
 1 

Author Response to Reviewer #1 

 

Author responses are in italics. 
 
The manuscript "Validation of SOFIE Nitric Oxide Measurements" by Hervig et al. represents a 
laudable effort to critically assess the quality of the NO data of the SOFIE experiment. In the very 
detailed analyses the contribution by water vapor, important below 85 km, emerges as an identified 
weakness of the data obtained by the SOFIE retrieval. Another significant discrepancy is between 
SOFIE and MIPAS above 120 km (Fig. 12). The fact that [NO] at sunrise and sunset in the 
mesosphere differ, is well established; why the differences between SOFIE vs. ACE (sunrise) and 
SOFIE vs. MIPAS (sunset) should also be different may have escaped me (Figs. 7 & 8). Similarly, 
I miss (or overlooked) a statement/suggestion why [NO] is apparently systematically different in 
the two hemispheres. Finally, I recommend to propose (or compose) a preliminary empirical model 
of NO considering the valuable findings that result from the present paper. Given that the above 
comments are addressed, I definitively recommend publication.   
 
SOFIE spacecraft sunrise (sunset) always occurred in the North (South), for the 2007-2016 data 
used in this paper (in late 2018, this reversed due to orbit changes). This is the main reason that 
SOFIE NO measurements are different between hemispheres, and the explanation is two-fold. 
First is the natural diurnal variation in NO (as you mention), and second is that measurement 
errors are different for sunrise vs. sunset (as discussed in Section 2.1). We feel that the coincident 
measurements were close enough in LT that diurnal variations should be a small part of the 
differences. It is rather the increased SOFIE errors for sunrise (NH) that explain differences in 
the SOFIE - ACE and SOFIE - MIPAS comparisons in the NH and SH. We have added statements 
that clarify these points (start of Section 2; discussion of Fig. 9).   
We would support an empirical NO model that includes SOFIE observations, and welcome any 
collaboration in this future endeavor, however we feel that this is beyond the scope of the present 
paper. We note that there are already several empirical models for extant NO datasets from SNOE 
(Marsh et al.), ODIN-SMR (Kivranta et al.) and SCIAMACHY (Bender et al.).   
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Author Response to Reviewer # 2 

 

Author responses are in italics. 
 
The paper describes the validation of the NO density retrieved from SOFIE against that retrieved 
from the MIPAS and ACE instruments. Since the SOFIE NO data has been used in a number of 
studies on the effect of particle precipitation on the atmosphere, this validation is both timely and 
important to the community. It should be published after minor revisions. 
There are some general comments that the authors should address, as well as some minor 
corrections. 

 
General comments: 
1) The SOFIE NO density is validated against that measured by the MIPAS and ACE instruments. 
It is mentioned that the NO retrieved from the SCIAMACHY instrument were validated against 
MIPAS and the Odin Submillimeter Radiometer (SMR). However, it is not clear why these two 
data sets, SCIAMACHY and SMR, were not used in this validation. The authors should mention whey 
these data sets were excluded from the SOFIE validation.   

We should have used these other data sets, and to be honest, there is not a good reason for this omission. 
At this point, however, adding the new data sets would substantially change (and delay) the paper. We feel 
that by relating the Bender et al (2015) paper to the current results, that one can get an idea of how 
SCIAMACHY and SMR agree with SOFIE. A comment to this effect was added.   
 
2) It is mentioned in the text that the SOFIE NO density, and not the volume mixing ratio (vmr) 
should be used due to the use of MSIS temperatures above 100 km to convert to vmr. The reference 
given for the retrievals, Gordley et al, 2009, is focused on the PMC extinction, but does refer to 
the SOFIE Algorithm Theoretical Basis Document. It that document it is stated that: "Simulated 
signals are compared to the measurement, and the target gas mixing ratio, Q, is adjusted based on 
the derivative d-tau/dQ, which considers the previous attempt to match the measurement." This 
would indicate that it is the vmr that is the primary quantity being derived from the SOFIE 
measurement, and that is being converted to density using the measured/modelled temperatures. 
This should be clarified. One notes that these documents pre-date the NO retrievals, and reference 
should be made to any updated documentation of the NO retrieval process.  
The main SOFIE NO reference is Gomez-Ramirez et al. (2013), and we have clarified the statement 
to this effect at the beginning of Section 2. The Reviewer is correct that the retrievals are conducted 
in terms of VMR, and that ND is determined in post-processing. This point is now clear in Section 
2.   
 
