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ABSTRACT

The Tiny Ionospheric Photometer (TIP) on the Constellation Observing System for Meteorology, Ionosphere, and Climate
(FORMOSAT-3/COSMIC) characterizes the nighttime ionosphere using 135.6-nm radiative recombination emission. TIP
measures horizontal structure of the ionosphere with high precision and high spatial resolution. Latitudinal, longitudinal, and
temporal distribution of the nighttime ionosphere is specified. We present a review of ionospheric observations made with TIP
during the first five months of operation. Comparisons are made with other ionospheric sensors in order to validate the TIP
observations and to demonstrate TIP resolution and sensitivity performance. Equatorial anomalies observed by TIP are
compared with estimates of the E x B vertical drift during the post-sunset pre-reversal enhancement in the Peruvian sector. Low
latitude irregularity structures observed by TIP are compared with measurements from ground-based sensors including:
imaging photometers, ionosonde, and UHF scintillation receivers. Detailed measurements of low latitude density depletion
depth and width are provided. Global ionospheric morphology observed by TIP is compared with similar observations by
COSMIC radio occultation, and the GAIM model. The complexity of the underlying neutral winds is revealed by the TIP

ionospheric morphology.
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1. INTRODUCTION

The Constellation Observing System for Meteorology,
Ionosphere, and Climate (FORMOSAT-3/COSMIC) uses
the Tiny lonospheric Photometer (TIP) to characterize the
nighttime ionosphere directly below each spacecraft. TIP is
a compact, narrow-band, and ultraviolet photometer oper-
ating at the 135.6-nm wavelength (Dymond et al. 2000;
Kalmanson et al. 2004). This emission is produced by re-
combination of O+ ions and electrons, which is the natural
decay process for the ionosphere. At night, the strength of
the emission is proportional to the square of the electron
density integrated over the line of sight (Dymond et al. 1997).

The principal science mission of TIP is to measure the
horizontal structure of the nighttime ionosphere. When the
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horizontal ionospheric structure is measured with suffi-
cient precision, it can be combined with vertical structure
measured by GPS radio occultations to reconstruct high ac-
curacy electron density distributions in the ionosphere. TIP
is orders of magnitude more sensitive than its FUV prede-
cessors, such as SSULI, LORAAS, SSUSI, GUVI, and
IMAGE (Thonnard et al. 1999; Mende et al. 2000; Budzien
et al. 2002; Paxton et al. 2003), and provides remarkable de-
tail on ionospheric structures undetected by other FUV sen-
sors. A single TIP pass provides a latitudinal snapshot of the
equatorial anomaly and adjacent midlatitude ionospheres
with 15 - 30 km spatial resolution, depending on the alti-
tude of the satellite. A sequence of passes maps the latitudi-
nal and longitudinal distribution of the ionosphere at a
given local time. Once the satellites are distributed into
separate orbital planes, the combined TIP passes will moni-
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tor the horizontal distribution of the ionosphere at several lo-
cal times. This provides for the specification and study of the
temporal evolution of the ionosphere.

This paper describes some of the ionospheric observa-
tions made with TIP during the first five months of opera-
tion. During this period the relative sensitivity between TIP
sensors and flight module number five (FM5) was estimated
by comparing sensors in the same orbital plane. FM1, FM3,
and FM6 data were adjusted to match the sensitivity of FMS5
by multiplying by the following factors, 1.1, 1.2, and 0.7, re-
spectively. A 135.6-nm detector sensitivity of 600 counts s™
Rayleighs™ was used during this period. This sensitivity is
similar to the sensitivity reported by Dymond et al. (2009),
derived from comparisons with incoherent scatter radar and
radio occultation data. Section 2 of this paper describes ob-
servations of the equatorial anomaly in the Peruvian sector
and compares these with measurements of E x B vertical
drift at the magnetic equator. Section 3 describes observa-
tions of low latitude irregularities and compares these with
ground-based sensors. Section 4 focuses on the global mor-
phology of the low latitude ionosphere and compares TIP
with other global data sets.

