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Abstract. The Michelson Interferometer for Global High-resolution Thermospheric Imaging 20	
  
(MIGHTI) is a satellite experiment scheduled to launch on NASA’s Ionospheric Connection 21	
  
Explorer (ICON) in 2018. MIGHTI is designed to measure horizontal neutral winds and neutral 22	
  
temperatures in the terrestrial thermosphere. Temperatures will be inferred by imaging the 23	
  
molecular oxygen Atmospheric band (A band) on the limb in the lower thermosphere. MIGHTI 24	
  
will measure the spectral shape of the A band using discrete wavelength channels to infer the 25	
  
ambient temperature from the rotational envelope of the band. Here we present simulated 26	
  
temperature retrievals based on the as-built characteristics of the instrument and the expected 27	
  
emission rate profile of the A band for typical daytime and nighttime conditions. We find that for 28	
  
a spherically symmetric atmosphere, the measurement precision is 1 K between 90-105 km 29	
  
during the daytime whereas during the nighttime it increases from 1 K at 90 km to 3 K at 105 30	
  
km. We also find that the accuracy is 2 K to 11 K for the same altitudes. The expected MIGHTI 31	
  
temperature precision is within the measurement requirements for the ICON mission. 32	
  
  33	
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1.   Introduction 34	
  
 35	
  
The measurement of temperature and its variability in the Earth’s upper atmosphere 36	
  

provides a means to quantify both the energy delivered by the sun as well as the dominant 37	
  
physical and chemical processes in the atmosphere. Satellite borne measurements are particularly 38	
  
valuable in quantifying temperature variability with latitude, longitude, altitude, and local time 39	
  
(LT) on a variety of temporal and spatial scales. Simultaneously separating all of these 40	
  
contributions throughout the upper atmosphere continues to challenge aeronomers and new 41	
  
satellite observations to this end will significantly advance our understanding of how solar and 42	
  
lower atmospheric processes couple to the ionosphere and thermosphere. 43	
  

NASA’s Ionospheric Connection Explorer (ICON) is a mission designed to understand 44	
  
the physical connection between the upper atmosphere and the space environment. ICON is 45	
  
scheduled to launch in 2018 into a 575 km circular orbit with an inclination of 27° [Immel et al., 46	
  
2017]. Among the complement of instruments aboard ICON is the Michelson Interferometer for 47	
  
Global High-resolution Thermospheric Imaging (MIGHTI), which is designed to measure 48	
  
horizontal neutral wind velocity and neutral temperature profiles [Englert et al., 2017]. MIGHTI 49	
  
measures temperatures by observing emission from the A band of molecular oxygen (O2) on the 50	
  
limb between 90-140 km altitude. 51	
  

Here we present the measurement approach and retrieval for the MIGHTI temperature 52	
  
product between 90-105 km, which are the primary altitudes required for the ICON science 53	
  
objectives [Immel et al., 2017]. We outline the retrieval algorithm and quantify the uncertainties 54	
  
given the as-built MIGHTI specifications.  55	
  

 56	
  
2.   Motivation and Previous Work 57	
  

 58	
  
One of the brightest emission features in the Earth’s upper atmosphere is the O2 b 1∑g

+ 59	
  
(0) — X 3∑g

- (0) A band near 760 nm [Noxon, 1968]. The band is excited through collision with 60	
  
O(1D), resonance fluorescence or a 2-step chemical reaction involving atomic oxygen called the 61	
  
Barth process [Bucholtz et al., 1986; Sheese et al., 2010]. Peak measured limb radiances for the 62	
  
A band are about 10 MR near 85 km tangent altitude [Tarasick and Evans, 1993; Christensen et 63	
  
al., 2012]. Such bright emissions allow for the retrieval of neutral temperature from the 64	
  
rotational envelope of the band [Skinner and Hays, 1985; Sheese et al., 2010; Christensen et al., 65	
  
2013]. Figure 1 shows representative A band volume emission rate profiles for daytime and 66	
  
nighttime conditions. The daytime profile has an exponential dependence with altitude based on 67	
  
simulations by Yee et al. [2012] and satellite limb measurements reported by Christensen et al. 68	
  
[2012]. The nighttime profile is taken from that reported by Liu [2006]. We use the profiles in 69	
  
Figure 1 as inputs to our simulated temperature retrieval. 70	
  

One important Science Objective for ICON is to determine how large-scale atmospheric 71	
  
waves such as nonmigrating tides control the ionosphere at low latitudes [Immel et al., 2017]. 72	
  
