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Herrero and Spencer: Thermospheric Midnight Temperature 1181 
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Fibre 3. Thermosphedc •mperature map for the period 
to 77188 in the latitude b•d •20 de•. and between [700 
0600 LT. The shaded contours indica• the midnight •mper- 
at•e m•um distribution. 

the work of Nelson and Cogget (1971). We note first that the 
maximum occurs earlier in summer than in winter, and also that 
it is larger in summar (by about 45øK in this map) on the aver- 
age. We also note that in this map the maximum is very large in 
the equator, and occurs there first. It is of interest to note the 
relative magnitudes of the maximum and the time variation of 
the temperature in both hemispheres. We note in figure 3 that 
the temperature is varying more rapidly in the summer hemi- 
sphere than in the winter. Of course, this is a consequence of 
the earlier occurrence of the summer maximum, and is evidenced 
by the closeness of the contour lines in the summer hemisphere 
as well as the deeper minimum occurring there before the tem- 
perature maximum. It is remarkable that in spite of the higher 
summer temperatures in the early evening, the decrease in the 
temperature is sharper there than in the winter. In the summer, 
between 10 and 20 deg. latitude, the temperature drops by 
about 150øK in 2 hrs. from 1900 to 2100 LT (-75ø/hr). The 
temperature then rises from less than 735øK to more than 
765øK in 2 hrs. (15ø/hr.) in the midnight temperature maxi- 
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Figure 4. Same as Figure 3 but for the period 77308 to 77346. 
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Figure 5. Same as Figure 3 but for the period 78056 to 78108. 

mum. In the winter, at latitudes between-20 and -15 deg., the 
temperature takes 6 to 7 hrs. to drop about 140øK degrees to 
705øK (-25ø/hr.), followed by the temperature maximum of 
more than 720øK degrees about 3 hrs. (5ø/hr.) after the mini- 
mum. Thus, we see that the nighttime temperature oscillates 
more rapidly in summer than in winter, suggesting that high 
order tidal modes are enhanced in the summer hemisphere near 
the equator. 

We look ahead to figure 6, which is representative of 1978 
northern summer about 100 km higher, and note similar effects 
there with two exceptions: (1) the maximum at the equator is 
not well pronounced, and (2) there is a pronounced secondary 
maximum occurring after the principal maximum and closer to 
the equator, though still before the winter maximum. A sec- 
ondary maximum is present also at 250 km though not as pro- 
nounced as at 350 km (see figure 3 contours around 3.5 LT and 
+10 deg. latitude). The presence of this secondary maximum in 
summer lends more emphasis yet to the presence of high order 
tidal modes in the summer hemisphere. 

The northern winter map of figure 4 shows a temperature 
variation with features similar to those observed in figures 3 and 
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?i•re 6. Same •s ?i•re 3 bat for t•e •eriod 7S150 to 7S202. 

From Herrero and Spencer, 1982 

Nighttime Thermospheric Variations 
Midnight Temperature Maximum 

•  The Midnight Temperature Maximum (MTM) is      
 enhancement in thermospheric temperature       
 [see reviews: Herrero et al., 1993, Colerico       
 and Mendillo, 2002] 

–  Occurrence between 2200 and 0300 LT 
–  Latitude Range: +/- 20° 
–  Temperature Range: ~25 to 170K [Meriwether et al., 2011]   
–  Observed by ground-based all-sky, photometers, Fabry-Perot Interferometers 

and on-orbit sensors. 
–  Early observations from ground photometers  
–  First on-orbit observation by Neutral Atmosphere Temperature Instrument 

(NATE) on Atmospheric Explorer-E satellite 



4 Rebecca.L.Bishop@aero.org 
PSL/SSAL From Akmaev et al. 2010  

Nighttime Thermospheric Variations 
Midnight Density Maximum (MDM) 

•  Midnight Density Maximum (MDM) 
–  Occurs over similar latitudes 
–  Typically lags MTM   

•  On-orbit observations: 
–  Mass spectrometers 
–  Drag measurements 

• Observed by San Marco III and V [Arduini et al., 
1996] 

•  Phenomenon produced in models/simulations: 
–  Whole Atmosphere Model [Akmaev et al., 2010] 

•  Produced by tidal winds at equator 
–  Downward progression of MTM/MDM indicative of 

upward propagating  tidal meridional wind 

in response to a stronger MTM at even lower altitudes. The
temperature and density maxima occurring at lower altitudes
near midnight are clearly related to another upward propa-
gating tidal branch preceding the main features by about