3) Related to comment 2, the MIPAS data use a logarithmic retrieval of vmr that will exclude 
negative values. This causes a net positive bias, particularly where the retrieved vmr values are 
low. Does SOFIE use a similar retrieval mechanism, and if not, would this explain some of the 
bias between the observations?  
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The SOFIE NO retrieval is conducted on linear VMR (see above), and does not allow negative 
values. For species with large dynamic range like NO, it is always an issue that systematic errors 
which impact the lowest VMR values will tend to induce a high bias. Still, if MIPAS has the same 
effect as SOFIE, then that may not be the explanation. We are hesitant to make a statement on this 
because the true extent of this effect is not completely understood. We are thinking about ways to 
mitigate this in the upcoming SOFIE data version (V1.4).    
 
Minor corrections: Line 221. The word "determine" should be "determined".  

This was changed. 
 
Lines 231-237. It is stated that due to interfering absorption or signal corrections, some of the 
SOFIE NO data is not reliable. Are these unreliable data flagged in the data base? If not, then the 
authors should highlight this section as a major caution to users.  
Comments were added in section 2 that addresses this point.  
 
Lines 237-239. It says that instances where extreme contamination due to the presence of PMC 
are filtered in the latest SOFIE V1.3 NO online product. However, on line 124 it is stated that these 
instances are not filtered in V1.3 but will be in V1.4. This discrepancy should be rectified.  
There are two approaches to dealing with the PMC contamination. In the new V1.3 file, data that 
had PMC contamination were filtered, by replacing the values with the missing data flag. In V1.4 
we will implement an actual removal of PMC contamination in the retrievals. The text was 
changed to make this clear. Most of the new text related to this comment appears in sections 2 and 
2.1.   
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Abstract.  Nitric oxide (NO) measurements from the Solar Occultation for Ice Experiment 14 

(SOFIE) are validated through detailed uncertainty analysis and comparisons with independent 15 

observations. SOFIE was compared with coincident satellite measurements from the Atmospheric 16 

Chemistry Experiment (ACE) - Fourier Transform Spectrometer (FTS) instrument, and the 17 

Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) instrument. The 18 

comparisons indicate mean differences of less than ~50% for altitudes from roughly 50 to 105 km 19 

for SOFIE spacecraft sunrise, and 50 to 140 km for SOFIE sunsets. Comparisons of NO time series 20 

show a high degree of correlation between SOFIE and both ACE and MIPAS for altitudes below 21 

~130 km, indicating that measured NO variability in time is robust. SOFIE uncertainties increase 22 

below ~80 km due to interfering H2O absorption, and from signal correction uncertainties which 23 
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are larger for spacecraft sunrise compared to sunset. These errors are sufficiently large in sunrises 24 

that reliable NO measurements are infrequent below ~80 km.   25 

1. Introduction 26 

 The Solar Occultation for Ice Experiment (SOFIE) has measured nitric oxide (NO) from 27 

the Aeronomy of Ice in the mesosphere (AIM) satellite since May 2007. SOFIE NO measurements 28 

have been the topic of numerous science investigations, including studies of thermosphere - 29 

stratosphere coupling (Bailey et al., 2015; Siskind et al., 2015; Hendrickx et al., 2018), effects of 30 

the 27-day solar rotation (Hendrickx et al., 2015), and the roles of dynamics and chemistry in 31 

diurnal variability (Siskind et al., 2019). SOFIE NO observations have also been used to determine 32 

the importance of changes in geomagnetic activity and solar radiation (Hendrickx et al., 2017), 33 

and to characterize the response of NO to electron precipitation (Smith-Johnsen et al., 2017; 2018; 34 

Newnham et al., 2018). SOFIE version 1.3 (V1.3) NO measurements are validated here through 35 

uncertainty analysis and comparisons with correlative measurements.  36 

 Coincident satellite measurements are from the Atmospheric Chemistry Experiment (ACE) 37 

