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Population: 23.5M
Area: 36197 km2

Yushan (3952 m)

Taipei 101

15M registered 
scooters
~1 scooter per adult

(See method section for details of adjustments made)
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National Central University

• Established in Taiwan in 1962 as 
follow-on to 1957/1958 
International Geophysical Year.

• Foundation in the geosciences.

• Students: ~11000

Taiwan Public Universities

NCU
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DYNAMO
Modulation of equatorial fountain / 

EIAs

WAVE PROPAGATION
DE3, Ultra Fast Kelvin Waves

Gravity Waves

COMPOSITION
O/N2 changes from wave breaking / 

mixing
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Table 1. Correlation Coefficients Between Daily and Monthly DE3 in SABER Temperature, GOCE Density, and GOCE Wind
Around the Equator and for the Whole Year (Latitude ±12∘)

Correlation DE3 Daily DE3 Monthly

Temperature and density 0.57 0.64

Density and wind 0.83 0.86

Temperature and wind 0.66 0.75

Figure 2 presents the zonal wave number versus period spectrum for 2011 around the equator before
(Figure 2a) and after (Figure 2b) the removal of geomagnetic and solar effects for GOCE and SABER data. The
largest short-period wave in both SABER and GOCE data after the removal of ap-F10.7 fits is found to be the
UFKW with a period of 3.5 days and zonal wave number − 1 (eastward). The large 10 day periodicity with zonal
wave number 0 present in the raw data (Figure 2a) is significantly reduced by removing fits with ap and F10.7
(Figure 2b), suggesting its link to geomagnetic and solar effects. In fact, this periodicity is likely related to
recurrent geomagnetic activity and high-speed solar wind streams near 9 day period, the signature of which
has been reported in both TIMED temperature data near 110 km [Jiang et al., 2014] and CHAMP density data
near 400 km [Lei et al., 2008].

Daily amplitudes of the UFKW are derived by least squares fitting residuals in 15 day running windows (15 day
means shifted 1 day at the time). This is performed according to the expression: y(t,!) = y + A cos[2" (t/T) - m!],
where t is UT time, ! is longitude (in radians), y is the zonal mean, A is the amplitude, T is the period (3.5 days),
and m is the zonal wave number (− 1). The amplitude of the UFKW is taken as the maximum amplitude in that
particular 15 day window. The length of the window is chosen such that at least four full cycles are required
to fully capture a wave with a 3.5 day period.

In order to diagnose the UFKW and DE3 interaction, we use a method developed by Moudden and Forbes
[2010] for Mars and later applied to Earth [Forbes and Moudden, 2012], involving the use of pseudolongitude
series. This method is detailed below.

Figure 5. Same as Figure 3, but for the UFKW with period of 3.5 days and zonal wave number − 1. (a) Amplitudes up to
7% are found in the densities, (b) 6 m/s in the winds, and (c) 11 K in the temperatures, with maxima at low latitudes
around DOY 40–90 and DOY 170–220.

GASPERINI ET AL. LOWER-MIDDLE THERMOSPHERE WAVE COUPLING 6

Gasperini et al. 
[2015]
Yokoyama et al. 
[2014]

SPW1 are well described. This applies to components DE1,
DE2, DE3, SW4, S0, SE1, SE2, and SE3.

6. Discussion

6.1. Tidal Sources in the Thermosphere
[63] The DW2 and D0 CTMT/CHAMP differences

(Figure 12a, plotted at latitudes of maximum CHAMP
amplitudes) strongly suggest that additional forcing mechan-
isms in the thermosphere exist. Time constants of eddy and

molecular diffusion are proportional to the square of the
vertical wavelengths of the tides such that the short vertical
wavelength DW2 cannot propagate into the upper thermo-
sphere. CHAMP diagnostics of density (Figure 12a) and
zonal wind [Häusler et al., 2010], however, indicate DW2
amplitudes of 2.8% and 16 m/s, respectively, such that DW2
is among the largest nonmigrating tides observed. Therefore,
there must be an additional forcing mechanism present
between the MLT and 400 km. Modeling support for that
comes from the thermospheric extension of the WACCM

Figure 13. Tidal perturbations in September due to upward propagating diurnal and semidiurnal tides at
100 km as a function of longitude, latitude and LST. Migrating and nonmigrating tides are superposed.

OBERHEIDE ET AL.: CLIMATOLOGY OF DIURNAL AND SEMIDIURNAL TIDES A11306A11306

16 of 21

C.-K. Chao
Oberheide et al. [2011]

the altered dissipations of tides and gravity waves can also contribute to the overall mean wind changes in the
lower thermosphere. The overall change inmeanwinds leads to changes in the thermospheric composition.We
consider the net mean wind changes caused by the QTDW forcing at the model’s lower boundary, whether

these changes are directly driven by
the QTDW dissipation or not.

