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Abstract

The Optical Spectrograph and InfraRed Imaging System (OSIRIS) on the Odin satel-
lite is currently in its 12th year of observing the Earth’s limb. For the first time, con-
tinuous temperature profiles extending from the stratopause to the upper mesosphere
have been derived from OSIRIS observations of Rayleigh-scattered sunlight. OSIRIS5

temperatures are in good agreement with coincident temperature profiles derived
from other satellite and ground-based measurements. In the altitude region of 55–
80 km, OSIRIS temperatures are typically within 4–5 K of those from the SABER, ACE-
FTS, and SOFIE instruments on the TIMED, SciSat-I, and AIM satellites, respectively.
OSIRIS temperatures are typically within 2 K of those from the University of Western10

Ontario’s Purple Crow Lidar in the altitude region of 50–79 km.

1 Introduction

Unlike in the lower atmosphere, where increases in CO2 ultimately give rise to a heating
effect, in the middle atmosphere, due to CO2 relaxation through spontaneous emission
into space, an increase in CO2 ultimately leads to a cooling effect (e.g. Berger and15

Dameris, 1993; Schmidt et al., 2006). It is essential that there be continuous long-term
measurements of middle atmospheric temperatures so as to determine the natural
variability and to assess the consequences of natural and anthropogenic changes in
CO2 concentrations in this region. A new research product of mesospheric temper-
atures has been derived from Rayleigh-scattered sunlight observations from the Op-20

tical Spectrograph and InfraRed Imaging System (OSIRIS) on the Odin satellite. In
order to assess the validity of the OSIRIS mesospheric temperatures, the new OSIRIS
research product is compared with coincident temperature profiles from the satellite-
based instruments Sounding of the Atmosphere using Broadband Emission Radiom-
etry (SABER), Atmospheric Chemistry Experiment – Fourier Transform Spectrometer25
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(ACE-FTS), and Solar Occultation For Ice Experiment (SOFIE), as well as the ground-
based Purple Crow Lidar (PCL), located near London, Ontario, Canada.

The Odin satellite was launched into a sun-synchronous orbit in February 2001,
and the OSIRIS instrument has been observing the Earth’s limb ever since. Primarily
designed to derive concentrations of ozone and ozone-related species in the strato-5

sphere, OSIRIS has been providing high-quality information on the state of the atmo-
sphere from the upper troposphere to the lower thermosphere throughout its extensive
mission. As Odin nods in orbit, the OSIRIS instrument scans the Earth’s limb between
∼7 and 110 km, with a near 1-km vertical resolution and ∼0.5 km pointing accuracy.
Due to its polar orbit, OSIRIS observes between latitudes of 82◦ N and 82◦ S, how-10

ever, daytime conditions are observed mainly in the summer hemisphere. The nomi-
nal Odin ascending/descending node is 06:00/18:00 LT, however the Odin orbit drifted
towards later local times to ∼06:40/18:40 LT in 2009. Currently, Odin’s orbit is drift-
ing back towards earlier local times. The OSIRIS optical spectrograph (OS) observes
scattered sunlight and airglow emission in the near UV to near IR from 275–810 nm,15

with a near 1-nm spectral resolution. Within this spectral range there is, among many
other features, broadband O3 absorption in the Hartley bands at wavelengths less than
∼320 nm, broadband NO2 absorption between roughly 300–600 nm, and O2 A-band
absorption and/or emission near 762 nm. How these features are related to the OSIRIS
temperature retrievals is discussed in the following section.20

The SABER instrument on the Thermosphere-Ionosphere-Mesosphere Energetics
and Dynamics (TIMED) satellite (Russell et al., 1999) was launched into orbit in De-
cember 2001. SABER observes the Earth’s limb perpendicular to its orbital plane,
scanning the limb from the surface to the thermosphere with a roughly 2-km vertical
resolution. The nominal latitudinal coverage in north-viewing mode is between 83◦ N25

and 52◦ S and in south-viewing between 83◦ S and 52◦ N. Unlike Odin, TIMED is not in
a sun-synchronous orbit, and it takes approximately 60 days for SABER to cover 24 h
of local time. The SABER version 1.07 (v1.07) daytime temperatures (Remsberg et al.,
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2008), used in this study, are derived from radiance measurements in the CO2 15-µm
rotation-vibration band.

The ACE-FTS instrument on the Canadian SciSat-I satellite (Bernath et al., 2005)
was launched into a circular orbit in August 2003. ACE-FTS is a solar occultation instru-
ment and derives two temperature profiles per orbit with an approximately 4-km vertical5

resolution. Temperature profiles are retrieved between ∼12 and 115 km from observa-
tions of CO2 absorption in a range of microwindows, mostly near the 4.3-µm band
(Boone et al., 2005). Both version 2.2 (v2.2) and version 3.0 (v3.0) of the level 2 ACE-
FTS temperatures employ sets of microwindows near 940 cm−1, 1890–1975 cm−1,
2040–2075 cm−1, 2275–2395 cm−1, and 2405–2450 cm−1; and v2.2 employed a set10

of microwindows in the range 3300–3380 cm−1. Both v2.2 and v3.0 temperatures are
compared with OSIRIS in this study.