- Fourier Transform Spectrometer (FTS) instrument, and the Michelson Interferometer for Passive 38 

Atmospheric Sounding (MIPAS) instrument. The ACE-FTS instrument has used solar occultation 39 

to measure more than 30 trace gases and over 20 isotopologues from 2004 to present (Bernath et 40 

al., 2005). ACE NO measurements span ∼6 to 107 km altitude with a vertical resolution of ~3.5 41 

km, and retrievals are reported at the oversampled vertical interval of 1 km. This work used version 42 

3.5 NO retrievals, which are based on measurements between 5.056 and 6.063 µm wavelength 43 

sampled with 39 micro-windows (Kerzenmacher et al., 2008; Sheese et al., 2016). The main 44 

interfering species in this region is O3, with smaller contributions from CO2, H2O, and COF2. 45 

MIPAS operated onboard the Envisat satellite during 2005 – 2012 in a sun-synchronous orbit with 46 
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equator crossing at 10 am and 10 pm local time. MIPAS measured limb emission spectra covering 47 

4.15 to 14.6 µm wavelength using a Fourier transform spectrometer. MIPAS primarily observed 48 

altitudes from 6 to 68 km, with periodic (one day in ten) observations extending into the 49 

thermosphere (~150 km). The MIPAS NO product is reported at 1 km intervals, but has a vertical 50 

resolution of 5 - 15 km, except within the upper mesosphere outside polar winter where the 51 

resolution degrades up to 20 km. NO emission measured at 5.3 µm was used to retrieve NO volume 52 

mixing ratios (VMR) (Funke et al., 2005, Bermejo-Pantaléon et al., 2011). The mixing ratios were 53 

converted to number densities (ND, molecules cm-3) using temperatures derived from 15 µm 54 

emissions below 100 km and from 5.3 µm above (jointly retrieved with NO). This work uses data 55 

version V5r_NOwT_622. Bender et al (2015) report NO measurements comparisons including 56 

ACE, MIPAS, the SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY 57 

(SCIAMACHY) instrument, and the sub-millimeter radiometer (SMR) satellite instrument. They 58 

found mean differences of 30 to 100%, depending on latitude, season, and altitude. While this 59 

work does not include SCIAMACHY or SMR results, the agreement of these observations with 60 

SOFIE can be inferred through inspection of Bender et al (2015).   61 

2. SOFIE Observations 62 

 SOFIE uses solar occultation to measure vertical profiles of temperature, five gaseous 63 

species (O3, H2O, CO2, CH4, and NO), polar mesospheric clouds (PMC), and meteoric smoke 64 

(Gordley et al., 2009; Hervig et al., 2009). Spacecraft sunset measurements always occurred in the 65 

Southern Hemisphere (SH), with sunrise in the Northern Hemisphere (NH), for the measurements 66 

during 2007-2017 used here. In late 2018 this changed with sunsets switching to the NH. NO 67 

measurements are accomplished using broadband (~2% filter width) measurements centered at 68 

5.32 µm wavelength. Gomez-Ramirez et al. (2013) provide a detailed description of the SOFIE 69 
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NO measurements, signal corrections, and retrievals. The photo conductive detector experiences 72 

a response oscillation due to the thermal shock of transitioning the field-of-view (FOV) from dark 73 

space to the sun, at the start of each observation. This thermal response artifact was successfully 74 

corrected in ground processing, as discussed in detail by Gomez-Ramirez et al. (2013). The 75 

subsequent NO retrievals are conducted in terms of VMR, for altitudes of ~30 to 149 km. The 76 

SOFIE FOV subtends ~1.5 km vertically, but retrieved NO has a coarser effective vertical 77 

resolution (~2.5 km) due to measurement noise and retrieval errors. Gomez-Ramirez et al. 78 

compared SOFIE version 1.2 NO profiles to coincident ACE measurements for altitudes from 87 79 

- 105 km, showing negligible differences for SH SOFIE measurements (spacecraft sunset) and 80 

~18% differences in the NH (sunrise). SOFIE retrieves temperatures (T) from 17 - 100 km altitude, 81 

and T from the mass spectrometer incoherent scatter (MSIS) model are used above 100 km (see 82 