6 hours. Interestingly, the SM‐5 observations obtained during
higher solar activity show the MDM sometimes occurring
earlier at 250–300 km than above [Arduini et al., 1997]. A
possible explanation is that the satellite might have observed

Figure 1. Snapshots of WAM simulations for March with each line representing 1 day: (left) Relative
density deviation from the zonal mean (%) at 400 km, (a and b) 20°N and (c and d) 20°S, at 00 UT
(Figures 1a and 1c) and 06 UT (Figures 1b and 1d). (middle) Same but for temperature deviation from the
zonal mean (K) at 300 km. (right) Same but for meridional wind (ms−1, positive Northward) at 350 km.
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378 ARDUINI ET AL: LOCAL TIME AND ALTITUDE VARIATION OF THE MDM 

The drag force density data originate in two detectors (for 
redundancy) whose signals, generated independently of each 
other and 90 ø apart in phase, are modulated into a sinusoid of 
variable amplitude by the spacecraft spin (nominally 10 rpm 
for both spacecraft). The signals, transmitted to the ground in 
analog form in SM3 and in digital format (12 bit 
resolution/9000 bps) in SM5, yielded one data point every 64 
msec. The signal-to-noise ratio is optimized taking advantage 
of the spin modulated signal for an estimated noise level less 
than 10% at 500 km, decreasing with altitude, to less than 1% 
at 260 km. The force to density conversion used a drag 
coefficient of 2.17 (Broglio et al., 1976, Arduini et al., 1993). 
The measurement is continuous over orbit sections lasting 
from 5 to 8 minutes for SM3 to much longer periods extending 
to 50 minutes for SM5. SM5 was equipped with a tape recorder 
while SM3 was not. Thus, the SM3 data was obtained in real 
time and only over two telemetry stations, one in Ecuador and 
one in Kenya. A collection of several hundred passes has been 
compiled giving neutral density, time, and the corresponding 
geographical coordinates deduced from the NORAD orbital 
elements and the orbital propagator as a function of time. The 
accuracy of these geographic coordinates is estimated to be + 1 
km, 0.5 ø in longitude, and 0.05 ø in latitude. Although the 
passes are continuous in time, an integration time of the order 
of the spin period is implemented in the data processing 
(which operates through spin period averages to eliminate 
biases). 
The analysis presented in this paper starts from a collection of 
the orbital passes described above and spanning the entire 
spacecraft lifetime. Due to perigee rotation, all local times 
from 0 to 24 hours are covered in 50 days for any given 
altitude. Points at a constant given altitude are therefore 
selected from every pass. The corresponding densities are 
then stored with the corresponding local times, FI0.7, Ap, 
longitude, latitude and universal time. The F10.7 and Ap 
effects on the density are applied through a factor equal to the 
ratio of model densities at the real and reference conditions. 

The model used was MSIS-86 with reference conditions Ap = 0 
and F10.7 = 112 for SM3, and F10.7 = 150 for SM5. 
The collection of corrected densities at constant altitude is 
then ordered as a function of local time. A minimum of 100 

points rather uniformly distributed in local time were used to 
produce the density bulge profiles. The standard deviation of 
the fittings is typically around 5% for SM5 and 9% for SM3 
(Arduini et al., 1992). Thus, the fitted density data represent a 
statistical average of the bulge over the time period of the data 
set used. 

With the approach briefly described above, it was possible to 
obtain the 24 hr density variations at altitudes between 
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Figure 1. 4th and 2nd order Fourier fits to the thermospheric 
density variation at 260 km averaged around day no. 88229. 
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Figure 2. Two examples of the midnight density maximum 
(MDM) at different altitudes and seasons (SM5 data base)ø 

roughly 220 and 360 km for SM3 in 1971, and between 260 
and 400 km for SM5 in 1988. The data were separated 
according to season to obtain the 24 hr density variations 
close to solstice (average day no. 174, April-August, 1971 and 
1988) and near equinox (average day no. 273, September- 
December 1971 and 1988). The satellite orbit inclinations 
were 3 ø or less, so the measurements are representative of the 
geographic 'equator. The SM3 data were obtained at two 
discrete longitude regions centered at the longitudes of the two 
telemetry stations for the mission, one at Quito (280 ø East 
longitude) and the other at 40 ø East longitude at the Mobile 
Italian Telemetry Station, located near the San Marco launch 
site in Kenya. The SM5 data, due to the use of the on-board 
tape recorder, gave more uniformity in the longitude coverage 
than the SM3 data, with only some preference for the 
Jicamarca, Kwajalein, and the San Marco (Kenya) longitudes. 