The SOFIE instrument on the Aeronomy of Ice in the Mesosphere (AIM) satellite
also observes Earth’s limb using solar occultation. AIM was launched in April 2007
into a 12:00 a.m./p.m. sun-synchronous orbit, and SOFIE retrieves temperature profiles15

between 15 and 95 km, with a ∼1.5-km vertical resolution, and between latitudes of
approximately 65◦ and 85◦ in both the northern and southern hemispheres (Russell
et al., 2009). The SOFIE temperatures are retrieved from broadband CO2 absorption
observations in the 4.3-µm band (Marshall et al., 2011).

The Purple Crow Lidar (PCL) at the University of Western Ontario (42.9◦ N, 278.6◦ E)20

is capable of deriving temperature from measurements of Rayleigh-scattering in the al-
titude range of 30–100 km, and the details of the lidar system are given by Sica et
al. (1995). The Rayleigh-scatter measurements are proportional to density, which as-
suming hydrostatic equilibrium and the Ideal Gas Law can be converted into tempera-
ture (e.g. Hauchecorne and Chanin, 1980). The temperature retrieval process for the25

PCL is discussed by Argall and Sica (2007) in the context of comparisons with exist-
ing temperature climatologies. Temperature profiles are retrieved between sunset and
sunrise with an integration time of approximately one minute, and in order to increase
signal-to-noise at the higher altitudes (greater than ∼90 km) profiles within one-hour
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intervals are co-added. For the one hour retrievals used in this study, the temperature
integration process begins at a high enough altitude (greater than 95 km) such that by
80 km the uncertainty due to the chosen temperature at the top altitude level is insignif-
icant.

The SABER v1.07 and ACE-FTS v2.2 temperature data have been rigorously vali-5

dated. Remberg et al. (2008) reported that SABER v1.07 temperatures were on aver-
age lower than other satellite and ground-based temperature retrievals by ∼1 K near
the stratopause, and lower by ∼2 K in the middle mesosphere. Sica et al. (2008)
reported that ACE-FTS v2.2 temperatures typically agreed with other satellite and
ground-based temperature retrievals within 2 K in the stratosphere and within 5 K in10

the lower mesosphere, and in the mesosphere ACE-FTS temperatures exhibited a
high bias of 3–6 K. Stevens et al. (2012) reported that SOFIE v1.2 temperatures below
85 km agree with SABER and ACE-FTS temperatures within ∼4 K.

The following section describes the OSIRIS temperature retrievals in the meso-
sphere, Sect. 3 details and discusses temperature profile comparisons between15

OSIRIS and the abovementioned instruments, and a summary of the results is given in
Sect. 4.

2 OSIRIS temperatures

At altitudes above ∼60 km, OSIRIS observes O2 A-band airglow emission near
762 nm. A-band limb-column emission spectrum profiles can be inverted to retrieve20

volume emission rate (VER) spectrum profiles. Temperatures can be derived from the
VER profiles by fitting modelled temperature-dependent A-band spectra to the inverted
spectra, as described by Sheese et al. (2010). The VER spectrum profiles are accurate
enough for temperature retrievals at altitudes of ∼85 km and above, where absorption
of the A-band airglow by O2 is low. Below 85 km, A-band temperature retrievals are25

very susceptible to uncertainties in the O2 density profile. As detailed by Sheese et
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al. (2010, 2011), retrieved temperature accuracy is better than ±6 K near 105 km, bet-
ter than ±3 K at 90 km, and better than ±8 K at 85 km.

Below 85 km, temperatures are retrieved from observations of Rayleigh-scattered
sunlight in the same manner that is often used with falling spheres and Rayleigh-
scatter lidar systems (e.g. Bartman et al., 1956; Hauchecorne and Chanine, 1980),5

where temperature profiles are retrieved from the background density profile assuming
hydrostatic equilibrium. The amount of Rayleigh-scattered sunlight OSIRIS observes
is dependent on the background density profile.

Background density, [M], profiles are retrieved from observations of Rayleigh-
scattered sunlight in two different wavelength regions for retrievals in two different alti-10

tude regimes. For observations at tangent heights above 70 km, [M] profiles are derived
from mean observations near 318.5 nm (OS pixels 112–114); and for tangent heights
at and below 70 km, [M] profiles are derived from mean observations near 347.5 nm
(OS pixels 186–188).

At high tangent heights, daytime OSIRIS observations are significantly contaminated15

by off-axis stray light, or baffle scatter. The majority of this stray light is due to solar radi-
ation that has scattered off clouds or the Earth’s surface below the satellite. Therefore,
the baffle scatter signal is greatly reduced in spectral regions where there are large
absorption bands, such as the O3 Hartley bands below ∼320 nm, and where there is
less solar radiation. However, in this spectral region above ∼80 km, OS observations20

can be near the detector noise threshold and therefore unreliable.
At 318.5 nm (OS pixels 112–114), the OS can detect Rayleigh-scattered sun-

light, with insignificant baffle scatter contamination, up to tangent heights of ∼85–
90 km. This wavelength region also avoids contamination from emission in the nearby

OH
(
A2Σ→ X 2Π

)
(1−1) band near 314 nm (Gattinger et al., 2008) and from the25

N2

(
C3Πu → B3Πg

)
(1−0) band near 316 nm (Cleary et al., 1995). However, below

∼55 km, O3 absorption along the OSIRIS line-of-sight becomes significant at 318.5 nm.
Therefore, in the lower altitude range of 45–72 km, [M] profiles are retrieved from