Marshall et al., 2011). Because VMR requires knowledge of air density (and thus T), the retrieved 83 

VMR likely contain large errors above 100 km due to MSIS T uncertainties. SOFIE VMR are thus 84 

converted to ND in post processing, using the appropriate T/P values (SOFIE or MSIS). NO ND 85 

has the advantage of being independent of T, and thus is recommended for use above 100 km 86 

(available online).   87 

 SOFIE NO profiles contain values that indicate missing data (-1024), which imply that the 88 

signal was either not measured or contained artifacts that rendered it unusable. There are also 89 

values which indicate a good measurement, but an unsuccessful retrieval (10-14 in VMR). These 90 

instances correspond to cases where the simulated signal considering interfering gases was greater 91 

than the observed signal. These situations clearly indicate errors in the interference, and/or the 92 

measured signals. In V1.3, the unsuccessful retrievals were included in vertical smoothing of the 93 

NO VMR profile prior to output, which resulted in large errors in the two points above and below 94 
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the unsuccessful layer. These values were filtered (set to the missing data value of -1024) in post-108 

processing, along with points associated with PMCs, which have erroneously increased NO (see 109 

details below). PMCs are clearly identified in SOFIE profiles using multi-wavelength observations 110 

as described in Hervig et al. (2009). The filtered profiles were then smoothed by box-car averaging 111 

on a 3 km vertical grid (see Figure 1a). The filtered and smoothed V1.3 NO profiles are available 112 

(as a mission data file, SOFIE_L2m_2007135_2017026_NO_den_filt_sm_01.3.nc) on the SOFIE 113 

webpage (sofie.gats-inc.com).   114 

 Figure 1b shows the fraction of successful SOFIE NO measurements as a function of 115 

altitude for SOFIE spacecraft sunrise and sunset. Between ~45 and 80 km, sunrises are successful 116 

less than 20% of the time, while sunsets are successful more than 50% of the time. This is 117 

comparable to ACE, which has a similar fraction of retrieval success at these heights, although no 118 

appreciable difference between spacecraft sunrise and sunset (Figure 1b). MIPAS has very few 119 

unsuccessful NO retrievals (<3%), and only reports the valid results. The often low fraction of 120 

good NO results below ~80 km should be born mind when using the SOFIE (and ACE) NO 121 

products.   122 
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Figure 1. a) Example SOFIE NO retrieval 

from March 12, 2011, showing the original 

profile, the profile with erroneous values 

filtered (see text), and the filtered profile 

smoothed to 3 km spacing. b) The percentage 

of successful NO retrievals vs. altitude for 

SOFIE sunrise and sunset observations. ACE 

results are similar for sunrise and sunset, and 

are shown here for all measurements 

combined. Note that MIPAS only reports 

successful retrievals.    

2.1. Uncertainty Analysis 124 

 The SOFIE NO uncertainty analysis presented here is an extension of the analysis 125 

described in Gomez-Ramirez et al. (2013). Retrieved NO error mechanisms can be categorized as 126 

due either to the SOFIE measurements, or to the signal simulations used in the retrievals. 127 

Simulation uncertainties include modeling errors, the representation of instrument characteristics 128 

(e.g., relative spectral response (RSR)), and the description of interfering gases and aerosols.  129 

 It is useful to first understand the relative signal contributions from interfering gases and 130 

aerosols in the SOFIE NO bandpass, as these can be the largest error sources. Figure 2 shows 131 

calculated signals considering polar summer conditions. The signal is due entirely to NO above 132 
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~85 km, with the main interference at lower altitudes coming from H2O, CO2, and O3. H2O 134 

interference is removed using SOFIE H2O measurements which cover ~20 to 95 km altitude and 135 

have uncertainties of ~15% (Rong et al., 2010). CO2 is described using model results (Garcia et 136 

al., 2007) which have uncertainties of  <5%. O3 interference is removed using SOFIE O3 retrievals 137 

that span ~55 - 110 km with uncertainties of <10% (Smith et al., 2013). Climatological O3 is used 138 

below 55 km, which can have large uncertainties. Fortunately the O3 contribution to the SOFIE 139 

NO signal is small at these heights (Figure 2). The upcoming SOFIE version (V1.4) will use new 140 

SOFIE O3 retrievals that extend down to ~15 km altitude. Interference from stratospheric sulfate 141 

aerosols (SSA) is negligible above ~30 km, where NO is retrieved.  142 

 

Figure 2. Relative contribution of various 

gases, PMCs (a layer from 81 - 87 km, centered 

at 84 km), and stratospheric sulfate aerosols 

(SSA), in the SOFIE 5.32 µm band used to 

measure NO. The results were simulated using 

average conditions near 66°S latitude in 

summer.  