2. EQUATORIAL ANOMALY

One of the most important features of TIP is the ability
to observe the equatorial anomaly. A TIP pass over the ano-
maly region observes primarily the latitudinal structure of
the anomaly. At the equator, 40° of latitude is sampled in
about 10-min. Since the orbital inclination of the COSMIC
satellites is 72°, this same 10-min pass also traverses about
10° in longitude.

Figure 1 shows examples of the equatorial anomaly ob-
served by TIP over the Peruvian sector shortly after sunset
(1900 - 2100 LT). At this time of day the peak density of the
anomaly crests is driven by the pre-reversal enhancement in
the E x B drift at the equator (Farley et al. 1986; Whalen
2004). Figure 1a shows the TIP observed anomaly as a func-
tion of magnetic latitude in the Peruvian sector for day 256
(13 September 2006). TIP shows two well-formed crests at
+12° geomagnetic latitude, with a slight asymmetry favoring
the southern crest. The anomaly trough (near the magnetic
equator) is deep and shows evidence of structuring, coinci-
dent with bottom-side spread F observed by the digisonde
at Jicamarca, Peru. One hour earlier, the vertical plasma E x
B drift at the equator was estimated to be 22 m s™', using
changes in the height of the layer as measure by the digi-
sonde at Jicamarca (Bertoni et al. 2006). A vertical drift of
22 ms™ confirms the well formed anomaly observed by TIP.
Figure 1b shows an overall weaker post-sunset anomaly on
28 May, which is confirmed by a weaker vertical drift of
10 m s measured an hour earlier by the digisonde at
Jicamarca. The average crest magnitude is used when com-
paring with the vertical drift estimate of the pre-reversal

enhancement. And finally, Fig. 1c shows that when the
post-sunset pre-reversal enhancement is absent (0 ms™ ver-
tical drift), no anomaly crests are formed. These results show
that the TIP observations of the post-sunset equatorial ano-
maly track the strength of the pre-reversal enhancement.

3. LOW LATITUDE IRREGULARITIES

Another important feature of TIP is the ability to ob-
serve low latitude depletions and bubbles and the iono-
spheric context in which they form and evolve. TIP provides
sufficient resolution and sensitivity to observe these struc-
tures even during solar minimum, when the ionospheric
densities are low. From the parking altitude of 500 km, TIP
observes a 15-km spot in the F-region ionosphere. From the
operational altitude of 800 km, the spot in the F-region is
30 km. TIP data is generally integrated over a 1-s period.
During this time the ionospheric spot moves about 7 km, due
to the satellite motion. Thus, the data provides adequate spa-
tial resolution to observe low latitude irregularity structures.
With sensitivities in the hundreds of counts s Rayleigh™,
even relatively weak low latitude structures are observed at
solar minimum.

Figure 2 shows the TIP data for 14 September 2006, at
an altitude of 500 km over the western half of the Pacific
Ocean from flight modules FM1, FM3, and FM6. These
spacecraft were in the same orbital plane, so they sample
very similar local times. Together they provide a regional
picture of the ionosphere near 2100 LT. TIP sensitivity to
visible light is observed on passes over the dense urban areas
of Japan, but does not affect the data over oceans and rural
areas. On this night, the low latitude ionosphere was much
more developed over the central Pacific Ocean than the
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Fig. 1. TIP observations of the post-sunset, equatorial anomaly over
the Peruvian sector on (a) 13 September 2006, (b) 28 May 2006, and
(c) 26 May 2006.
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Fig. 2. Map of ionosphere over the western Pacific Ocean on 14 September 2006 using 135.6-nm radiances from FM1, FM3, and FM6 near 2100 LT at

equator.

Guam sector. This is observed by comparing the intensity of
the 135.6-nm emission and the separation of the anomaly
crests. Brighter crests and wider crest separation implies a
stronger post-sunset pre-reversal enhancement. Instabilities
reaching the higher density anomaly crests are anticipated
to produce larger scintillation effects.