Results 

Figure 1 shows a typical 24 hr variation obtained fitting the 
DBI data to a Fourier series up to 4th order. The solid curve 
shows the Fourier series fit to 4th order for SM5 data at an 
altitude of 260 km and average day number 88229. The 
midnight density maximum MDM is the secondary maximum 
occurring at approximately 0130 hrs LT. The dashed curve 
shows a plot of the same series but only up to 2nd order, 
indicating that the MDM does not appear when only the 1st 
and 2nd orders are added together, but that the 3rd and 4th 
harmonics are required to account for the MDM. Higher order 
terms arise on some of the data, but do not appreciably change 
the shape and time of the MDM. However, higher order 
harmonics and the variation of their phases and amplitudes 
with height provide further information regarding their role 
and relevance to thermosphere dynamics, and will be discussed 
in another paper. We note that the tidal decomposition of the 
midnight temperature maximum MTM required the 2nd and 3rd 
order terms (Herrero et al., 1983). 
Figure 2 shows the results of 4th order Fourier expansions 
obtained from the SM5 data for two different altitudes at times 
near equinox and solstice, suggesting that the MDM amplitude 
increases with altitude, and that its time of occurrence 
possibly varies with altitude and season. The dashed lines 
correspond to solstice and the solid to equinox. At equinox 
the MDM peak is observed earlier at 380 km around local 
midnight, and then at 260 km about 2 to 3 hours later. The 

From Arduini et al.1997  
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Nighttime Ionospheric Variations 

•  Plasma density enhancements in nighttime 
NmF2 have been observed by ionosondes, 
GPS, radars [e.g. Farelo et al., 2002, Luan et 
al., 2008] 

 
•  Theories for MDPM formation focus on 

transport via theremosphere/ionosphere 
coupling 
–  Downward flux of electron density several hours 

following earlier upward ExB drift 
–  Meridional winds associated with MTM transport 

plasma to higher altitudes. 

modified version of the CCIR formula [Buonsanto and
Titheridge, 1987] if not observed.

3. Observational Results
3.1. Comparison of Observations Between COSMIC
and Ionosonde

[10] Figure 3 shows a comparison of the diurnal varia-
tions of NmF2 (left panels) and hmF2 (right panels) between
COSMIC and ionosonde observations at six stations from
low to higher midlatitudes in the Asian sector. Figure 4
gives a highlight of the nighttime results of Figure 3 for
both COSMIC and ionosode observations. The COSMIC
NmF2 and hmF2 are binned in a 30! wide longitude sector
centered at 135!E. The six ionosonde stations are located

from 129.6!E to 141.7!E in longitude and from 20.8!N to
51.5!N in geomagnetic latitudes.
[11] In Figure 3, the NmF2 shows reasonably good agree-

ment between the COSMIC and ionosonde observations
except for daytime at Yamagawa (31.2!N, 130.6!E, MLAT
20.8!N). However, the hmF2 from the COSMIC data is
systematically lower by about 20 km than that of the
ionosonde at most stations. This difference is similar to
the comparisons between the COSMIC and the IRI and
TIEGCM [Lei et al., 2007]. At Yakutsk (62.0!N, 129.6!E,
MLAT 51.5!N) the hmF2 discrepancy between the COSMIC
and ionosonde is over 40 km during nighttime. However,
Figure 3 also showed that the temporal variation of the hmF2

from COSMIC are in general agreement with those from

Figure 3. A comparison of the F2 layer peak heights (hmF2, right panels) and densities (NmF2, left
panels) between the COSMIC and historical ionosonde observations under solar minimum conditions at
Yamagawa (31.2!N, 130.6!E, MLAT 20.8!N), Kokubunji (35.7!N, 139.5!E, MLAT 26.0!N), Akita
(39.7!N, 140.1!E, MLAT 30.0!N), Wakkanai (45.4!N, 141.7!E, MLAT 35.8!N), Khabarovsk (48.5!N,
135.1!E, MLAT 38.4!N), and Yakutsk (62.0!N, 129.6!E, MLAT 51.5!N). The COSMIC data are binned
from 120 to 150!E. The monthly median data in December and January are used for ionosonde
observations. The F2 layer peak heights from ionosonde observations are calculated from an empiric
model developed by Dudeney [1983].

A09319 LUAN ET AL.: NIGHTTIME ELECTRON DENSITY ENHANCEMENT
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COSMIC observations 
compared to ionosonde 
data. [From Luan et al. 
2008] 

Midnight Plasma Density Maximum (MDPM) 
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Communication/Navigation Outage Forecast System 
C/NOFS Satellite 
•  Joint DoD Space Test Program and Air Force 

Research Laboratory (AFRL) 
•  Original Purpose: “Demonstrate a technique for 

locating and forecasting scintillation in the low 
latitude ionosphere”. 

