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Abstract The National Aeronautics and Space Administration (NASA) Thermosphere lonosphere
Mesosphere Energetics and Dynamics (TIMED) Sounding of the Atmosphere using Broadband Radiometry
(SABER) instrument performs near-global measurements of the vertical kinetic temperature (T,) profiles and
volume mixing ratios of various trace species (including O3, CO,, and H,0), with data available from 2002 to
present. In this work, the first comparative study of the latest publically available SABER version 2.0
operational retrieval is reported in order to assess the performance of satellite Ty profiles relative to
high-resolution ground-based lidar profiles. Collocated multiyear seasonal average T, profiles were
compared at nine different locations, representing a variety of different latitudes. In general, the SABER v2.0
and lidar mean seasonal Ty profiles agree well, with the smallest absolute values of AT, (z) (SABER minus lidar)
found between 85 and 95 km, where the respective SABER and lidar uncertainties were smallest. At
altitudes >100 km, the SABER Ty (2) typically exhibited warmer temperatures relative to the lidar Ty (2) profiles,
whereas for altitudes <85 km, SABER Ty (z) was cooler. Relative to lidar, SABER tends to exhibit a warm bias
during high-latitude summertime, with the reasons for this currently still unclear. Overall, SABER was able to
reproduce the general latitude- and season-specific variations in the lidar Ty profiles and shown to be
statistically similar for most seasons, at most locations, for the majority of altitudes, and with no overall bias.

1. Introduction

Radiative, chemical, and dynamic coupling exists between all parts of the atmosphere, and the mesosphere-
lower thermosphere (MLT) region serves as a vital boundary region between the Earth’s atmosphere and
space; it is subject both to the effects of solar irradiation, the solar wind, and ionospheric impacts from above,
in addition to the influence of upwards propagating atmospheric waves and dynamical forcing, and radiative
pumping from the lower atmosphere (e.g., see Beig, 2011; Kutepov et al., 2006; Li et al.,, 2016; Plane, 2003,
Plane et al., 2015). As such, the MLT region is very sensitive to perturbations, and temperature variability is
easier to detect here than in the lower atmosphere where the diurnal temperature variation is much larger
than the warming over the past 150 years (Plane et al.,, 2015). It is imperative to continue to accurately moni-
tor these temperatures and maintain consistent and well-calibrated instrumental temperature records in
order to better understand the nature of this temperature variability. In addition, an ability to reproduce
the temperature response within this part of the atmosphere, at a variety of timescales, represents a key test
of any model physics and chemistry. To date, models are not fully capturing characteristics relating to gravity
wave activity, vertical, and interhemispheric coupling, solar cycle related impacts, and various atmospheric
phenomena such as sudden stratospheric warming events, all of which impact the temperatures within
the MLT region (e.g. see Forbes et al., 2014; Gan et al, 2017; Goldberg et al, 2012; Tan et al., 2012;
Walterscheid & Christensen, 2016; Yamashita et al., 2010).

Ground-based lidar measurements are routinely made at locations across the globe (e.g., Chen et al.,
2016; Fong et al., 2014; Gerding et al., 2016; She & Yuan, 2015; Yuan et al., 2014) and provide long-term
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Table 1

Summary of the Operational SABER Retrieval Uncertainties for a Single Profile

(Reproduced From saber.gats-inc.com)

data series that are relatively free of biases associated with instrument
drift (i.e., systematic errors which increase in magnitude, across the mea-

surement period; e.g., Leblanc et al., 1998). Despite providing excellent

70km  80km 90km 100km 110km  yertical and temporal resolution, a key limitation of ground-based lidars
Ty precision [K] 1.0 18 36 6.7 15.0 are that they make point observations and are—for the most part—
T systematic error [K] 15 14 4.0 5.0 25.0 limited to land areas, typically within the northern hemisphere, and with
Ty accuracy [K] 1.8 23 54 8.4 29.2 largely no coverage of ocean areas. The advent of satellite-based tem-

perature measurements has allowed temperature to be assessed on a
near-global and near-continuous basis. Therefore, the ongoing comparison and validation of new satellite
temperature products with available ground-based lidar data is vital.