Combining the QTDW-induced
meridional and vertical winds, a
characteristic circulation pattern is
formed in the lower thermosphere, as
shown in Figure 3. This circulation
pattern is found by taking the 2-D
(meridional and vertical) winds and
subtracting the winds of the base run
from those of the QTDW run. A strong
equator-to-pole circulation cell is
evident in the southern lower
thermosphere. This circulation pattern
is superposed onto the interhemispheric
general circulation of the thermosphere
caused by the asymmetric solar
heating [Fuller-Rowell, 1998]. In the
present work, we investigate the

5 m/s

20 cm/s

Figure 3. Mean circulation (vector wind) induced by the QTDW combined
with meridional wind in m s!1 and vertical wind in cm s!1. The scale of
the vector is marked at the upper right corner.

(a) Zonal wind (b) Meridional wind

(c) Vertical wind (d) Divergence of meridional wind
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Figure 2. Differences between the QTDW and base runs for the zonal mean (a) zonal, (b) meridional, and (c) vertical
winds as well as the difference between the QTDW and the base runs for the latitudinal (d) divergence of the meri-
dional wind. The contour intervals for the zonal, meridional, and vertical winds are 5m s!1, 2m s!1, and 1 cm s!1,
respectively. The contour interval for the meridional wind divergence is 0.1m s!1 km!1. Dashed lines denote negative
values. Positive values in Figures 2a–2d denote the eastward wind, northward wind, upward wind, and the divergence
of the meridional wind, respectively.
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Figure 8. GUVI ΣO/N2 ratio anomaly (%) averaged from 2003/2004 to 2006/2007, centered on day of peak W3 QTDW
amplitudes (Day 0). Contour interval of 2%.

at EIA latitudes from Days 10 to 15, with smaller decreases in the southern (northern) EIA regions present in
the days following (preceding) the peak MLT QTDW amplitudes. Although the current sample set of 6 years
is too small for additional statistical analysis, it does provide strong evidence of an anticorrelation between
QTDW amplitudes in the MLT and TECs in the ionospheric EIA regions.

We next consider the potential role of mixing resulting from QTDW-induced general circulation changes
and how it might cause the TEC decreases. Westward zonal forcing by the QTDW on zonal mean zonal winds
of the equatorial lower thermosphere (similar to that resolved by the TIDI anomalies in Figures 6b and 6c)
can be expected to produce poleward flow in both hemispheres through Coriolis deflection. The induced
mixing increases molecular nitrogen mixing ratio and decreases the atomic oxygen mixing ratio in the ther-
mosphere, resulting in increased plasma loss rates [Yamazaki and Richmond, 2013; Yue and Wang, 2014]. This
composition change should be manifested in the thermosphere ΣO/N2 ratios.

Figure 7 shows the ΣO/N2 ratio observed in GUVI limb observations during four of the six previously shown
QTDW events before 2008, with the day of peak QTDW amplitudes in the MLT again marked by the dashed
red lines. Despite the more limited coverage, a few common features can still be seen across all the years
shown. During time scales on the order of the observational period, the ΣO/N2 ratio is generally largest
in the Northern Hemisphere and smallest in the Southern Hemisphere. This distribution is consistent with
seasonal upwelling in the summer hemisphere acting to increase molecular species concentrations (thus
decreasing ΣO/N2), and seasonal downwelling in the winter hemisphere acting to enhance atomic oxygen
concentrations [Mayr and Volland, 1972; Qian et al., 2009].

Decreases in O/N2 are observed for a duration on the order of about 5–10 days around the time of peak
QTDW amplitudes for each year examined. In order to see this decrease in ΣO/N2 more clearly, we compute
ΣO/N2 anomalies using the same approach as that for TEC. The solar cycle effect in the ratios from 2003 to
2007 is first removed via normalization to the mean value. The normalized ΣO/N2 from all 4 years at each
latitude is then averaged about the day of peak QTDW amplitudes, and the anomaly was determined by
removing the 90 day mean from each latitude. The multiyear average of ΣO/N2 anomalies in the 30 days
surrounding the peak QTDW day is shown in Figure 8. Note that the time span has been shortened from
previous plots to account for the more limited GUVI observations.

It is apparent that decreases in ΣO/N2 of up to 6% are seen in the 5 days following the peak MLT QTDW
amplitudes; they also seem to begin as early as about 5 days before. The largest decreases are centered
about the northern (winter) tropics, extending as far poleward as the northern midlatitudes. As the TIDI
winds at 85 km and 100 km show QTDW-related changes on global background winds, we can conclude
that westward mean wind forcing from QTDW dissipation and eastward anomalies potentially related to fil-
tered gravity wave effects can drive circulation changes up to turbopause altitudes. The modeling results
of Yue and Wang [2014] clearly showed that these QTDW-induced global circulation changes in the lower
thermosphere from 100 to 150 km can have an effect on thermospheric composition above 100 km.