5498

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/5493/2012/amtd-5-5493-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/5493/2012/amtd-5-5493-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
5, 5493–5526, 2012

Validation of OSIRIS
mesospheric
temperatures

P. E. Sheese et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

observations near 347.5 nm. Below ∼40 km, both O3 and NO2 absorption become
significant near 347.5 nm. Retrievals at higher wavelengths, e.g. λ > 650 nm, where
there is much less O3 or NO2 absorption are also not possible, since at these higher
wavelengths there is significant contamination in the observed signal due to aerosol
scattering. At this time, retrievals are simply limited to tangent height observations5

above 45 km, rather than incorporating simultaneous OSIRIS measurements of O3,
NO2, or aerosol profiles into the retrieval. Scaled OS radiance profiles at 278, 318, and
347 nm for a single OSIRIS scan and a corresponding MSIS [M] profile (also scaled)
are shown in Fig. 1a, and Fig. 1b shows the corresponding temperature retrieval along
with temperature retrievals that only use density profiles derived from the individual10

spectral windows near 278, 318, and 347 nm.
In both wavelength regimes, [M] profiles are retrieved using the Newton iteration opti-

mal estimation technique (Rodgers, 2008). Rayleigh-scattering cross-sections are cal-
culated at each pixel wavelength according to the method detailed by Bucholtz (1995),
and [M] profiles from the NRL-MSISE-00 model (Picone et al., 2003) corresponding to15

the OSIRIS observations are used as a priori profiles. In both wavelength regimes, the
forward model assumes a constant solar flux, determined from the mean of 2003–
2009 daily average spectral irradiance values from the Spectral Irradiance Monitor
(SIM) instrument (Harder et al., 2005) on the Solar Radiation and Climate Experiment
(SORCE) satellite (Sparn et al., 2005). SIM data was obtained from the SORCE web-20

site (http://lasp.colorado.edu/sorce/data/ssi data.htm).
Retrievals at both 318.5 and 347.5 nm both assume only Rayleigh single scatter

within the OSIRIS line-of-sight. Instead of incorporating a computationally expensive
multiple-scatter model into the forward model, it was assumed that between 45 and
85 km, for each pixel the fraction of multiple-scatter to total signal is independent of25

height (Haley, 2008). Since the temperature retrievals are only sensitive to the density
gradient, the density profiles retrieved near 347.5 nm were scaled to match those re-
trieved near 318.5 nm at the 70-km altitude level. As well, the only type of extinction
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assumed in the forward model was Rayleigh scattering, according to the Beer-Lambert
law.

Through the combination of the hydrostatic equation and the ideal gas law, it can be
shown that,

T (z) =
1

n(z)

noTo −
1
k

z∫
zo

g(z′)n(z′)m(z′)dz′

 (1)5

where T (z) is the temperature at altitude z, n is the total number density, To and no
are respectively the temperature and density at the initial altitude zo, k is Boltzmann’s
constant, g is the local gravitational acceleration, and m is the mean molecular mass
of air. The local gravitational acceleration profile is approximated by,

g(z) = go

(
RE

RE + z

)2

(2)10

where go is the gravitational acceleration at the Earth’s surface and RE is the Earth’s
radius, assumed to be a perfect sphere. Temperatures are derived using Eqs. (1) and
(2), using the retrieved [M] profiles spline-interpolated onto a 100-m grid and with To
equal to the A-band temperature at 85 km. The retrieved temperatures are then linearly
interpolated onto a 1-km grid.15

Uncertainties in the retrieved temperature profiles were determined by perturbing a
given variable by its estimated uncertainty and comparing the perturbed temperature
profile with the unperturbed profile. For each variable, the temperature uncertainty was
the mean of differences between the perturbed and unperturbed retrievals of 100 pro-
files that were chosen randomly. The largest source of uncertainty in the temperature20

retrievals below 85 km is due to uncertainties in the temperature measurement at 85 km
that is used as the top temperature estimate, To, in the retrieval. As previously men-
tioned, the OSIRIS A-band temperatures have an estimated systematic uncertainty of
8 K at 85 km. A systematic uncertainty of 8 K in the top temperature estimate leads to
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uncertainties at lower altitudes as given in Table 1. The next largest sources of uncer-
tainty in the temperature retrievals, also shown in Table 1, are a systematic uncertainty
of 10 % in the OSIRIS calibration and random errors due to instrument noise and a 2 %
variation in solar flux at the top of the atmosphere. Temperature uncertainties due to
deviations in the local gravitational acceleration and deviations of Earth’s radius from5

that of a perfect sphere are less than 1 % at all retrieval altitudes. The total estimate
of systematic uncertainties is less than 2 K at altitudes below 77 km and less than 1 K
below 72 km.

One complication that arises is retrieving temperatures in the presence of a polar
mesospheric cloud (PMC). PMCs are typically formed in the summer months at high10

latitudes near 82–87 km, and are readily detected by OSIRIS. Light scattered off a
PMC will contaminate an OSIRIS profile at tangent heights at and below the altitude
of the PMC, and thus will not contain solely Rayleigh-scattered radiation. Temperature
retrievals are therefore limited to altitudes higher than 87 km for scans where a PMC is
detected. Therefore any results shown for the summer polar regions will be reflective15

of that region in the absence of PMCs.
The OSIRIS temperature dataset has not yet been made publically available on the

OSIRIS website, however can be made available through personal communication with
the corresponding author.