In addition to the large scale (~4000 km) longitudinal
variability in the post-sunset anomaly, the data in the Hawai-
ian sector shows tremendous variability from one pass to the
next. Figure 3a shows the TIP data for this sector as a func-
tion of magnetic latitude. Even though the tracks of FM6 and
FM3 are separated by only 200 km in longitude, the anomaly
crests vary by nearly a factor of 2. Furthermore, the northern
crest of the FM6 pass and the southern crest of the FM3 pass
show strikingly similar features. Each shows a significantly
reduced crest magnitude with a depletion along the equ-
atorward wall. Optical data from Hawaii, southward di-
rected and narrow field 630.0-nm data (not shown), con-
firms the presence of two depletion structures at this time
separated by about 500 km. This implies that the TIP ob-
served variation in the crests is primarily due to irregularity
formation and, by comparing adjacent crest samples be-
tween FM6 and FM3, the breadth and magnitude of the de-
pletions are clearly observed against the background iono-
sphere. TIP travels along the depletions for about 6° and 9°
of magnetic latitude for FM6 and FM3, respectively. Given
the orbital inclination of the satellites and the orientation of
the magnetic field lines, this implies that the depletions are

100 and 160 km wide in longitude, respectively. The magni-
tudes of the depletions are about 30% and 80% of the back-
ground radiance, respectively, when compared to the adja-
cent anomaly crest. The third pass, FM1, is about 1400 km
west of the first two passes and also shows evidence of
structuring.

Figure 3b shows the TIP data over the Kwajalein sector.
FM6 and FM3 pass east of Kwajalein about 1000 km,
whereas, FM1 passes about 300 km west of Kwajalein. The
ionosphere is much quieter in this sector, but still shows
some evidence for minor low latitude irregularities. FM6
and FM3 show remarkably similar anomalies. These are sig-
nificantly less bright than those in the adjacent sector and
show moderate asymmetry favoring the southern crest. The
anomaly under FM1 is even dimmer still, but shows evi-
dence of a depletion or two on the equatorward wall of the
northern crest. This is consistent with observations of spread
F on the digisonde at Kwajalein and with moderate VHF
scintillation observed from Kwajalein, which start around
0900 UT and continue for several hours.

Figure 3¢ shows the TIP data over the Guam sector. The
post-sunset ionosphere is even weaker here than over the
Kwajalein sector, but still shows evidence of minor struc-
turing on the southern crest of the FM1 pass over western
New Guinea. This is confirmed by the presence of moderate
VHF scintillation, which was observed along a fixed line of
site east of Guam for only an hour starting around 1230 UT.
Note at the equator the deeper trough in the FM1 pass com-
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Fig. 3. TIP passes over the western Pacific Ocean on 14 September 2006 from FM 1, FM3, and FM6 over the (a) Hawaiian sector, (b) Kwajalein sector,

and (c) Guam sector.

pared to the FM3 pass and the FM6 pass, all at 500 km alti-
tude. This is either an indicator of enhanced vertical drift or
the presence of a depletion at the equator. The regional map
of TIP data for 14 September (see Fig. 2) clearly shows the
variation of the anomaly as a function of longitude and sec-
tors where the potential for scintillation is greater, but most
of the detailed structuring can only be observed using the
line plots (ssee Fig. 3). By comparing the structured samples
with estimates of the background ionosphere, quantitative
estimates of the depletion structures can be produced.

TIP data over the Kwajalein sector was also compared
with the 630.0-nm data from the allsky camera on Roi
Namur. Figure 4a displays the TIP FMS5 pass over the sector
on 17 September 2006 and shows an oddly shaped anomaly.
The sharply peaked northern crest, broad trough, and sup-
pressed southern crest are similar to the features observed
carlier on 14 September over the Hawaiian sector (see Fig. 3a).
These features are indicators of irregularity structuring.
Figure 4b displays the track of FMS superimposed over the
allsky 630.0-nm image, projected to a 300-km altitude. The
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Fig. 4. TIP and allsky imager observations of low latitude structure over
Kwajalein on 17 September 2006: (a) TIP FMS 135.6-nm observation
of anomaly in Kwajalein sector, (b) 630.0-nm allsky image projected to
300 km altitude and track of FMS5, and (c¢) comparison of TIP 135.6-nm
data and allsky 630.0-nm data along the track of FM5.

