated slant TEC, as shown by Carrano et al.
[2009]. Quantitatively, a deviation of ~0.1 m in pseudo range
or ~0.5 cycle in L1 band phase will cause ~1 TEC unit (tecu)
error. Decrease of SNR and phase noise can cause larger uncer-
tainties in the retrieved profiles of electron density. The results
shown in Figure 6 are one of such examples. In addition, the
cycle slip in the phase will cause fatal retrieval error in both
ionosphere and atmosphere. During lower SNR situation, there
is a higher probability of cycle slip occurrence.

5.2. Comparison With Previous Studies

[25] As estimated theoretically by Klobuchar et al. [1999],
a threshold SRB level of 40,000 SFU could result in an ob-
servable decrease in SNR. This value should be much lower
as illustrated in the recent studies [Chen et al., 2005;
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Demyanov et al., 2012]. From our statistical results, the
minimum of mean 1415 MHz radio flux that shows observ-
able SNR decrease is ~1807 SFU (case 1). We also looked
at many SRB cases with mean 1415 MHz less than 1000
SFU and no corresponding observed SNR decrease is
detected. So we can conclude that this threshold value should
be close to ~1807 SFU, which is roughly consistent with
Demyanov et al. [2012]. Since only the RHCP part of the
radio wave can influence the GPS signals and the percentage
of RHCP in the total flux is unclear and could vary from
time to time in the RSTN observations, this estimation is only
approximate.
[26] Most previous studies made use of the ground-based

GNSS receivers to do the SRB response investigation. This
is the first time to use LEO-based GNSS signals to study the
GNSS signal’s response to SRB. In our study, the SNR’s re-
sponse to SRB is mainly in terms of sharp decrease and pertur-
bation corresponding to the sharp increase of radio flux.
Different from our results, some ground GNSS show a long
lasting SNR (or C/No) decrease during SRB occurrence,
which result in long lasting LOL and therefore positioning er-
ror increase [Afraimovich et al., 2008, 2009; Cerruti et al.,
2008].Kintner et al. [2009] used high-resolution (~1 s) ground
GNSS observations and found the similar SNR perturbation
as our results. Furthermore, higher-resolution RO signals
show frequently small-scale SNR perturbations as given in
Figure 4. This is probably due to: (1) RHCP signal’s frequent
variations, which is not illustrated in the total radio flux, and
(2) harmonic band interference. There exist inconsistent
small-scale perturbations between L1 and L2 SNR, which fur-
ther confirm the harmonic band interference assumption.
[27] The significant contributions of RO measurements to

weather, climate, and space weather have been demonstrated
in the literature [Anthes, 2011]. Currently, the near-real time
processed RO data have been used by the data assimilation
models in most weather centers all over the world.
Decrease in either the data volume or data quality during
SRB occurrence will have negative effects in both weather
prediction and space weather monitoring. This effect is the
most serious if an SRB and an extreme weather event (e.g.,
Typhoon, geomagnetic storm) occur simultaneously. In
climate study, the SRB effect should be considered and
mitigated, too. Due to the solar activity dependency of SRB
occurrence, the negative effects of SBR on RO should be
more significant during solar maximum. Given more RO
missions will be lunched and more GNSS signals will be
available in the near future, the data volume of RO will be
dramatically increased [Status of the global radio occultation
observing system: http://www.irowg.org/docs/CGMS-40/].
More attentions should be paid to this topic.

6. Conclusions

[28] In this study, both the RSTN observed radio wave flux
and high-resolution RO signals from multisatellites
(COSMIC, CHAMP, GRACE, SAC-C, Metop-A, TerraSAR-
X) were used to investigate the RO signal response to the
SRB event and evaluate the effects of SRB on RO technique.
An extreme SRB case during 6 December 2006 was first stud-
ied. A statistical investigation based on all available SRB cases
that occurred during April 2006 to September 2012 was then
conducted. Main conclusions are derived as follows:

[29] 1. During 6 December 2006 SRB case, frequent LOL
was detected. The SNR shows simultaneous decrease in re-
sponse to the sharp increase of radio wave flux globally except
in midnight location. Frequent small-scale perturbations of
SNR were found in both L1 and L2 signals, which might be
due to some specific plasma emission originating from the
Sun’s atmosphere. Indicated from the inconsistency of SNR
small-scale perturbations between L1 and L2, a potential har-
monic band interference was proposed. On average, SNR of
L1 and L2 during SRB time shows ~8% and ~26% decrease
in comparison with that of daily mean value. SRP from phase
data to profiles during SRB was ~15% and 10% lower than
that of daily mean value for ionospheric and atmospheric oc-
cultation retrievals, respectively. In addition, SRB resulted in
more noise in the original data and retrieved products.
[30] 2. In the statistical investigation, we identified six ef-

fective SRB cases, during when at least two separate LEO
satellites show observable SNR response. These cases were
mostly accompanied by X-class solar flares. On average,
the SRP of ionospheric and atmospheric occultation retrieval
shows ~4% and ~13% decrease, respectively, while the SNR
of L1 and L2 shows ~5.7% and ~11.7% decrease, respec-
tively. Based on these six cases, a ~1807 SFU threshold value
for 1415 MHz radio wave was derived, which is comparable
with recent investigations.
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