This will be done using measurements of wind and temperature versus altitude, LT and 73	
  
geographic location. ICON’s low inclination orbit allows MIGHTI to measure temperatures near 74	
  
the equator throughout the diurnal cycle. Typical tidal amplitudes in the lower thermosphere at 75	
  
low latitudes are about 25 K [England et al., 2009] which drives the 12 K temperature precision 76	
  
requirement for MIGHTI between 90-105 km altitude [Immel et al., 2017]. The MIGHTI 77	
  
observations will be at 5 km vertical and 500 km horizontal resolution and quantify the seasonal 78	
  
evolution of these important global-scale oscillations in the lower thermosphere. 79	
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 80	
  

 81	
  
Figure 1. O2 (0,0) A band volume emission rate profiles used to retrieve temperatures for 82	
  
daytime [black; fit to results of Christensen et al., 2012] and nighttime [red; Liu, 2006]. The 83	
  
altitudes shown by the dashed line will not be observed operationally by MIGHTI. 84	
  
 85	
  
3.   Observational Approach 86	
  

 87	
  
The O2 A band is characterized by two R branches and two P branches [Babcock and 88	
  

Herzberg, 1948]. The rotational lines for the two R branches and the two P branches have very 89	
  
small spacing [e.g. Ritter and Wilkerson, 1987] so that when observed at lower spectral 90	
  
resolution there appears to be only one R branch and one P branch. We obtain the rotational 91	
  
distribution of the bright (0,0) band and its temperature dependence from the HITRAN2012 92	
  
database [Rothman et al., 2013]. We then convolve the rotational structure of the band for a 93	
  
variety of temperatures relevant to the lower thermosphere using an instrument function that is 94	
  
consistent with MIGHTI. We use a Hann function with a full-width at half-maximum of 2 nm 95	
  
and show the results in Figure 2. We will discuss the MIGHTI instrument function in greater 96	
  
detail later. 97	
  

MIGHTI measures the A band on the limb between about 90-140 km using two virtually 98	
  
identical optical sensors: MIGHTI A (“Ahead”) and MIGHTI B (“Behind”). This observational 99	
  
approach is driven by the wind measurement, where the two optical sensors will measure the 100	
  
same tangent point with perpendicular lines of sight seven minutes apart to obtain both 101	
  
components of the horizontal wind vectors [Englert et al., 2017]. These operations will enable us 102	
  
to check the self-consistency of the MIGHTI temperature measurement, allowing for 103	
  
independent and near simultaneous observations of the same tangent point from different lines of 104	
  
sight. 105	
  

MIGHTI samples the A band spectral region at five different wavelengths in order to 106	
  
both measure the shape of the band and to specify a background radiance that is subtracted from 107	
  
the signal [Englert et al., 2017]. The wavelengths of the filter passbands are selected to maximize 108	
  
the sensitivity to lower thermospheric temperature variations. Two filter channels sample either 109	
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end of the band to define a background (754.1 nm and 780.1 nm) and three more sample its 110	
  
shape (760.0 nm, 762.8 nm and 765.2 nm; see Figure 2). Using three filters that sample the band 111	
  
shape allows the simultaneous retrieval of the atmospheric temperature and common shifts in the 112	
  
center wavelengths of the pass bands due to temperature drifts of the filters.  113	
  

 114	
  

 115	
  
 116	
  
Figure 2. The O2 (0,0) A band at a variety of temperatures relevant to the Earth’s lower 117	
  
thermosphere [Rothman et al., 2013]. The rotational structure in absorption has been smoothed 118	
  
by the MIGHTI pass band with a full-width at half-maximum of 2 nm. The three shaded areas 119	
  
represent the (4 nm) spectral regions that are selected for greatest sensitivity to the lower 120	
  
thermospheric variation in the band shape. 121	
  
 122	
  

The spectral shape of the pass band for each of the MIGHTI filters is crucial for 123	
  
retrieving accurate temperature profiles. It is particularly important that the pass bands are 124	
  
properly normalized with respect to each other because it is their relative intensity that enables 125	
  
the determination of temperature. These pass bands were measured under expected on orbit 126	
  
conditions for each binned detector pixel during MIGHTI calibration [Englert et al., 2017] and 127	
  
the sensitivity for each of the five filter channels versus wavelength and altitude is shown in 128	
  
Figure 3. The data shown represents the sensitivity for each altitude, obtained by averaging the 129	
  
respective binned pixels behind each filter for each altitude. Figure 3 illustrates that the 2 nm 130	
  
width used to smooth the A band signal in Figure 2 is accurate. We separately measured pass 131	
  
bands for the MIGHTI A and MIGHTI B optical sensors as well as nighttime and daytime 132	
  
measurement configurations and found similar widths as those shown in Figure 3. Nominal 133	
  
operations will image the A band between 90-140 km in 2.5 km altitude increments.  134	
  