•  Payload: 
–  Vector Electric Field Instrument (VEFI): NASA 

Goddard 
–  Coherent Electromagnetic Radio Tomography 

(CERTO) NRL 
–  GPS Sensor (CORISS): The Aerospace 

Corporation 
–  Neutral Wind Meter and Ion Velocity Meter (CINDI): 

UT Dallas 
–  Planar Langmuir Probe (PLP): AFRL 

C/NOFS in testing at General Dynamics 
[Courtesy of AFRL] 

CORISS Antenna 
(Anti-ram face) 
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Communication/Navigation Outage Forecast System 
C/NOFS Satellite – Cont. 
 
•  Launched: 16 April 2008 
•  Initial Orbit:  

–  405 x 853 km 
–  13.0 inclination 
–  97.3 min period 

•  Current Orbit altitude: 
–  Approx. 345 x 500 km 

•  Re-entry estimate: Fall 2015 

Artist Rendition of C/NOFS. Image Credit: NASA/Goddard 
Space Flight Center 
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CORISS Overview 
C/NOFS Occultation Receiver for Ionospheric Sensing and Specification 

•  CORISS is a Modified Version of the Jason/ICESat Receiver 
–  RF front end adapted to C/NOFS RFI requirements 
–  Single patch antenna on anti-velocity side of s/c 
–  Receiver s/w updated by The Aerospace Corporation to perform                               

occultations & other special functions (Tom Meehan consulting) 
• On-board processing of scintillation parameters: S4, σφ, spectra 

•  Data Collection Modes 
–  LR data (0.1 Hz):  

• Non-occulting tracks 
–  MR data (1.0 Hz): 

• Occulting tracks (typically elevations below 0º) 
–  HR data (50 Hz): 

•  Ionospheric altitudes (-5º to ~50 km tangent altitude) at night (L1 only) 
• Tropospheric altitudes (below ~50 km tangent altitude 
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MDPM Observations 

•  300 km reference altitude 
selected 
–  Near nighttime F-Peak 

•  Density enhancements 
visible 5 out of 7 days in 
example week. 

•  March 6-7 observed 2 
enhancements ~130 min 
apart. 

Post-Midnight 
Density Peaks	



Identifying Density Enhancements 
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Density Enhancement Due to F-peak motion? 

•  F-Peak between 250 and 275 km most of the night 
•  All altitude slices exhibit similar density enhancement 

–  Local F-peak motion unlikely source. 
•  Shows a “wave-like” structure 
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Temporal Variations of Nighttime Ionosphere Density 

•  Typical MDPM has changes in TEC 
>40 TECU but may be as low as 
10 TECU 

•  Polynomial fit to 8 hours preceding 
nighttime minimum and then 
subtracted from data 

•  Multiple enhancements commonly 
observed 

•  GPSRO spans large horizontal 
area (lat/lon) 
–  Multiple peaks may be due to 

latitude variations captured. 
•  Typical periods of variations: 2, 4, 

and ~6 hr 
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Occurrence Statistics 
October 2009 - April 2010 

•  Valid days include at least one data point every 15 minutes 
•  Geomagnetically quiet period 

–  Ap < 20 for all but ~10 days 
•  Average time is near local midnight 
•  MDM appears to be relatively common 

Sep Oct Nov Dec Jan Feb Mar Apr 
Days of Data 27 30 29 29 25 27 28 29 
Percent 
Occurrence 

81.5 96.7 89.7 93.1 92.0 92.6 92.9 96.6 

Average Time of 
Maximum (LT) 

0106 2341 0035 0001 0043 2346 0007 0031 

Average Time of 
First Minimum (LT) 

2114 2037 2121 2137 2202 2125 2132 2105 
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Summary 

•   6 months of GPS radio occultation data has been analyzed for 
MDM events 

•  MDM events are relatively common with an average occurrence 
rate of 91.9% 

•   Post-sunset TEC enhancement events occur independent of 
geomagnetic activity 

•  A wave structure appears to often exist with periods of 2, 4, ~6 hr. 
•   The TEC enhancements occur primarily on the bottom-side of the 

F-peak, but are observable for the dataset’s entire altitude range. 
•  There are significant latitudinal and longitudinal variations in MDM 

magnitude and surrounding depletions 

Acknowledgements:  This work is supported under The Aerospace Corporation's 
Sustained Experimentation and Research for Program Applications 
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