3 Results20

For each instrument dataset that is compared with OSIRIS, a separate subset of co-
incident OSIRIS data was created. All OSIRIS subsets and instrument datasets were
filtered for outliers prior to comparing temperature profiles. Outliers for each individual
dataset were determined using the Median Absolute Deviation (MAD) (e.g. Toohey et
al., 2010; and references therein). Profiles were removed if at any altitude, the differ-25

ence between the temperature and the median temperature at that altitude was greater
than 3.5 times the MAD.

5501

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/5493/2012/amtd-5-5493-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/5493/2012/amtd-5-5493-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
5, 5493–5526, 2012

Validation of OSIRIS
mesospheric
temperatures

P. E. Sheese et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

The 1σ standard deviation of temperature values for each dataset used in the fol-
lowing comparisons are shown in Fig. 2a. For each pair of datasets, the criteria for
coincidence were that the individual observations had to be made within 1000 km and
1 h of each other. Figure 2a shows that in all four cases the OSIRIS temperature vari-
ations are on the same order as the dataset with which it is being compared. The only5

exception is in the PCL comparison, where OSIRIS variations increase significantly at
altitudes above 82 km. This increase is due to one OSIRIS profile (out of 21 coinci-
dent profiles) that is exhibits warmer temperatures than the others at these altitudes.
However, the temperatures are not anomalously high considering the entire OSIRIS
dataset, and therefore the profile has not been omitted. On average, the standard de-10

viations increase with altitude from ∼7 K to ∼15 K and reflect the natural increase in
temperature variability that occurs at higher altitudes and the variation exhibited in the
measured OSIRIS A-band temperatures at 85 km. Since PCL measures temperature
profiles throughout the night at a fixed location and can independently measure the sta-
tistical error, it is possible to make an estimate of the geophysical variability throughout15

a single night. The PCL temperature geophysical variability for each night when there
was a coincident OSIRIS profile was calculated by taking the root mean square (RMS)
variability throughout the night and subtracting the PCL statistical error, determined
from the photon count statistics. As seen in Fig. 2b, the mean geophysical variability
increases from approximately ±2 K to ±6 K throughout the altitude range.20

The conditions for coincidence in the following comparisons were chosen separately
for each instrument. The aim was to minimize both the spatial and temporal distances
between coincident observations, while maintaining an appropriate number of coinci-
dent profiles for statistical relevance. In most cases, this trade-off leads to comparisons
of measurements that are not true common-volume.25

3.1 Comparisons with SABER

Since SABER is not in a sun-synchronous orbit, from 2002–2011 there were many
opportunities for OSIRIS and SABER to make coincident observations, and due to
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Odin’s orbit the majority of the observations are in the AM. Figure 3 shows examples
of coincident OSIRIS and SABER temperature retrievals that show good agreement in
the overall vertical structure. There is a clear mesospheric inversion layer in both the
OSIRIS and SABER retrieved profiles on 7 April 2004 near 80 km, Fig. 3a. As seen in
Fig. 3b, on 23 July 2011, both the OSIRIS and SABER profiles exhibit a slight increase5

in temperature near 72 km and a stratopause extending from below 48 km to ∼55 km.
Figure 4 shows the mean of differences between OSIRIS and SABER temperature

profiles and the corresponding standard deviations for all coincident AM profiles be-
tween 2002 and 2011. For comparisons with coincident criteria of observations within
a distance of 1000 km and observation time of 1 h, Fig. 4a, OSIRIS has a high bias of10

∼2 K in the lower to middle mesosphere, and near the stratopause OSIRIS has a low
bias of 1–3 K. When comparing profiles that were observed within 100 km and 10 min,
Fig. 4b, these biases remain roughly the same. With the stricter coincidence criteria,
the low bias near the stratopause and the high bias in the lower to middle mesosphere
are both on the order of 1–4 K.15

The low bias near the stratopause appears to be latitude dependent, as seen in
Figs. 5 and 6, which show how OSIRIS and SABER compare in different latitude re-
gions near summer solstice and near equinox (September–October), respectively. At
low latitudes, the low bias is on the order of 0–2 K, and at mid to high latitudes the low
bias is on the order of 4–7 K. This could potentially be due to higher surface albedo20

at these latitudes, which leads to larger contribution from multiple-scattered solar ra-
diation in the OSIRIS signal. Simulations show that not accounting for an increase in
multiple-scatter in the observed signal leads to lower retrieved temperatures, whereas
not accounting for an absorbing species would lead to higher retrieved temperatures.

At altitudes above 80 km, OSIRIS consistently exhibits a low bias of up to 15 K. As25

previously discussed, the top temperature estimate at 85 km has a significant influence
on retrieved temperatures down to an altitude of approximately 70 km. The OSIRIS A-
band temperatures (used for the top temperature estimate at 85 km) are known to be
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lower than SABER values by ∼12 K near the mesopause, and Sheese et al. (2011)
outline possible reasons for this disagreement.

The standard deviation of the differences between coincident OSIRIS and SABER
temperatures range from 2–6 K near 48 km and increases to 12–16 K near 84 km.
These standard deviations are within the variability of the individual datasets, shown in5

Fig. 2a.