In this work, we compare the latest publically available Sounding of the Atmosphere using Broadband
Radiometry (SABER) temperature data with a variety of available ground-based lidar data, at different lati-
tudes. Our goal is to highlight possible systematic deviations as a function of altitude, as well as quantify-
ing the bias for further scientific use of the SABER v2.0 kinetic temperature (hereafter, Ty) data set. In
section 2, we describe the National Aeronautics and Space Administration (NASA) Thermosphere
lonosphere Mesosphere Energetics and Dynamics (TIMED)/SABER instrument and the satellite tempera-
ture data sets. In section 3, we outline the available ground-based lidar station data used in this work
and outline the rationale behind our comparison methodology. We present the results of the nine
SABER-lidar temperature comparisons in section 4, followed by discussion of the results and summary
(section 5) and conclusions (section 6).

2. The NASA TIMED/SABER Instrument

Launched on 7 December 2001, the NASA TIMED satellite orbits at a nominal altitude of 625 km, in a
non-Sun-synchronous orbit with an orbital inclination of 74.1° and a mean orbit period of 97 min. One
of the instruments onboard, SABER, consists of a 10-channel broadband limb-scanning infrared radio-
meter covering the spectral range 1.27-17 pum, performing global measurements which provide infor-
mation on Ty, and volume mixing ratios (VMRs) of various trace species including O3, CO,, and H,0.
SABER also provides global measurements of atomic species O and H and provides over 30 radiative
heating and cooling rates as standard data products to the community. The SABER instrument delivers
near-continuous measurements and scans between the Earth’s surface to 400 km, with a vertical instan-
taneous field-of-view of approximately 2.0 km at 50 km altitude, and with vertical sampling of ~0.4 km.
Further information on the SABER instrument and TIMED mission can be found in Mlynczak (1997) and
Russell et al. (1999).
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Figure 1. Map of global locations of ground-based lidar stations used in this study, which make temperature measure-
ments of the mesosphere/lower thermosphere region.
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Table 2

Summary of Lidar Measurements Used in This Study and Corresponding SABER Overflights

Approx. Nsager overflights
alt. Data
range period Approx. vert. Uniform Total available  Lidar in

Lidar Type Lat Lon [km] used res. [km] preprocessing within range  operation % collocated
Spitsbergen (SPI) K 78°N 15°N 70-115  2002-2003 0.25 Multi-year mean 2,261 81 days N/A

daily mean
ALOMAR (ALO) Na 69.3°N 16.1°E 74-115  2002-2013 Varies between Hourly mean 12,446 70 0.6%

0.15 and 0.87

Kuhlungsborn, (KUH) K 54.1°N 11.8°E 65-140  2002-2012 0.25 Multiyear mean 28,727 365 days N/A

daily mean
Boulder (BLD) Na 40.1°N  105.2°W  74-130 2011-2014 0.96 Hourly mean 12,286 411 3.3%
Fort Collins (FTC) Na 406°N  105°W  75-115  2002-2010 1.0 N/A 27,569 589 2.1%
Logan (LOG) Na 41.7°N  111.8°W  75-115  2010-2015 0.85 Hourly mean 19,652 986 5.0%
Arecibo (ARE) K 184°N  2932°E  75-115  2003-2016 0.15 30-min intervals 40,128 178 0.4%
Cerro Pachon (AND) Na 30.3°S 70.7°W 74-115  2010-2016 0.5 N/A 19,094 168 0.9%
McMurdo (MCM) Fe 77.8°S  166.7°E 30-110 2011-2014 1.0 Hourly mean 5,154 285 5.5%

Note. The three-letter lidar station abbreviations used throughout the rest of this study are provided in the first column. The last three columns represent the
number of available SABER overflights, including the total available within the vicinity of each lidar location (within £5° latitude, +15° longitude), the total
available when the respective lidar was in operation, and the percentage of all available overflights spatiotemporally collocated with the lidar. N.B. The data
for both SPI and KUH were available in a different format (as multiyear mean daily temperature means, only) to those of the other lidar locations, and thus,
the number of days in which both lidar data and SABER overflights were available are stated here. Further information on these data sets can be found in the
supporting information.