 143 

 PMCs, which appear during polar summer, can contribute a large fraction of the total 144 

SOFIE NO signal at PMC heights (~80 - 90 km). The example in Figure 2 is for a moderate PMC, 145 

which contributes ~50% of the total signal near 84 km. This example also illustrates that the PMC 146 

signal can extend from 20 to 30 km below the PMC layer, because the tangent path view includes 147 

a contribution from altitudes above. PMC interference is not corrected during the retrievals in V1.3 148 

(it will be in V1.4). As an interim step, the portion of NO profiles contaminated by PMCs (75 - 89 149 
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km when PMCs were present) was filtered (i.e., set to missing) in existing V1.3 profiles, for the 151 

new V1.3 SOFIE data file described above. The artificial increase in retrieved NO when PMCs 152 

are present is illustrated by comparing concurrent profiles with and without PMCs present, where 153 

the contamination is obvious at ~80 to 90 km (Figures 3a and 3b). NO can be erroneously increased 154 

by factors of 10 or more by PMC contamination (Figure 3c), and it is thus imperative to not use 155 

NO when PMCs are present. Note that this effect is typically worse in the NH where PMCs 156 

typically have greater volume density (e.g., Hervig et al., 2009). It is therefore recommended to 157 

either use the new V.13 file, or ensure that PMC profiles are screened using the reported SOFIE 158 

PMC observations (Hervig et al., 2009). Because PMC-induced errors occur only during polar 159 

summer and not necessarily in every profile, PMC induced NO errors are not included in the total 160 

uncertainty estimates below.  161 

 
Figure 3. Comparison of average NO profiles during polar summer (-30 to 60 days from 

solstice, during 2007 to 2013) with and without PMCs present, for the a) SH and b) NH. c) 

Difference in average NO ND for the profiles with and without PMCs, for both hemispheres.   

 162 

 The main error sources in retrieved NO are summarized in Table 1 for a range of altitudes. 163 

The largest measurement errors are due to noise and the thermal response correction, which is 164 
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larger for sunrise observations than in sunsets (see Gomez-Ramirez et al. (2013) for details). The 172 

remaining errors are in the category of measurement interpretation as encompassed by model 173 

simulations of the SOFIE signal. Errors in the interfering gases (measured or modeled) were taken 174 

from the relevant publications, as discussed above. Each error mechanism was imposed in the V1.3 175 

SOFIE retrieval algorithm to determine the uncertainty induced in retrieved NO ND. The V1.3 176 

SOFIE forward model uses HITRAN 2004 line parameters, which are estimated to have ~7% 177 

systematic uncertainties for NO near 5.32 µm. Altitude registration errors are estimated to be ~100 178 

m (Marshall et al., 2011). While errors in temperature propagate directly into NO VMR, they do 179 

not affect ND, which is a strong argument for using ND in the thermosphere where SOFIE does 180 

not measure temperatures. The uncertainties in retrieved NO are summarized at key altitudes in 181 

Table 1 for each mechanism, along with the total uncertainty. The largest four error sources are 182 

shown versus height in Figure 4, where it is clear that water vapor interference errors dominate 183 

below ~90 km, for both sunrise and sunset. For sunset measurements NO ND errors are dominated 184 

by noise above ~100 km. Sunrise NO errors are dominated by the thermal response correction 185 

above ~90 km, as discussed by Gomez-Ramirez et al. (2013).   186 

Table 1.  Uncertainty (%) in retrieved NO number density versus altitude due to various random 
(R) and systematic (S) error mechanisms. Two values are listed when they were different for 
sunrise / sunset.  