3.2 Comparisons with ACE-FTS

As ACE-FTS is a solar occultation instrument and only scans the atmosphere twice per
orbit, there are less coincident temperature data with which to compare. For this rea-
son, the comparison results have only been separated into different latitude regions,10

and not into different seasons nor into local times. Before making any comparisons
with the ACE-FTS data, all OSIRIS profiles were smoothed by the 4-km running mean
in order to match the ACE-FTS vertical resolution. Comparisons are made between
OSIRIS and both ACE-FTS v2.2 and v3.0 temperatures, although the v3.0 tempera-
tures have yet to be officially validated. A few examples of OSIRIS – ACE-FTS compar-15

isons that exhibit consistent large-scale vertical structure are shown in Fig. 7. Typically
there is little difference between the ACE-FTS v2.2 and v3.0 temperatures, except in
the case where the v2.2 profiles exhibit potentially unrealistic oscillations. As high-
lighted by Fig. 7c, the v3.0 retrievals are less susceptible to these oscillations, which
typically results in temperature profiles that are more consistent with the OSIRIS data.20

However, some true vertical structure may be lost, as seen in Fig. 7c between 75 and
82 km.

Figure 8 shows the average differences between coincident OSIRIS and ACE-FTS
temperature profiles and the corresponding standard deviations for both v2.2 and v3.0
temperatures from 2004–2011. The red dotted line in Figures 8a-d are at −4 K, indi-25

cating the previously reported 3–6 K high bias in the ACE-FTS v2.2 data (Sica et al.,
2008). At all altitudes, OSIRIS temperatures have a low bias in comparison with those
of ACE-FTS, and similar to the comparisons with SABER, OSIRIS temperatures exhibit
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a much lower bias at the two altitude extremes. It can be seen that tightening the con-
ditions for coincidence from distances less than 1000 km apart and observation times
less than an hour apart, Fig. 8a and c, to 600 km and 30 min, Fig. 8b and d, does have
a slight effect on the mean temperature difference when using the ACE-FTS v2.2 data.
However, above 55 km with the v3.0 data, the change in mean temperature difference5

due to tightening of the coincidence criteria is less than 0.5 K. Between 50 and 80 km,
the low temperature bias seen with the v2.2 temperatures is improved by 0–2 K in the
v3.0 comparisons, and above 80 km the bias is worsened by ∼1 K. With the improved
v3.0 temperatures, using the stricter coincidence criteria, OSIRIS and ACE-FTS tem-
peratures agree within 4 K between ∼55 and 80 km.10

Comparisons between OSIRIS and ACE-FTS for different latitudinal regions are
shown in Fig. 9. Again, the v3.0 data show an improvement of ∼1 K at most heights
and latitudinal regions. In the altitude region of 55–80 km, the OSIRIS and ACE-FTS
v3.0 temperatures agree within 4 K in all latitudinal regions, with the exception of the
northern mid-latitudes, where OSIRIS has a slightly lower temperature bias, near 5 K,15

at the lower altitudes.
The standard deviation of the temperature differences between coincident OSIRIS

and ACE-FTS v2.2 and v3.0 temperatures range from 3–5 K near 48 km and increase to
7–11 K near 84 km. These standard deviations are within the variability of the individual
datasets, shown in Fig. 2a.20

3.3 Comparisons with SOFIE

The SOFIE dataset begins in May 2007, and all observations are poleward of 66◦ lat-
itude, where OSIRIS is likely to detect a PMC and therefore not be able to retrieve a
temperature profile. For these reasons, the comparisons between OSIRIS and SOFIE
temperatures have only been separated into northern and southern hemispheric com-25

parisons, with coincidence criteria of distances less than 1000 km apart and observa-
tion times less than an hour apart. Figure 10 shows examples of coincident OSIRIS
and SOFIE temperature profiles that exhibit good agreement in large-scale vertical
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structure. Multiple thermal inversions are seen in both the OSIRIS and SOFIE retrieved
profiles on 11 September 2007, as seen in Fig. 10a. On 24 August 2008, OSIRIS and
SOFIE retrieve temperatures in very good agreement above 60 km, below which both
profiles exhibit a similar change in the temperature gradient, Fig. 10b.

Figure 11 shows the mean differences between coincident OSIRIS and SOFIE tem-5

perature profiles and corresponding standard deviations in the Arctic and Antarctic re-
gions for 2007–2011. The Arctic data, Fig. 11a, are consistent with the ACE-FTS and
the SABER comparisons, as well as with the findings of Stevens et al. (2012). In the
Arctic, OSIRIS exhibits a low bias that ranges from 4 K near 55 km to 0 K near 70 km,
and a high bias of ∼2 K near 75 km. Again, OSIRIS exhibits a significant low bias below10

55 km and above ∼80 km. The mean difference is more negative in the Antarctic than
in the Arctic; near 55 km OSIRIS exhibits a 7-K low bias, which improves to a ∼2-K
low bias near 77 km. This larger low bias in the southern polar region than in the north
was also a feature in the comparisons to summer SABER temperatures, Fig. 5e and j,
indicating that OSIRIS retrievals may be more sensitive to uncertainties in the Antarctic15

region. This is most likely due to the higher surface albedo in the Antarctic, which leads
to greater sensitivity to multiple scattering at higher altitudes.