allsky image shows a series of depletions against the back-
drop of the northern anomaly crest. FMS5 begins its journey
across the imager field of view in a depletion and diago-
nally crosses the anomaly crest before entering the next de-
pletion poleward of the crest. This path through the area is
what produces the features observed on FM5. In order to

verify this, the 630.0-nm data along the FM5 trajectory were
extracted from the image and compared with the TIP data
(see Fig. 4c). The ground-based 630.0-nm data and the
space-based 135.6-nm data agree remarkably well. Both
show a similar slope and peak of the anomaly crest, includ-
ing the undulating poleward slope. The 630.0-nm data has a
background limited sensitivity of about 100 Rayleighs, so
the fact that TIP shows emissions below this level is not a
problem. It merely demonstrates that TIP is more sensitive
than the allsky camera. Overall the comparison reveals that
TIP observes the anomaly and irregularity structures with a
high degree of sensitivity and resolution.

4. GLOBAL MORPHOLOGY

Previously, passes from a few TIP sensors in the same
local time frame were used to display a regional map of the
equatorial anomaly and reveal its longitudinal variation. The
global variability of the anomaly at a given local time can be
observed by projecting 24 h of TIP data onto a map. Figure Sa
shows the global longitudinal morphology of the anomaly
near 2100 LT 14 September 2006. The post-sunset anomaly
shows longitudinal enhancements and decreases and lati-
tudinal asymmetries. These reveal the complexity of low
latitude ionospheric drivers, namely, the meridional and
zonal neutral winds, and the resulting electric field at the
magnetic equator. The anomaly is enhanced in four sectors
of the globe, specifically the African, Indonesian, central
Pacific, and South American sectors. Between these sectors
the anomaly weakens in the western and eastern Pacific sec-
tors and completely collapses in Indian and Atlantic sectors.
This global pattern is remarkably similar to observations
made by the IMAGE FUYV sensor at equinox and attributed
to atmospheric tides (Immel et al. 2006). These so-called
4-cell patterns of non-migrating tides, which arise from tro-
pospheric weather, drive thermospheric winds, which in turn
drive the equatorial anomaly.

Figure 5b shows the global 2100 LT ionosphere speci-
fied by the Global Assimilation of Ionospheric Measure-
ments (GAIM) model using GPS ground stations, iono-
sondes, and topside electron density sensors for 14 Septem-
ber 2006. Vertical 135.6-nm emission was estimated from
GAIM using simple radiative recombination rate at 1160 K
(Meléndez-Alvira et al. 1999) without neutralization and
scattering terms (Dymond et al. 1997). GAIM 135.6-nm
emission shows a similar 4-cell pattern of enhancements in
the anomaly, with clear enhancements over African, Indo-
nesian, and South American sectors. GAIM shows just a
hint of the enhancement over the central Pacific sector, but
this is not surprising, since ground-based data is sparse
over large ocean areas and the underlying climatology may
not capture the 4-cell pattern very well. GAIM agrees with
TIP in the Atlantic sector, showing the collapse of the anom-
aly, but does not show a similar collapse, merely a decrease,
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Fig. 5. Global maps of 2100 LT ionosphere on 14 September 2006 from: (a) 135.6-nm radiance from TIP sensors on FM1, FM3, and FM6, (b)
135.6-nm radiance from GAIM model, and (c¢) 135.6-nm radiance from radio occultations from FM1, FM3, FM4, and FM6.

in the anomaly magnitude over the Indian sector. This dis-
crepancy is attributed to the sparsity of ground-based data in
the region and the underlying climatology. Over the South
American and African continents, where ground-based GPS
is more readily available, the agreement is quite good.
GAIM does not have the spatial resolution or underlying
physics to model irregularity features. This can be seen in
the African sector, where a single TIP pass reveals a dra-
matic density depletion along the pass in the northern ano-
maly crest just west of the Greenwich meridian.