 135	
  
 136	
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 137	
  
 138	
  
Figure 3. The relative sensitivity of the five MIGHTI A pass bands used in this study for the 139	
  
daytime A (Ahead) optical sensor. The two pass bands on either end are used to determine the 140	
  
background to subtract from the three middle pass bands which overlap the A band. 141	
  
 142	
  
4.   Temperature Retrieval: Methodology 143	
  
 144	
  

Using the input temperature profile in Figure 4a from NRLMSISE-00 [Picone et al., 145	
  
2002], we calculate limb radiance profiles for the three filters sampling the A band and show the 146	
  
results in Figure 4b. The relative variation of these radiance profiles with altitude allows for the 147	
  
determination of lower thermospheric temperatures.  148	
  

 149	
  
 150	
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 151	
  
Figure 4. (a) Representative temperature profile used in this study, from NRLMSISE-00 152	
  
sampled on 1 April at 2.5° S and 12 LT [Picone et al., 2002]. (b) Calculated limb radiances for 153	
  
the three pass bands centered at the indicated A band wavelengths, along with the expected 154	
  
statistical uncertainty for each channel (dotted lines). Although MIGHTI images to the top of the 155	
  
region indicated by the dashed lines, the primary science region at lower altitudes (90-105 km) is 156	
  
indicated with solid lines. The ratios of these three limb radiance profiles with altitude are 157	
  
diagnostic of the temperature profile shown in Figure 4a.  158	
  

 159	
  
We simulate the A band limb radiance observations by including the étendue of the 160	
  

instrument for each 2.5 km altitude increment [Englert et al., 2017] and the integration time for 161	
  
each image (30 s and 60 s for daytime and nighttime, respectively). The optical efficiency for the 162	
  
MIGHTI A band channels is derived from the measured properties of the optical components and 163	
  
is found to be 6.82%. The contributions to the limb observation in Figure 4b are explicitly 164	
  
calculated for each path increment along the line-of-sight for the temperature profile shown in 165	
  
Figure 4a. We then add detector dark signal and an estimate for scattered light contributions 166	
  
based on previous A band limb observations by the Optical Spectrograph and Infrared Imaging 167	
  
System on the Odin satellite [Sheese et al.., 2010]. The contributions to this background signal 168	
  
are discussed further in Section 6. Statistical noise is also added based on the expected photon 169	
  
shot noise and the detector read noise (Figure 4b).  170	
  

Using this forward model approach, we invert the line-of-sight radiances to obtain a 171	
  
temperature profile as a function of altitude by employing a standard Abel inversion. This 172	
  
approach implicitly assumes that the limb emission is spherically symmetric about the Earth’s 173	
  
center. There is no smoothing constraint or a priori assumption for the inversion so that the 174	
  
temperature profile is retrieved directly from the observations. A well constrained retrieval 175	
  
returns a solution that is very close to the input temperature profile in Figure 4a. Multiple 176	
  
retrievals are obtained in this way using a Monte Carlo approach and we obtain both average 177	
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retrieved temperature profile (TRETR) and an altitude dependent temperature precision from the 178	
  
standard deviation of the retrieved profiles. 179	
  

The temperature retrieval at a given altitude is informed by the observations at higher 180	
  
altitudes, since the near and far field signals on the limb are required to retrieve information from 181	
  
the tangent altitude. MIGHTI does not sample above 140 km, where the A band can still emit 182	
  
during the day [Tarasick and Evans, 1993; Christensen et al., 2012]. Thus, the retrieval uses the 183	
  
approximation of Brasseur and Solomon [1986] to quantify the emission profile at altitudes 184	
  
above 140 km, which requires a representative scale height for the emission above this top 185	
  
altitude. The nominal retrieval uses an emission scale height of 30 km at 140 km, consistent with 186	
  
previous observations of the A band at these altitudes [Tarasick and Evans, 1993; Christensen et 187	
  
al., 2012; Yee et al., 2012]. 188	
  

 189	
  
5.   Temperature Retrieval: Results 190	
  
 191	
  

Figure 5a shows the input (“TTRUE”) temperature profile used in the simulations as well 192	
  
as the average retrieved solution (“TRETR”). The average retrieved solution is calculated from a 193	
  
sufficient number of iterations for which different simulations with equal statistical properties are 194	
  
randomly added to the daytime limb radiance profiles (Figure 4b). We determined that 50 195	
  