The standard deviation of the differences between coincident OSIRIS and SOFIE
Arctic temperatures increase from 5 K at 48 km and to 8 K at 84 km. In the Antarctic,
standard deviations of the temperature differences decrease from 8 K at 48 km to 6 K20

near 65 km and then increase with altitude to 10 K at 84 km. These standard deviations
are on the order of the variability of the individual datasets, shown in Fig. 2a.

3.4 Comparisons with PCL

Since PCL only retrieves temperature profiles for nighttime conditions and OSIRIS only
retrieves temperatures during the day, there can never be truly coincident observations.25

However, since OSIRIS typically samples the mid-latitudes just after 06:00 a.m./p.m.,
it is possible to find retrieved profiles that are reasonably close in time. From the
PCL dataset, between 2003 and 2007, 21 profiles were found to be measured within
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1000 km and 5 h of an OSIRIS observation, 14 profiles within 1000 km and 2 h and
1000 km, and 8 profiles within an hour. With these criteria, the OSIRIS observations
are made on average 101 min, 62 min, and 41 min later than PCL, respectively. It is not
uncommon for these coincident profiles to show similar large-scale vertical structure,
as seen in Fig. 12. On 8 August 2005, both OSIRIS and PCL measure a warming near5

70 km, and on 23 May 2006, PCL measures an inversion layer near 80 km whereas
OSIRIS measures a significant warming in the same region. Differences in the absolute
temperatures are in part due to the compared profiles not being true common-volume,
and, at the upper altitude levels, in part due to the OSIRIS low temperature bias at
85 km.10

Figure 13 shows the mean differences between OSIRIS and PCL temperature pro-
files and the corresponding standard deviations for the three coincidence criteria listed
above. There is very good agreement between OSIRIS and PCL in all three cases.
OSIRIS temperatures are on average within ∼2 K of the PCL values between 50 and
79 km. Again, OSIRIS exhibits a slight low bias at the lowest altitudes, and a much15

more significant low bias at the highest altitudes.
For all coincidence criteria, the standard deviation of the differences between coinci-

dent OSIRIS and PCL temperatures increase from ∼4 K at 48 km to ∼10 K near 80 km.
These standard deviations are within the variability of the individual datasets, shown
in Fig. 2a, however are greater than the PCL geophysical variability, shown in Fig. 2b.20

This is most likely due to the fact that the comparisons do not compare common vol-
umes, but are separated in both time and geo-location. At the highest altitude levels,
the standard deviations increase to ∼15 K, this is due to the much larger variability in
the OSIRIS data, which is reflective of the variation in measured A-band temperatures
at 85 km.25
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4 Summary

In the altitude range of 55–80 km, OSIRIS temperatures agree well with SABER and
PCL temperature datasets, and are consistent with the ACE-FTS and SOFIE temper-
ature biases discussed in previous studies. In this altitude range, the mean differences
between coincident OSIRIS and SABER, ACE-FTS, and SOFIE temperatures are typ-5

ically within 5 K. The exception is for observations in the Antarctic region at the lower
end of this altitude range (near 55 km), where OSIRIS typically has a low bias on the
order of 5–7 K. Below 55 km in all latitudinal regions and seasons, OSIRIS tempera-
tures tend to exhibit a significant low bias. At these low altitudes and in the Antarctic
region, the temperature retrievals require including a multiple-scatter radiative transfer10

model to determine the fraction of multiple-scatter to single-scatter ratio in the OSIRIS
observations, as not accounting for multiple-scatter in the OSIRIS signal leads to lower
retrieved temperatures at these low altitudes. Between altitudes of ∼50 and 78 km, the
mean difference between OSIRIS and PCL temperatures is typically within 2 K. Above
∼80 km, OSIRIS temperatures are typically lower than those of all the other datasets,15

implying that there is a low bias in the initial A-band temperature used at the top re-
trieval altitude level of 85 km. Overall, in the 55–80 km range, OSIRIS is consistent with
the other four datasets and is retrieving valid mesospheric temperature profiles.
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Llewellyn, E. J., Gattinger, R. L., Höffner, J., and Marshall, B. T.: Validation of Upper Meso-
spheric and Lower Thermospheric Temperatures Measured by the Solar Occultation For Ice
Experiment, J. Geophys. Res., doi:10.1029/2012JD017689, in press, 2012.

Toohey, M., Strong, K., Bernath, P. F., Boone, C. D., Walker, K. A., Jonsson, A. I., and Shepherd,5

T. G.: Validating the reported random errors of ACE-FTS measurements. J. Geophys. Res.,
115, D20304, doi:10.1029/2010JD014185, 2010.

5512

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/5493/2012/amtd-5-5493-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/5493/2012/amtd-5-5493-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2012JD017689
http://dx.doi.org/10.1029/2010JD014185


AMTD
5, 5493–5526, 2012

Validation of OSIRIS
mesospheric
temperatures

P. E. Sheese et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 1. Uncertainties in retrieved OSIRIS temperatures. All uncertainty values are in Kelvin.