Error Source Altitude (km) 
140 120 100 80 60 40 

Altitude Registration (S) 1 2 5 10 5 2 
H2O Interference (S) 0 0 1 30 30 10 
CO2 Interference (S) 0 0 1 3 5 3 
O3 Interference (S) 0 0 0 1 3 10 
Line Strengths (S) 7 7 7 7 7 7 

Relative Spectral Response (S) 5 5 5 5 5 5 
Field-of-View (S) 2 3 4 4 3 3 

Forward Model (S) 3 3 3 3 3 3 
Signal Noise (R) 40 20 10 10 5 3 

Thermal Response Correction (R) 30 / 15 30 / 15 30 / 10 20 / 5 10 / 3 5 / 3 
Total (root sum squared) 51 / 44 37 / 27 34 / 18 40 / 35 34 / 33 18 / 18 
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 187 

 

Figure 4. SOFIE NO uncertainties vs height. 

Results are shown for the four largest error 

mechanisms (by color), and for the total 

(random plus systematic) uncertainty. Values 

are as given in Table 1. Dashed curves represent 

sunrise and solid curves indicate sunset results. 

Dot-dash lines apply to both sunrise and sunset.  

4. Measurement Comparisons 188 

 Time separation is important in the measurement comparisons because NO abundance can 189 

have a strong diurnal dependence, with more than 10% per hour changes in ND near local sunrise 190 

or sunset, depending on altitude, latitude, and season (e.g., Siskind et al., 2019). This effect can be 191 

managed in the comparisons by 1) keeping the measurement separations as small as possible, or 192 

2) applying a modeled diurnal correction to measurements that are separated in time. Removing 193 

diurnal dependence using a model description was determined to induce unacceptably large 194 

uncertainties, in part because the model results are dependent on transport as well as 195 

photochemistry. The first approach was therefore adopted here, finding coincident measurement 196 

pairs for maximum separations of 2 hours UT, 4° latitude, and 20° longitude. Note that 20° 197 

longitude corresponds to ~1.3 hours in local time. These coincidence criteria insured that average 198 

measurement separations were less than one hour. Note that when this work mentions sunrise or 199 

sunset (for SOFIE and/or ACE) that it always refers to the view from orbit. SOFIE spacecraft 200 

sunset is always Earth sunrise (and vice versa), due to the retrograde polar orbit. ACE can have 201 
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varying correspondence between sunset or sunrise as viewed from orbit or Earth, and thus it is 202 

important to track LT in the comparisons. Finally, the comparisons shown below include SOFIE 203 

profiles with PMCs, and the results do not change when excluding profiles with PMCs. This is 204 

because SOFIE NO results used here have been filtered at PMC heights when PMCs were present 205 

(see Section 2), and because the MIPAS and ACE NO measurements are not affected by PMC 206 

contamination (Funke et al., 2005; Kerzenmacher et al., 2008). SOFIE - ACE coincidences are 207 

illustrated in Figure 5 including a summary of the coincidence statistics, and SOFIE - MIPAS 208 

coincidences are shown in Figure 6.  209 

 

Figure 5. Summary of SOFIE - ACE coincidences. Measurement latitude vs. year in the a) NH 

(SOFIE sunrise; local sunset) and b) SH (SOFIE sunset; local sunrise). Measurement LT versus 

day of year in the c) NH and d) SH. There were 2968 coincidences in the NH with average 

separations of 0.7 hours, 1.7° latitude, and 8.0° longitude.  There were 2473 coincidences in the 

SH with average separations of 0.6 hours, 2.3° latitude, and 8.0° longitude.   
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 210 

 

Figure 6. Summary of SOFIE - MIPAS coincidences. Measurement latitude vs. year in the a) 