These compositional effects, along with the previously shown changes in MLT background zonal winds from
TIDI, as well as the decreases in low-latitude TEC, provide strong evidence that the W3 QTDW event in the
MLT is acting to reduce ionospheric TEC through composition changes caused by increased mixing from the
QTDW-induced general circulation changes.

CHANG ET AL. ©2014. The Authors. 4798
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TIDI Zonal Wind 100 km



• FORMOSAT-5 Advanced 
Ionospheric Probe (AIP) 
miniaturized by moving 
supporting electronics into 
sensor head.
• Suitable for CubeSat operation.
• Sampling rates:

NORMAL: 1 Hz (7.61 km 
resolution)
FAST: 8 Hz (0.95 km resolution)
• Returns a 280 byte science data 

packet per sample.

Mass & Volume 0.47 kg, 0.72U
Power Peak: 5 W 

Nominal: 3.84 W 
Data Interface UART serial data bus in a Modbus-like protocol. RS-

422 encoding.
Data Rate 
(100% duty cycle)

Normal: 24.1 MB day-1

Fast: 193.5 MB day-1

Pointing 
Knowledge

< 0.1°, all axes.

Pointing Control Aperture facing ram direction
< 0.5°, all axes.

Compact Ionospheric Probe (CIP)



Compact Ionospheric Probe Constellation

Spacecraft INSPIRESat-1 IDEASSat / INSPIRESat-2

Power 30 x AzurSpace 3G30A solar cells (36.48 W) 20 x AzureSpace 3G30A solar cells (24.32 W)

Communications UHF (uplink / beacon): 9600 bps;  S Band (downlink): 2 Mbps

Attitude Determination 
& Control

Blue Canyon Technologies XACT
(star tracker, magnetometer, reaction wheels, magnetoquer)

Launch Q4 2019 – Q1 2020 Q2 – Q3 2020



IDEASSat / INSPIRESat-2
• 3U CubeSat funded by Taiwan:

• National Space Organization (NSPO)
• Ministry of Science and Technology
• Ministry of Education

• Payload: 
Compact Ionospheric Probe (CIP)
• Observation objectives:

• Planetary scale ionospheric structure.
• Ionospheric irregularities.
• Horizontal plasma drift.
• Star tracker images.



Expanded In-Situ Ionospheric Observations

Satellite FORMOSAT-5 INSPIRESat-1 IDEASSat / INSPIRESat-2

Orbit 720 km, i = 98.3°
SSO: 22:30 / 10:30 LT 500 km, i = 50° 500 km, i = 97.41°

(SSO: 22:30 / 10:30LT)

Payload AIP CIP CIP

Payload Duty Cycle 33% 50% 10 – 40%

Status Active Launch Q4 2019 – Q1 2020 Launch Q2 – Q3 2020

Plasma 
irregularities

FORMOSAT-5 AIP Ion Density, 2017 DOY 305



Constraint: CIP Data Volume

• Expected CIP Data Volume 
(40% Duty Cycle):
• Normal Mode (1 Hz): 9.64 MB day-1

• Fast Mode (8 Hz): 77.4 MB day-1

• Data Rate:
• UHF: 9600 bps
• S-Band: 2 Mbps

• Solution:
• UHF transceiver for command 

uplink / beaconing.
• S-band transmitter for downlink.

Spacecraft

Mean daily data volume (MB)

UHF S-band

INSPIRESat-1 4.18 675.63

IDEASSat / INSPIRESat-2 2.81 291.29

NCU

IIST

CU

NTU

LATMOS
SQU



S-Band Ground Station

• Have funding for S-band ground 
station at NCU.

• Assessing 3.4 meter dish + radome + 
RF & tracking backend (~US$280):

• Weight issues.
• Additional construction costs.
• Receiver, modem, data handling.
• Link margins (should LNAs be counted 

in the link budget?).

3.4 m dish, No 
LNA Gain Downlink Downlink
Link Budget: MAX MIN MAX MIN Units

Frequency 2.402 2.402 2.402 2.402 GHz

Data Rate 2000000 2000000 2000000 2000000 bps (Hz)

Data Coding Scheme QPSK QPSK QPSK QPSK

Elevation angle 10 10 15 15 degrees

DC Transmiter Power 5 2.7 5 2.7 W

RF Transmitter Power 0.00 -6.00 0.00 -6.00 dBW

Effective Isotropic Radiated Power 10.00 4.00 10.00 4.00 dBW
Propagation Losses -167.73 -167.73 -166.12 -166.12 dB

Receive System Gain 35.61 35.61 35.86 35.61 dB

Received Power -122.12 -128.12 -120.26 -126.51 dBW

Reciever Sensitivity -152.00 -152.00 -152.00 -152.00
Power Margin 29.88 23.88 31.74 25.49

System Noise Power -194.92 -194.92 -194.92 -194.92 dBW/Hz

Carrier to Noise Ratio Density 72.79 66.79 74.66 68.41 dB-Hz
Minimum Pr/No 77.91 77.91 77.91 77.91 dB-Hz

Link Margin -5.12 -11.12 -3.25 -9.50 dB

3.4 m 
Dish

LNA ModemRadio



Constraint: Power
• Constraint: Spacecraft must remain power 

positive with limited solar panel area.
• Solution:

• Science in eclipse (CIP ON).
• Charging in daylight (CIP OFF).