Altitude Top altitude OSIRIS Total Instrument Solar Total random
(km) temperature (To) calibration systematic noise flux (one scan)

48 0.05 0.90 0.90 0.21 0.19 0.28
52 0.08 0.49 0.49 0.28 0.11 0.30
56 0.13 0.32 0.34 0.32 0.06 0.33
60 0.21 0.32 0.38 0.62 0.05 0.62
64 0.35 0.30 0.46 0.69 0.05 0.69
68 0.58 0.15 0.60 0.73 0.05 0.73
72 1.02 0.15 1.03 1.00 0.03 1.01
76 1.84 0.19 1.85 1.55 0.04 1.55
80 3.44 0.19 3.45 1.81 0.06 1.81
84 6.70 0.08 6.70 0.78 0.02 0.78
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Figure 1. (a) Comparison of scaled log OSIRIS limb radiance profiles at 278, 318, and 347 nm 461 

and the corresponding scaled MSIS background density profile. All profiles are scaled to match 462 

the 278 nm radiance value, in photons s
-1

 cm
-2

 sr
-1

 nm
-1

, at 72 km. (b) Retrieved temperature 463 

profiles using the densities derived from the OSIRIS limb radiance profiles of Figure 1a. 464 
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Fig. 1. (a) Comparison of scaled log OSIRIS limb radiance profiles at 278, 318, and 347 nm
and the corresponding scaled MSIS background density profile. All profiles are scaled to match
the 278 nm radiance value, in photons s−1 cm−2 sr−1 nm−1, at 72 km. (b) Retrieved temperature
profiles using the densities derived from the OSIRIS limb radiance profiles of (a).
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Figure 2. (a) The 1 σ temperature variations of coincident datasets where the conditions for 467 

coincidence were observations made within 1000 km and within 1 hour. (b) The mean PCL 468 

temperature geophysical variability for all nights when there was a coincident OSIRIS profile. 469 
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Fig. 2. (a) The 1σ temperature variations of coincident datasets where the conditions for coinci-
dence were observations made within 1000 km and within 1 h. (b) The mean PCL temperature
geophysical variability for all nights when there was a coincident OSIRIS profile.
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Figure 3. Examples of coincident OSIRIS and SABER temperature profiles that exhibit 471 

agreement in large-scale vertical structure. 472 
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Fig. 3. Examples of coincident OSIRIS and SABER temperature profiles that exhibit agreement
in large-scale vertical structure.
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Figure 4. Mean differences between OSIRIS and SABER AM temperatures (solid blue) and 475 

corresponding standard deviations (dashed green), for (a) 15,773 profiles measured within 1000 476 

km and 1 hour and (b) 143 profiles measured within 100 km and 10 minutes. 477 
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Fig. 4. Mean differences between OSIRIS and SABER AM temperatures (solid blue) and corre-
sponding standard deviations (dashed green), for (a) 15 773 profiles measured within 1000 km
and 1 h and (b) 143 profiles measured within 100 km and 10 min.
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Figure 5. Mean differences between OSIRIS and SABER AM temperatures (solid blue) and 480 

corresponding standard deviations (dashed green) for summer, AM profiles measured within 200 481 

km and 1 hour during June-July (top) and December-January (bottom). The number in the 482 

bottom right corner of each plot indicates the number of coincident profiles. 483 
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Fig. 5. Mean differences between OSIRIS and SABER AM temperatures (solid blue) and corre-
sponding standard deviations (dashed green) for summer, AM profiles measured within 200 km
and 1 h during June–July (top) and December–January (bottom). The number in the bottom
right corner of each plot indicates the number of coincident profiles.
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Figure 6. Mean differences between OSIRIS and SABER AM temperatures (solid blue) and 486 

corresponding standard deviations (dashed green) for profiles measured within 200 km and 1 487 

hour during September-October. The number in the bottom right corner of each plot indicates the 488 

number of coincident profiles. 489 

490 

  491 

-20-10 0 10 20

50

55

60

65

70

75

80

OS - SABER (K)

A
lt
it
u
d
e
 (

k
m

)

45oS to 60oS

a) 28

-20-10 0 10 20

50

55

60

65

70

75

80

OS - SABER (K)

A
lt
it
u
d
e
 (

k
m

)

30oS to 45oS

b) 76

-20-10 0 10 20

50

55

60

65

70

75

80

OS - SABER (K)

A
lt
it
u
d
e
 (

k
m

)

15oS to 30oS

c) 71

-20-10 0 10 20

50

55

60

65

70

75

80

OS - SABER (K)

A
lt
it
u
d
e
 (

k
m

)

0oS to 15oS

d) 66

-20-10 0 10 20

50

55

60

65

70

75

80

OS - SABER (K)

A
lt
it
u
d
e
 (

k
m

)

0oN to 15oN

e) 81

-20-10 0 10 20

50

55

60

65

70

75

80

OS - SABER (K)

A
lt
it
u
d
e
 (

k
m

)

15oN to 30oN

f) 50

-20-10 0 10 20

50

55

60

65

70

75

80

OS - SABER (K)

A
lt
it
u
d
e
 (

k
m

)

30oN to 45oN

g) 38

-20-10 0 10 20

50

55

60

65

70

75

80

OS - SABER (K)

A
lt
it
u
d
e
 (

k
m

)
45oN to 60oN

h) 68

-20-10 0 10 20

50

55

60

65

70

75

80

OS - SABER (K)

A
lt
it
u
d
e
 (

k
m

)

60oN to 72oN

i) 76

-20-10 0 10 20

50

55

60

65

70

75

80

OS - SABER (K)

A
lt
it
u
d
e
 (

k
m

)