In this study, we use the latest publically available operationally retrieved SABER data, version 2.0 (hereafter,
“v2.0"). The operational retrieval algorithm uses a combination of the measured 15-um CO, (narrow channel)
vertical emission profile and the diurnally averaged CO, vertical mixing ratio as calculated by the National
Center for Atmospheric Research (NCAR) Whole Atmosphere Community Climate Model (WACCM). In 2015,
a second SABER T data product became available, applying a 2-channel retrieval algorithm to obtain CO,
VMR as well as Ty profiles in the 65- to 120-km altitude range (Rezac, Jian, et al., 2015). A preliminary validation
by Rezac, Kutepov, et al. (2015) of the 2-channel retrieved Ty versus SABER operational (and Atmospheric
Chemistry Experiment Fourier Transform Spectrometer) profiles revealed a general tendency of colder Ty pro-
files at higher latitudes (~5 K colder between 80 and 95 km in the summer polar region), although it is
reported that individual profile-to-profile comparisons can show even larger deviations. Nevertheless, the
2-channel retrieval methodology can only be applied to daytime radiances, and therefore, in this work, we
use only the single channel operational SABER T data set, which covers both day and night conditions, pro-
viding a higher chance for collocation with lidar data. More information on these two retrieval algorithms can
be found on the instrument website: http://saber.gats-inc.com.

The CO,(v,) populations related to the 15-um emission are subject to departure from local thermodynamic
equilibrium (LTE) conditions in the MLT (above ~65 km), making it necessary to include a vibrational non-
LTE model into the retrieval algorithm. The rate at which the CO, molecule exchanges energy with other
atmospheric molecules is controlled by collisional rate constants, which are not well known, and results in
larger uncertainties being introduced into the derived T profiles. A more comprehensive description of
the non-LTE processes influencing the 15-um transitions are summarized in Lépez-Puertas and Taylor
(2001), and specifically relating to the SABER Ty retrieval in Mertens et al. (2001), Kutepov et al. (2006),
Garcia-Comas et al. (2008), Mertens et al. (2009), and Rezac, Jian, et al. (2015).

At 80 km, the total uncertainty in the v2.0 retrieved Ty due to both SABER random and systematic errors (e.g.,
pointing errors, instrument noise, pressure registration, and estimates for the CO, forward model) is approxi-
mately 5.5 K per single profile. At 90 km, this increases to 13 K and at 100 km constitutes 20.1 K. Table 1 pre-
sents a summary of the operational SABER retrieval uncertainties. A discussion of the previously available
SABER product (v1.07) can be found in Remsberg et al. (2008) and Garcia-Comas et al. (2008), along with
updated available information on the instrument website at saber.gats-inc.com. Key updates to the v2.0 pro-
duct since the v1.07 product include a recalibration of the SABER radiances and the use of retrieved [O] values
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Figure 2. Daily vertical temperature profiles from Arecibo exhibit a large amount of variability. (left) All individual available
lidar profiles for 19 December 2003 shown in black, daily mean shown in red. The approximate time between consecutive
profiles is 30 min. (right) Mean daily temperature profile in red, with the mean associated lidar systematic and random
measurement uncertainties shown as horizontal black bars.

for all data (in contrast to v1.07 which used retrieved [O] for daytime measurements only and where the solar
zenith angle < 85°). Version 2.0 also uses CO, from an updated WACCM model, whereas the previous version
used WACCM results that were scaled to match a CO, trend model. Finally, some reaction rates were changed
in the CO, vibrational temperature model in v2.0.

3. Collocation With Available Ground-Based Lidar Temperature Data Sets
and Methodology

For this study, nine lidar locations (visually presented in Figure 1 and described in Table 2) were selected in
order to represent a range of different latitude positions. In addition, these lidar stations were chosen as they
each either have relatively long-running data measurement series or a high availability of measurements,
both of which make them well-suited for the nature of this comparison study. Nevertheless, these ground-
based lidar stations rely on manual operation and weather conditions, and thus, the number of actual
measurements performed can vary greatly between month-to-month and year-to-year; in many months,
no measurements may be performed. Further information about each of the lidar data sets can be found
in the supporting information.