• CIP Duty Cycle: 
• INSPIRESat-1: 50%
• IDEASSat / INSPIRESat-2: 10 - 40%
• Compare to 33% for FORMOSAT-5 AIP.

• Nighttime irregularities / plasma bubbles can 
still be observed.

• Power positive for detumble. Phoenix recovery 
critical.

• CHALLENGE: Regulated 12V EPS results in 
reduced efficiency, 1.78 W power dissipation.



What’s Next?

INSPIRESat-1 IDEASSat / 
INSPIRESat-2

PDR 2017/7 2017/12

CDR 2018/7 2018/8

FM Integration & 
Test 2018/10 2018/11

FM Delivery 2019/10 2019/12

Launch 2019 Q4 –
2020 Q1 2020 Q1 – Q3



Launch Options
• IDEASSat launch to be 

underwritten by NSPO.
• Contacting potential launch 

providers regarding:
• Price (~ US$240 -270k for 3U to 

500 km SSO + deployer).
• Design & integration reviews.
• Deployer options & constraints.

LESSONS LEARNED

Deployer specs can vary considerably from CubeSat Design 
Specifications (mass / volume).

Watch out for would-be middlemen / brokers when large 
amounts of money are in play.



NCU Center for Astronautical Physics and Engineering (CAPE)
• Selected and funded by Taiwan 

Ministry of Education to establish 
university space center.

• MOE funds for NCU: 
US$1.6M / year x 5 years

• Funds for R&D, joint research 
projects, personnel & equipment.

• 6U CubeSat development & 
launch

• GNSS Radio Occultation (RO) 
payload

• In-situ Ionospheric sensors

• Fiber optic gyroscopes

• Optical instruments



GNSS RO: Scintillation and Ionosphere 
Network (SCION)

• Building on GPS RO processing heritage 
from COSMIC & COSMIC-2.

• CIP + GNSS RO using COTS receiver:
• NovaTel OEM 719 GPS receiver (TRL 9)
• NI sbRIO or MicroSemi SmartFusion SOM 

controller to handle data size reduction and 
packeting.

• Primary focus: Ionosphere, L1 & L2
• Possible extensions: 

Middle & lower atmosphere, L5 & 
GLONASS.

• Combine with data assimilation capacity 
for space weather forecast.

• 6U CubeSat platform feasible at 500 km 
SSO.

truth (SAMI3) become smaller after assimilating the observations and that the Kalman filter forecast step
helps to reduce the influence of the IRI background model on assimilation analysis over the course of
filtering experiments. The data assimilation procedure, consisting of both steps of the Kalman filter,
considerably outperforms the procedure made solely of the measurement update step of the Kalman
filter. The RMSEs demonstrate that the forecast step improves the accuracy of global assimilation

Figure 2. Comparison of OSSEs for F3/C and F7/C2 as well as ground-based GPS at 08:00 UTC on 15 December 2008. (first to sixth columns) The SAMI3 simulation
truth, the IRI background, assimilation analysis without the forecast step for F3/C plus GPS data, assimilation analysis with the forecast step for F3/C plus GPS data,
assimilation analysis with the forecast step for F7/C2 first launch plus GPS data, and assimilation analysis with the forecast step for F7/C2 first and second launches plus
GPS data. The vertically integrated TEC maps and electron density distributions at altitude 250, 300, 350, 400, 450, and 500 km are shown from bottom to top.

Figure 3. Same as Figure 2, but at 20:00 UTC on 15 December 2008.

Journal of Geophysical Research: Space Physics 10.1002/2017JA024185
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Conclusions
• NCU using INSPIRE participation to extend 

space science capability to spacecraft 

engineering for science missions.

• CIP an all-in-one instrument on INSPIRESat-1 

and IDEASSat / INSPIRESat-2 small satellites. 

Launch expected in 2019 and 2020.

• Spacecraft supports CIP duty cycle of 10 - 40% 

with 8 Hz sampling for observations of 

nighttime ionospheric structure and 

irregularities, extending observations from large 

satellites at different altitudes and local times.

• New funding for NCU CAPE S-band ground 

station, GNSS RO mission building on COSMIC 

heritage.

• Feedback, suggestions, and collaboration ideas 
welcome!