NH (SOFIE sunrise; local sunset) and b) SH (SOFIE sunset; local sunrise). Measurement LT 

versus day of year in the c) NH and d) SH. The NH had 894 coincidences with average 

separations of 0.9 hours, 1.3° latitude, and 9.6° longitude. The SH had 985 coincidences with 

average separations of 0.8 hours, 1.4° latitude, and 8.7° longitude. Note that the MIPAS solar 

zenith angles ranged from 82 - 95° for the SH SOFIE comparisons and 84 - 94° for the NH 

comparisons, which is near local sunrise (or sunset). 
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 SOFIE, ACE, and MIPAS have effective vertical resolution of roughly 2.5, 3.5, and >5km, 212 

respectively, despite differences in the FOVs and reported vertical spacing. For the comparisons 213 

shown here, the ACE and MIPAS results were interpolated to the SOFIE 3 km vertical scale, with 214 

no additional smoothing applied. Note that the results below are essentially unchanged if the NO 215 
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profiles are interpolated to either the ACE or MIPAS vertical scales instead. Comparison of NO 216 

vertical profiles are shown in Figure 7 for SOFIE vs. ACE, and in Figure 8 for SOFIE vs. MIPAS. 217 

The comparisons are shown as average profiles, mean and root-mean-square (RMS; i.e. random 218 

plus systematic) differences, and the number of points used in the comparison at each altitude. 219 

SOFIE - ACE mean differences are within 50% for altitudes from ~50 to 107 km in both the SH 220 

and NH (Figures 7b and 7d). SOFIE - MIPAS differences are within ~50% for ~55 - 140 km in 221 

the SH (Figure 8). The NH MIPAS comparison indicates larger differences than in the SH, but 222 

with some similarities in the dependence on height (e.g. SOFIE > MIPAS near 140 km). The 223 

SOFIE - MIPAS comparison above ~130 km in the SH (~140 km in the NH)  indicates an 224 

increasing bias with SOFIE suggesting higher NO. Siskind et al. (2019) noted a similar bias from 225 

indirect comparisons of SOFIE with the Student Nitric Oxide Explorer (SNOE) results. Note that 226 

the number of measurement pairs used in the comparisons is fairly consistent in height for the SH 227 

(SOFIE sunset), in both the ACE and MIPAS comparisons (Figures 7c and 8c). The NH (SOFIE 228 

sunrise) comparisons, however, have very few valid measurements between ~50 and 80 km 229 

(Figures 7f and 8f), due to the lack of good SOFIE (and sometimes ACE) results at these altitude 230 

for sunrise.   231 

 Comparing the SOFIE - ACE and SOFIE - MIPAS mean differences shows notable 232 

similarities in both the height dependence and magnitude of the differences, especially in the SH 233 

(Figure 9a). In particular, SOFIE NO is consistently ~50% or more lower than ACE and MIPAS 234 

near the stratopause (~50 km) in both the SH and NH (Figure 9). These similarities suggest the 235 

presence of a systematic error in SOFIE, although a potential error mechanism has not yet been 236 

identified. It should be noted that diurnal variations in NO, which are strongest in the stratosphere 237 

and thermosphere, can determine that occultation measurements are viewing through strong spatial 238 
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gradients along the tangent path. The impact of such gradients has not yet been quantified, but 239 

chould appear as a systematic bias in retrieved NO. The measurement coincidences were close 240 

enough in LT that diurnal variations should be a small part of the comparison differences. It is 241 

rather the increased SOFIE errors for sunrise (NH) that explain differences in the SOFIE - ACE 242 

and SOFIE - MIPAS comparisons between the NH and SH. Note that the comparisons in the NH 243 

additionally indicate that MIPAS NO is greater than ACE, particularly below ~90 km (Figure 9b), 244 

a difference that was also reported by Bender et al. (2015).   245 

 

Figure 7. Comparison of SOFIE and ACE NO number density profiles, for the coincidences 

shown in Figure 5. Comparisons in the SH (SOFIE spacecraft sunset; local sunrise) as a) average 

Deleted: s246 
Formatted: Font: Not Italic

Formatted: Font: Not Italic

Formatted: Font: Not Italic

Formatted: Font: Not Italic



 15 

profiles, b) mean and RMS differences, and c) number of points in the comparison at each 

altitude. Comparisons in the NH (SOFIE sunrise; local sunset) as d) average profiles, e) mean 

and RMS differences, and f) number of points in the comparison. Horizontal lines on the average 

NO profiles indicate standard deviations.  