A number of important contributing factors must be considered when making multi-instrument compar-
isons: (1) differences between the instruments and measurement methods, (2) the nature of the mea-
sured variable (in this case, the vertical temperature profile), and (3) issues related to sample size. First,
the satellite and ground-based data sets constitute two very different types of measurements; SABER
measures energy emitted from a volume as it scans the limb (with horizontal smearing of ~200-
300 km) and involves the integration of an emitted radiance over time and latitude (e.g., see Rezac et al,,
2011), while the lidar profile is a near-instantaneous vertical measurement, at a single location, with the
temperature derived indirectly via observation of the meteoric metal layers as a tracer. The Doppler lidar
system detects the Doppler broadening effects on the absorption spectra of metal atoms excited by mul-
tifrequency lidar light to infer temperatures, while the Boltzmann lidar system detects the population ratio
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Figure 3. Comparison of multiyear December-January-February seasonal mean Sounding of the Atmosphere using
Broadband Radiometry (SABER; red) and lidar (black) vertical temperature profiles, for each of the nine lidar station
locations. The corresponding colored shaded regions represent +1c, and the horizontal bars represent the respective
associated uncertainties. The Welch t test statistic between the SABER and lidar temperature data at each altitude is
denoted on the left-hand side of each panel: The blue circle indicates that there is no significant difference between the
SABER and lidar profile, while a red cross indicates that there is a significant difference (p < 0.001). The number of
collocated SABER-lidar pairs is provided in brackets. The black triangles constitute the number of individual lidar profiles
which contribute to the lidar seasonal mean at each altitude (see upper x axis).

between two different energy levels of Fe atoms via two lidar channels to infer temperatures (see a
summary by Chu & Papen, 2005).

Second, strong temporal and spatial variability exists in the vertical temperature profile (with short-term
variability primarily due to small-scale gravity waves and tides; e.g., see Chen et al., 2013; Dalin et al., 2013;
Fritts & Alexander, 2003; Kutepov et al., 2007; Lu, Chen, et al., 2015; Lu, Chu, et al, 2015; Lu et al., 2017;
Libken et al,, 2011; Mertens et al.,, 2004; Rapp et al., 2002; Stevens et al, 2017; Zhao et al., 2017): Unless
the satellite and lidar instruments are perfectly collocated, there are likely to be substantial differences in
the resulting temperature profiles as a result of this natural variability. Figure 2 illustrates the nature of the
short-term variability in the vertical temperature profile, with all available nighttime profiles at the Arecibo
lidar low-latitude location shown for 19 December 2003. Between 90 and 95 km, the derived temperatures
can vary by up to 70 K. Outside of this altitude range, the lidar measurement and retrieval uncertainty
increases significantly. Lastly, sample size is a vital consideration for comparison studies. Due to the strong
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Figure 4. Comparison of differences between multiyear December-January-February seasonal vertical temperature
profiles for each of the nine lidar station locations. For each panel, the solid black profile corresponds to the difference
between the seasonal mean Ty profiles (SABER minus lidar). As before, the black triangles constitute the number of
individual lidar profiles which contribute to the lidar seasonal mean at each altitude (see upper x axis). The red shaded
region represents the altitude-dependent total mean SABER and lidar uncertainty (uncertainties added in
quadrature). The exceptions to this are Spitsbergen and McMurdo (which do not have supplied lidar uncertainties), and
thus, these red shaded areas consist of the SABER uncertainties only. The black horizontal bars represent the 1o

of the differences between the T, profiles for each of the individual collocated SABER-lidar pairs.

short-term variability in the T (z) profile, comparisons involving small sample sizes are likely to be
nonrepresentative of the true performance of the satellite and data sets relative to one another and
promote misleading conclusions.