72oN to 82oN

j) 30

Fig. 6. Mean differences between OSIRIS and SABER AM temperatures (solid blue) and cor-
responding standard deviations (dashed green) for profiles measured within 200 km and 1 h
during September–October. The number in the bottom right corner of each plot indicates the
number of coincident profiles.
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Figure 7. Examples of coincident OSIRIS and ACE-FTS temperature profiles exhibiting similar 492 

large-scale vertical structure. OSIRIS profiles were smoothed by 4-km running mean in order to 493 

match the ACE-FTS vertical resolution. 494 
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Fig. 7. Examples of coincident OSIRIS and ACE-FTS temperature profiles exhibiting similar
large-scale vertical structure. OSIRIS profiles were smoothed by 4-km running mean in order
to match the ACE-FTS vertical resolution.
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Figure 8. Mean differences between OSIRIS and ACE-FTS temperatures (solid blue) and 496 

corresponding standard deviations (dashed green), for profiles measured within (left) 1000 km 497 

and 1 hour, and (right) 600 km and 30 minutes. The top panel shows v2.2 data, the bottom panel 498 

shows v3.0, the red dotted line at -4 K indicates the known ACE-FTS v2.2 high temperature bias, 499 

and the number in the bottom right corner of each plot indicates the number of coincident 500 

profiles. OSIRIS profiles were smoothed by 4-km running mean in order to match the ACE-FTS 501 

vertical resolution. 502 
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Fig. 8. Mean differences between OSIRIS and ACE-FTS temperatures (solid blue) and corre-
sponding standard deviations (dashed green), for profiles measured within (left) 1000 km and
1 h, and (right) 600 km and 30 min. The top panel shows v2.2 data, the bottom panel shows
v3.0, the red dotted line at −4 K indicates the known ACE-FTS v2.2 high temperature bias, and
the number in the bottom right corner of each plot indicates the number of coincident profiles.
OSIRIS profiles were smoothed by 4-km running mean in order to match the ACE-FTS vertical
resolution.
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Figure 9. Mean differences between OSIRIS and ACE-FTS temperatures (solid blue) and 505 

corresponding standard deviations (dashed green) for all profiles measured within 1000 km and 1 506 

hour. OSIRIS profiles were smoothed by 4-km running mean in order to match the ACE-FTS 507 

vertical resolution. The number in the bottom right corner of each plot indicates the number of 508 

coincident profiles, and the red dotted line at -4 K indicates the known ACE-FTS v2.2 high 509 

temperature bias. OSIRIS comparisons with (a-f) v2.2 data, (g-l) v3.0 data. 510 
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Fig. 9. Mean differences between OSIRIS and ACE-FTS temperatures (solid blue) and cor-
responding standard deviations (dashed green) for all profiles measured within 1000 km and
1 h. OSIRIS profiles were smoothed by 4-km running mean in order to match the ACE-FTS
vertical resolution. The number in the bottom right corner of each plot indicates the number
of coincident profiles, and the red dotted line at −4 K indicates the known ACE-FTS v2.2 high
temperature bias. OSIRIS comparisons with (a–f) v2.2 data, (g–l) v3.0 data.
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Figure 10. Examples of coincident OSIRIS and SOFIE temperature profiles exhibiting similar 513 

large-scale vertical structure. 514 
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Fig. 10. Examples of coincident OSIRIS and SOFIE temperature profiles exhibiting similar
large-scale vertical structure.
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Figure 11. Mean differences between OSIRIS and SOFIE temperatures (solid blue) and 516 

corresponding standard deviations (dashed green) for profiles measured within 1000 km and 1 517 

hour in the (a) Arctic and (b) Antarctic. The number in the bottom right corner of each plot 518 

indicates the number of coincident profiles. 519 
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Fig. 11. Mean differences between OSIRIS and SOFIE temperatures (solid blue) and corre-
sponding standard deviations (dashed green) for profiles measured within 1000 km and 1 h in
the (a) Arctic and (b) Antarctic. The number in the bottom right corner of each plot indicates
the number of coincident profiles.
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Figure 12. Examples of coincident OSIRIS and PCL temperature profiles exhibiting similar 522 

large-scale vertical structure. The PCL error bars represent the statistical uncertainty and the 523 

green dotted lines represent the temperature geophysical variances (defined in text) on the night 524 

of observation.  525 
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Fig. 12. Examples of coincident OSIRIS and PCL temperature profiles exhibiting similar large-
scale vertical structure. The PCL error bars represent the statistical uncertainty and the green
dotted lines represent the temperature geophysical variances (defined in text) on the night of
observation.

5525

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/5493/2012/amtd-5-5493-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/5493/2012/amtd-5-5493-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
5, 5493–5526, 2012

Validation of OSIRIS
mesospheric
temperatures

P. E. Sheese et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

35 

 

Figure 13. Mean differences between OSIRIS and PCL temperatures (solid blue) and 528 

corresponding standard deviations (dashed green) for all profiles measured within 1000 km and 529 

(a) 5 hours, (b) 2 hours, and (c) 1 hour. The number in the bottom right corner of each plot 530 

indicates the number of coincident profiles. 531 
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Fig. 13. Mean differences between OSIRIS and PCL temperatures (solid blue) and correspond-
ing standard deviations (dashed green) for all profiles measured within 1000 km and (a) 5 h,
(b) 2 h, and (c) 1 h. The number in the bottom right corner of each plot indicates the number of
coincident profiles.
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