 247 

 

Figure 8. Comparison of SOFIE and MIPAS NO vertical profiles, for the coincidences shown 

in Figure 6. Comparisons in the SH (SOFIE spacecraft sunset; local sunrise) as a) average 

profiles, b) mean and RMS differences, and c) number of points in the comparison at each 
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altitude. Comparisons in the NH (SOFIE sunrise) as d) average profiles, e) mean and RMS 

differences, and f) number of points in the comparison. Mean NO and NO differences are only 

shown when there were more than 30 points in the comparison. Horizontal lines on the average 

profiles indicate standard deviations.   
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Figure 9.  Mean NO differences versus height 

for comparisons of SOFIE with ACE and 

MIPAS in the a) SH (SOFIE sunset) and b) NH 

(SOFIE sunrise). The mean differences are as 

shown in Figures 6 and 7. Mean NO and NO 

differences are only shown when there were 

more than 30 points in the comparison. 

 249 

 Time series of monthly zonal mean NO at selected altitudes are compared for the SOFIE - 250 

ACE coincidences in Figure 10, and for the SOFIE - MIPAS coincidences in Figure 11. These 251 

time series indicate good agreement on the timing and magnitude of NO variations, despite 252 

systematic differences at certain altitudes. To better quantify the agreement concerning time 253 
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variations, linear correlation coefficients were determined for each height in the SOFIE - ACE and 254 

SOFIE - MIPAS comparisons. Results in the SH (Figure 12a) show a strong correlation between 255 

SOFIE and ACE or MIPAS for altitudes below ~130 km. Results in the NH (Figure 12b) indicate 256 

a significant correlation between SOFIE and ACE for 90 - 107 km. The NH SOFIE - MIPAS 257 

comparisons also indicate a high correlation for ~90 - 110 km. Note that the correlations were not 258 

determined in the NH for ~50 to 85 km because there were very few SOFIE NO retrievals (e.g. 259 

Figures 10e and 11g).   260 
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Figure 10. Comparison of SOFIE and ACE NO time series as monthly zonal means, for the 

coincidences shown in Figure 5. SH results are shown for a) 100 km, b) 70 km, and c) 40 km 

altitude. NH results are shown for d) 100 km, e) 70 km, and f) 40 km altitude.    

 261 
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Figure 11. Comparison of SOFIE and MIPAS NO time series as monthly zonal means, for the 

coincidences shown in Figure 6. SH results are shown for a) 130 km, b) 100 km, c) 70 km, and 

d) 40 km altitude. NH results are shown for e) 130 km, f) 100 km, g) 70 km, and h) 40 km 

altitude.   

 262 
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Figure 12.  SOFIE - ACE and SOFIE - MIPAS 

correlation coefficients for comparison of 

monthly mean NO time series (as in Figures 10 

and 11). Results are shown versus height in the 

a) SH and b) NH. Note that results are only 

shown when more than half of the monthly 

mean points were valid for both instruments, 

which was primarily a concern for the NH 

below ~80 km. Where results are shown, there 

were typically more than 40 points in the 

comparison, for which the 95% significance 

level is a correlation coefficient of ~0.3 or 

greater.  

5. Summary 263 

 Comparisons of SOFIE NO with coincident measurements from ACE and MIPAS indicate 264 

mean differences of less than ~50% for altitudes from roughly 50 to 105 km for SOFIE spacecraft 265 

sunrise, and ~50 to 140 km for SOFIE sunsets. Comparisons of NO time series show significant 266 

correlation between SOFIE and either ACE or MIPAS for altitudes of ~40 - 130 km in the SH, 267 

indicating that measured NO variability is robust. Correlations were significant in the NH for ~90 268 

to 130 km, but not at lower heights due to the sparse SOFIE results in that altitude range. SOFIE 269 

uncertainties increase below ~85 km due primarily to interfering H2O absorption and signal 270 
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correction errors. These effects are sufficiently large in SOFIE sunrise measurements that retrieved 271 

NO is only reliable below ~80 km during enhancement events (in <20% of the data), such as 272 

downward transport due to a sudden stratospheric warming (e.g., Bailey et al., 2014). SOFIE 273 

sunset signals have lower signal correction errors, and the retrieved NO is reliable in more than 274 

half of the measurements below 80 km. SOFIE NO should not be used when PMCs are present 275 

due to the often extreme contamination, and these instances were filtered (i.e. flagged as missing) 276 

in the latest SOFIE V1.3 NO product which is available online.   277 
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