In this work, a substantial effort has been made in order to minimize the effect of these differences (e.g.,
short-term variability produced by gravity wave activity and tides) by producing multiyear mean seasonal
means. The spatiotemporal collocation criteria were carefully considered, and we follow a similar
approach as that made by Remsberg et al. (2008), who used collocation criteria of £5° latitude and long-
itude (centered around the location of each ground-based lidar station) and +1 hr. In this work, however,
we reduce the temporal coincidence criteria to +30 min but expand the longitude-direction criterion to
+15° of the lidar station location (keeping the +5° latitude-direction criterion the same). Further informa-
tion on the lidar data sets and associated uncertainties and chosen methodology can be found in the
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Table 3

Seasonal ATy (z) Values at Each Location, for Selected Altitudes (Columns
Corresponding to 75, 80, 85, 90, 95, 100, 105 km; ATy (z) Defined as SABER-
Lidar Ty (z))

DJF

75 80 85 90 95 100 105
SPI - - +0.5 —-04 —7.8 +0.8 +34.0
ALO - —74 —53 -3.0 -5.0 —0.6 -
KUH - +1.0 +8.2 +12.5 +13.3 +14.7 +27.2
BLD +8.0 —-4.7 +1.8 +3.3 +6.4 +5.1 -
FTC - —15.1 -1.0 +6.8 +5.5 +7.1 +0.9
LOG - —12.7 -0.8 —2.2 +0.6 +11.9 -
ARE - —12.5 —6.5 +1.7 +1.6 —24 +7.2
AND - —28.1 -13 —-33 +3.9 +11.0 +12.5
MCM - - - - - - -
MAM

75 80 85 90 95 100 105
SPI - - —229 +3.1 +9.6 +23.8 +65.1
ALO - - —-9.7 —53 —7.5 - -
KUH - —5.1 +12.7 +134 +16.4 +22.2 +47.4
BLD - +18.0 —0.1 —4.0 —8.7 —-04 -
FTC - - —-0.0 +10.5 +8.8 -0.3 +11.7
LOG - -7.6 —-1.2 +2.1 +0.3 - -
ARE - -03 +2.5 —-2.7 +0.7 +5.3 +14.2
AND - —29.6 —55 +1.3 +5.0 +3.0 +11.1
MCM - —6.1 —43 -0.2 —-1.6 -1.5 +9.2
JJA

75 80 85 90 95 100 105
SPI - - - +15.0 +39.9 - -
ALO - - - —-5.9 +10.0 - -
KUH - - +8.7 +12.9 +21.0 +28.6 +55.1
BLD - +8.3 +0.5 +8.3 +12.2 +16.4 -
FTC - —8.1 —24 +2.3 +3.2 +7.0 +28.3
LOG - —10.1 —4.1 +14 +4.8 +13.1 -
ARE - —14.5 —21.2 —2.1 —4.1 +2.2 +9.3
AND - —22.0 —57 —8.8 —-76 -2.1 +1.2
MCM - —14.9 —4.1 +1.0 +0.4 +5.1 +10.6
SON

75 80 85 90 95 100 105
SPI - - - - - - -
ALO - - —-3.6 —140 —-199 —-10.1 -
KUH - +0.6 +10.3 +10.2 +9.8 +10.5 +25.2
BLD - +3.4 —-0.8 +2.0 +3.8 +0.9 -
FTC - —154 -0.0 +1.1 -1.8 +0.3 +2.7
LOG - -9.7 -2.0 —-4.0 —49 -0.7 -
ARE - —448 —-179 -117 +6.4 +10.1 —-11.2
AND - —21.7 —6.3 +0.7 -1.8 +1.8 +10.1
MCM - —10.6 +1.4 +4.2 +1.5 +3.8 -

supporting information. It should be noted that data from two of the
lidar locations (Spitsbergen and Kihlungsborn) were available in a
different averaging format to the other stations (preprocessed into
multiyear daily averages) and thus required different processing, which
is outlined further in the supporting information.

4, Comparison of Multiyear Mean Seasonal
Temperatures: Results

4.1. December-January-February Comparisons

Figure 3 shows a comparison of the multiyear December-January-February
(DJF) seasonal mean vertical temperature profiles for each of the nine lidar
locations (N.B. no DJF data are available for MCM); the SABER profile
(shown in red, with the shaded region representing the variability (+10),
and the red bars representing the estimated single measurement uncer-
tainty [systematic and random, discussed previously in section 2], all as a
function of altitude) with the lidar data shown in black (shaded region cor-
responds to +1c, and the horizontal uncertainty bars represent the mean
associated measurement uncertainty). The differences between the multi-
year seasonal mean vertical SABER and lidar temperature profiles are
shown later in Figure 4. The spatiotemporal collocation characteristics
for all nine locations as a function of season are presented in Figures S1
and S2 in the supporting information.