iterations were more than sufficient to determine a consistent average temperature and standard 196	
  
deviation from a daytime limb profile. Figure 5b shows the average difference between these two 197	
  
profiles over all iterations, indicating any inherent bias to the retrieval. Figure 5b also shows the 198	
  
range of solutions resulting from an emission scale height at 140 km that is a factor of two 199	
  
smaller and larger than the 30 km that we assume. There is a bias introduced to the daytime 200	
  
retrieval between 90-105 km that is between 2 K and 11 K, primarily due to the lack of 201	
  
knowledge on the radiance profile above 140 km.  202	
  

Figure 5b also shows the difference between the input profile and the average retrieved 203	
  
profile for a nighttime retrieval, where the integration time is 60 s and uncertainties are similarly 204	
  
propagated for those conditions. We use a scale height of 5 km at the top of the nighttime profile 205	
  
but because of the low signals above 105 km (Figure 1), the retrievals are insensitive to this 206	
  
value.  207	
  

 208	
  
 209	
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 210	
  
 211	
  

Figure 5. (a) True temperature profile (TTRUE, solid) and average retrieved daytime temperature 212	
  
profile (TRETR, dashed) from 50 simulated retrievals. (b) The difference between the true profile 213	
  
and the average retrieved profile. The altitudes shown by the black solid line (90-105 km) 214	
  
represent the region of primary MIGHTI science. The red line shows the result for a nighttime 215	
  
retrieval. The shaded area represents variations resulting from changes in the assumed 30 km 216	
  
emission scale height at 140 km of a factor of two more and less. 217	
  
 218	
  

Figure 6a shows the average of 50 retrieved temperature profiles and the precision of the 219	
  
daytime retrieval overplotted. The precision is calculated by taking the standard deviation of the 220	
  
ensemble of retrieved profiles at each altitude. Figure 6b shows the magnitude of this precision 221	
  
as a function of altitude for both daytime and nighttime retrievals. The daytime precision is 1 K 222	
  
between 90-105 km and increases steadily to about 6 K near 130 km. The daytime precision 223	
  
between 90-105 km is insensitive to assumptions about the emission scale height above the 224	
  
imaged altitude region. The signal is weaker for nighttime conditions (Figure 1), so although the 225	
  
precision is near 1 K at 90 km it increases to 3 K at 105 km where the A band emission is 226	
  
weaker. As discussed earlier, the three channels used in the measurement of the A band shape 227	
  
enable the simultaneous determination of a common wavelength shift of the filter pass bands, 228	
  
which could be caused by a common filter temperature change. This is because the three signal 229	
  
channels provide redundant information on the band shape so that the wavelength registration of 230	
  
the band can be simultaneously constrained. We find that for the reported altitude region 231	
  
between 90-105 km the wavelength shift can be determined to 0.02 nm, which corresponds to a 232	
  
filter temperature change of about 6 K.  233	
  

 234	
  
 235	
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 236	
  
 237	
  

Figure 6. (a) Averaged retrieved daytime temperature with estimated 1-s uncertainty overplotted 238	
  
as the shaded area. The uncertainties are calculated as the standard deviation of the average over 239	
  
all simulations. (b) The average 1-s uncertainty (temperature precision) shown in Figure 6a. The 240	
  
altitudes shown by the solid line (90-105 km) represent the region of primary MIGHTI science. 241	
  
The red line shows the result for a nighttime retrieval. The vertical line at 12 K shows the 242	
  
precision required between 90-105 km (solid) and extended to higher altitudes (dotted). 243	
  
 244	
  
6.   Discussion  245	
  
 246	
  

One possible source of bias in the temperature retrieval is the assumption of spherical 247	
  
symmetry for the atmosphere. When retrieving vertical profiles in a limb viewing geometry, this 248	
  
assumption is typically used so that contributions to the signal above the tangent altitude and 249	
  
along the line of sight can be quantified. To assess the impact of this assumption, we extracted 250	
  
temperatures from a general circulation model that simulates the expected upper atmospheric 251	
  
temperature variations [Roble and Ridley, 1994; Roble, 1996] and calculated the variation of 252	
  
temperature along a typical line of sight for MIGHTI. We then retrieved the temperature at the 253	
  
tangent point by using the model temperature for each path increment and compared that to the 254	
  
temperature profile at the tangent point. We find that the retrieved temperature profile varies 255	
  
from the profile at the tangent point by an average of 3 K for the primary science altitudes. On-256	
  
orbit operations will help to quantify this bias, allowing for the retrieval of temperature at nearly 257	
  