Figure 5¢ shows the global 2100LT ionosphere speci-
fied by radio occultations from four COSMIC spacecraft in
the same orbital plane: FM1, FM3, FM4, and FM6. Oc-
cultations were restricted to be within +45° azimuth from the
orbit trajectory. The resulting Abel inverted electron density
profiles and estimated vertical 135.6-nm radiances are within
+50 min local time of the TIP observations. The radio oc-
cultation and TIP data show some similar global iono-
spheric features. Radio occultations show the collapse of
the equatorial anomaly over the Indian and Atlantic sectors

and they show that no collapse occurs over the Pacific
Ocean. However, the more subtle pattern of enhancements
and decreases over the Pacific Ocean are not observed in the
radio occultation data. Furthermore, the radio occultations
do not clearly reveal individual features of the anomaly. The
crests and trough are not clearly defined as they are with
TIP or even the GAIM model, which has a low horizontal
resolution similar to the Abel inversions. This is not a terri-
bly surprising result, considering that the Abel inversion as-
sumes spherical symmetry in the ionosphere on the order of
2000 km. Non-linear horizontal gradients in the iono-
spheric density or changes in the height of the layer over this
distance cause the Abel inversion to mischaracterize the
peak density and shape of the layer. In the vicinity of the
equatorial anomaly, the inversion tends to underestimate the
density profile at the anomaly crests and overestimate the
density profile in the trough and transitions from low to mid-
latitudes. In order to demonstrate this more clearly, Fig. 6
shows a comparison of the TIP data and radio occultation
data as a function of magnetic latitude. One day of TIP data
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Fig. 6. Comparison of global ionospheric data on 14 September 2006 as a function of magnetic latitude from: (a) TIP sensor date and average

and (b) radio occultations and average with magnetic latitude.

from three spacecraft in the same orbit show tremendous
longitudinal variability and high resolution latitudinal de-
tails of the equatorial anomaly. The data also show two noise
issues: effects of the South Atlantic Anomaly appear as
ramps in the southern latitudes below 30°S; and the sen-
sitivity to visible light appears as spikes, when TIP passes
over urban areas at mostly northern latitudes. An average of
the TIP data with magnetic latitude shows the mean global
anomaly for 2100 LT 14 September 2006, with average crest
locations at £12° magnetic latitude and an asymmetry that
favors the southern crest. The radio occultation data show
little evidence of any features of the anomaly. The average of
the radio occultation data shows a broad equatorial mound
with no evidence of an anomaly trough or crests. Comparing
the TIP and radio occultation averages indicates that the
Abel inversions underestimate the crests and overestimate
the trough and transitions from low to midlatitudes. It can be
argued that a single day of radio occultations does not pro-
vide a sufficient sampling of the global equatorial anomaly,
and this may account for some of the differences between the
TIP and radio occultation data. Multiple days of radio oc-
cultations would provide improved sampling of the global
equatorial anomaly and may help to confirm these obser-
vations.

The comparison between TIP and radio occultation data
helps explain earlier radio occultation validation results

against ionosondes (Jakowski et al. 2005). Here, occul-
tations near southern Europe systematically overestimated
the density profile; whereas, occultations near northern Eu-
rope did not. Occultations from the transition zone between
low and midlatitudes may have biased the comparisons with
southern European ionosonde stations.

This potential trouble spot for Abel inversions also
shows up in the estimation of ionospheric peak height,
hmax. At the transition from low to midlatitudes, the Abel
inversions can produce artificially low peak heights. This
can be seen in Fig. 7, where post-sunset, peak heights result-
ing from Abel inversions on 14 September 2006 are plotted
as a function of magnetic latitude. The average peak height
is also shown. The average TIP 135.6-nm radiance is super-
imposed on the figure in order to show the location of the
global, post-sunset anomaly. In the transitions from low to
mid latitudes, the peak heights are frequently lower than ex-
pected. Here the ionosphere at the tangent point is relatively
weak compared to the adjacent poleward edge of the post-
sunset anomaly crest. Slant TEC values through the crest are
comparable to TEC values at the tangent point. This causes a
broadening of the TEC profile and the Abel inverted density
profile, especially on the bottomside. Thus the height of the
peak density is artificially low in these cases. This observa-
tion helps explain earlier radio occultation validation results,
where statistical comparisons with globally distributed iono-
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sondes showed a systematic negative bias in the occultation-
derived peak height (Jakowski et al. 2002).

At midlatitudes, TIP 135.6-nm radiances are systemati-
cally higher than the radio occultation-derived radiances by
a fraction of a Rayleigh (Fig. 6). Here the Abel inversions
are less prone to error, since there are fewer horizontal gra-
dients. This systematic difference has a couple of possible
explanations. First, background emissions from long wave-
length light may bias the TIP data. While the TIP detector is
optimized for FUV light, it has some residual sensitivity to
longer wavelengths. At 250 nm the detector sensitivity is
down by three orders of magnitude. The Herzberg oxygen
bands (250 - 400 nm), which have been estimated to emit
225 Rayleighs at night (Meier 1991), could produce a back-
ground emission of a few tenths (20 - 30%) of a Rayleigh in
the TIP data, which accounts for the systematic difference.

Second, other factors affecting 135.6-nm emission may
account for the low level differences between TIP observed
radiances and the radio occultation-derived radiances. These
factors include electron temperature dependence, charge
neutrality assumption, neutralization and scattering (Dymond
etal. 1997). Initial modeling of these terms suggest that neu-
tralization may be able to account for the differences be-
tween TIP and radio occultations at midlatitudes. At solar
minimum the ionosphere is lower in altitude, which en-
hances the neutralization term. However, the magnitude of
this effect is not firmly established.

Whatever the source of this error, comparisons with
midlatitude radio occultation data can be used to monitor it.
Similarly, comparisons with low latitude radio occultation
data and their Abel inversions can be used to calibrate the
sensitivity of the TIP sensors, if a sufficient number of sam-
ples are obtained. Dymond et al. (2009), described another
calibration technique, which uses radio occultation data.
This approach combines an in-plane occultation with TIP
data over the low latitude region, and performs a 2D recon-

struction of the electron density (Dymond and Thomas 2001).
The sensitivity of the TIP detector and the bias of the radio
occultation total electron data are output from this process.

5. SUMMARY

TIP reveals the latitudinal morphology of the nighttime
equatorial anomaly with each pass over the low latitude re-
gion. TIP observations of the magnitude of the anomaly
crests tracked estimates of the maximum value of the pre-
reversal enhancement in the post-sunset, Peruvian sector.
The magnitude of the crests, their relative asymmetry, and
location provide insight into the zonal and meridional winds,
which drive the latitudinal morphology.

TIP provides ample sensitivity and spatial resolution to
observe low latitude irregularity structures, even during solar
minimum. Depletions in plasma density were observed over
the Pacific Ocean and confirmed by independent observations
using ground-based sensors, including imagers, UHF scintil-
lation monitors, and an ionosonde. Interpretation of these de-
pletions is sometimes complicated by the fact that TIP sam-
ples the depletions primarily in latitude rather than longitude.
Adjacent TIP passes were used to specify the background
ionosphere and provide a clear picture of the magnitude and
width of the depletions. Direct comparison between TIP and
the allsky imager at Kwajalein was used to validate TIP ob-
servations of the anomaly crest and adjacent depletions.

Global comparison of TIP data with radio occultation
data were made and serve to validate the TIP data and reveal
a possible calibration technique. This comparison suggests
limitations of the Abel inversions at low latitudes. The radio
occultations appear to under estimate electron densities in
the crests of the anomaly and over estimate the density in the
trough and transitions from low to midlatitudes. At midla-
titudes the comparison revealed a low level (~0.4 Rayleighs)
bias) bias in the TIP data, attributed to long wavelength
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emissions or possible mismodeling of the 135.6-nm volume
emission rate. The comparisons with GAIM validated the
global morphology of the equatorial anomaly observed by
TIP and revealed limitations of the data coverage and under-
lying Climatology used by the model. TIP provides suffi-
cient sensitivity to observe the global ionospheric morpho-
logy during solar minimum, when the ionosphere is weak.
This morphology reveals the complexity of the zonal and
meridional neutral winds, which drive the post-sunset equa-
torial anomaly. The morphology observed at equinox showed
a pattern of anomaly enhancements and decreases consistent
with the non-migrating tide 4-cell pattern, which arises from
tropospheric weather patterns. TIP promises to be a valuable
asset for further investigations into atmosphere-ionosphere
coupling, the formation of the nighttime equatorial ano-
maly, and the development of low latitude irregularities.
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