the same tangent point from two different look directions (MIGHTI “A” and “B”) seven minutes 258	
  
apart. 259	
  

The relative calibration of the three channels measured (Figures 3 and 4) is important to 260	
  
accurately infer the temperatures. Our laboratory data indicate that the relative calibration is 261	
  
known to better than 1%. To quantify the impact of this on the temperature retrievals we scaled 262	
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the signal for the band at 762.8 nm by 1% and retrieved temperatures in the same way. We find 263	
  
that a 1% bias in the relative calibration between channels introduces only a 1-2 K bias in the 264	
  
temperature retrieval for altitudes between 90-105 km. The temperature bias introduced by this 265	
  
uncertainty responds linearly to small variations in the relative calibration. The temperature 266	
  
precision is unaffected by this uncertainty. 267	
  

Sheese et al. [2010] reported that the absorption of A band emission from altitudes below 268	
  
90 km can possibly affect the A band signal measured at and above this altitude. Thus, even 269	
  
though MIGHTI measures a background signal at two wavelengths on either side of the A band, 270	
  
the band itself could sit in a well of self-absorbed attenuated light. This attenuation could either 271	
  
be due to the contribution of off-axis light when observing the limb or from a Rayleigh 272	
  
background within the field of view that is multiply scattered from lower altitudes, entering the 273	
  
instrument directly from altitudes at or above the tangent point.  274	
  

We simulated the multiple scattered Rayleigh background at A band wavelengths using 275	
  
the MODTRAN spectral resolution radiative transfer model [Berk et al., 2006] for the tangent 276	
  
altitudes relevant to the MIGHTI observations. We find that the Rayleigh background at 100 km 277	
  
tangent altitude is only ~10 R and that the attenuation of the multiply scattered signal is ~1 R. 278	
  
This is much less than the signal within the pass bands measured by MIGHTI (Figure 4b) and 279	
  
negligible in the retrieval of temperature. Therefore, in the absence of a significant component of 280	
  
off-axis light we can neglect the effect of this process on the MIGHTI temperature retrievals. 281	
  
Our estimates of the off-axis contribution when observing tangent altitudes between 90-105 km 282	
  
are based on the MIGHTI baffle performance that was quantitatively determined using the as-283	
  
built design [Englert et al., 2017]. We will verify and, if necessary, correct the contribution to the 284	
  
limb radiance from off-axis light [Sheese et al., 2010] using the background channels while on 285	
  
orbit by assessing the altitude dependence of the background brightness profile. 286	
  

Slanger et al. [2017] recently reported that the N2 first positive group (1PG) B3∏ (3) – 287	
  
A3∑ (1) band near 762.7 nm can contribute to O2 A band emission observations and affect the 288	
  
retrieval of temperature. We determined its potential contribution by using the N2 1PG dayglow 289	
  
system limb intensity reported by Broadfoot et al. [1997] of 200 kR at 140 km. The relative 290	
  
intensity of the N2 1PG (3,1) band is 7.2% as given by Vallance Jones [1974], so that the 291	
  
estimated (3,1) limb intensity is 14 kR at 140 km. If applied entirely to the 762.8 nm MIGHTI 292	
  
channel at all altitudes at and below 140 km, this can bias temperatures by ~10 K near 140 km 293	
  
but in the region of primary science between 90-105 km the A band signal is much larger (see 294	
  
Figure 1) and the estimated bias is less than 2 K. 295	
  

 296	
  
7.   Summary 297	
  
 298	
  

We have modeled the retrieval of temperature from the Earth’s lower thermosphere using 299	
  
simulated MIGHTI observations of the O2 A band. Using our best estimates of instrument 300	
  
performance, we find that the precision of a daytime retrieval is about 1 K between 90-105 km 301	
  
for one daytime image, obtained at a cadence of 30 s. The precision of a nighttime image is about 302	
  
1 K at 90 km and increases to 3 K at 105 km, obtained at a cadence of 60 s. Systematic 303	
  
uncertainties are between 2 K and 11 K between 95-105 km. The simplifying assumption of a 304	
  
spherically symmetric atmosphere contributes an additional 3 K bias to the retrieval. Redundant 305	
  
information in the temperature channels will allow us to constrain any common thermal filter 306	
  
drift affecting the center wavelengths of the pass bands to within 0.02 nm for these same 307	
  
altitudes. 308	
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The expected temperature precision is well within the 12 K minimum requirement for the 309	
  
ICON mission. Therefore, the MIGHTI A band temperature measurement will quantitatively 310	
  
advance our understanding of large-scale waves in the low latitude thermosphere. 311	
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