Not all individual lidar T profiles extend across the full altitude range.
The black triangles on the right-hand side of each panel correspond
to the upper x axes and indicate the total number of individual lidar
profiles included in the seasonal mean Ty as a function of altitude.
The exceptions to this are for the SPI and KUH comparisons (where
only preprocessed daily mean lidar T profiles were available), in which
these triangles indicate the number of individual SABER overpass pro-
files included in the seasonal mean (N.B. see supporting information
for more information on the differences between the lidar data sets
and their processing).

The Welch’s unequal variance t test statistic (Welch, 1947, 1951) is
depicted on the left-hand side of each panel in Figure 3 and compares
two independent samples with unequal variances (here SABER vs. lidar
Tk (2)) and tests the hypothesis that the two populations have equal
means. A significance value of p-value <0.001 (i.e., a 99% confidence
level) is assigned. The blue circles indicate that the null hypothesis
can be accepted (i.e., that the SABER and lidar mean profiles do not dif-
fer significantly to one another). A red cross indicates that the null
hypothesis must be rejected and that the profiles differ significantly
from one another.

Qualitatively, the SABER v2.0 and lidar Ty (z) profiles show similar overall

vertical temperature structure to one another for nearly all locations, with each mean Ty () profile falling
within the standard deviation and/or uncertainty range of the other data set. This is particularly true for
the 85- to 100-km altitude region in which there is typically the most individual lidar measurements included
in the overall seasonal mean T,. Exceptions to this are sometimes on the top and bottom of the study altitude
regions, in which the number of individual lidar measurements comprising the lidar seasonal mean Ty (2)
decreases, for example, for LOG <85 km. At most locations, the 1o ranges are similar for both satellite and
lidar data sets for altitudes >80 km, which supports the assertion that the data sets are suitably collocated
as both are capturing similar degrees of variability in the T, (2) profiles. Quantitatively, the Welch t test
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Figure 5. Comparison of multiyear March-April-May seasonal mean SABER (red) and lidar (black) vertical temperature
profiles, for each of the nine lidar station locations. See Figure 3 for a description of each panel.

indicates no statistical difference between the SABER and lidar T, profiles for the majority of compared
altitudes at each location.

The differences between the multiyear seasonal mean vertical SABER and lidar Ty profiles are shown in
Figure 4. For each panel, the combined uncertainty is shown (lidar and SABER uncertainties added in quad-
rature, for each altitude). The horizontal lines depict the +1c of all of the individual differences between the
collocated SABER-lidar temperature profiles. These can often be large as a result of combination of small-
scale variability in the thermal profile, differences in spatiotemporal collocation, and differences in the view-
ing geometry of the SABER and lidar data sets.

For nearly all locations, and altitudes, the AT (z) curve falls within the combined uncertainty range, suggest-
ing that the mean SABER and lidar T, (z) profiles are similar enough to one another, within the uncertainty.
The seasonal AT, (2) values for each location at altitudes of 75, 80, 85, 90, 95, 100, and 105 km are reported in
Table 3. The smallest ATy (2) values generally occur between the 85- and 95-km altitude range. At 85 km and
below, the SABER DJF T (2) is generally cooler than the corresponding lidar temperatures, while above 95 km,
the SABER Ty (2) is generally warmer than the lidar data. The exception to this general pattern (SABER Ty
(2) > lidar T, (2) above ~95 km and cooler than lidar T (z) below 85 km) is at KUH, where the SABER tempera-
tures are consistently warmer than the lidar temperatures, ranging from +1.0 K at 80 km, +12.5 K at 90 km,
+14.7 K at 100 km, to a maximum of +27.2 K at 105 km.
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Figure 6. Comparison of differences between multiyear March-April-May seasonal vertical temperature profiles for each of
the nine lidar station locations. See Figure 4 for a description of each panel.

4.2. March-April-May Comparisons

Similar to the DJF comparisons in section 4.1, Figure 5 shows the comparison of the multiyear seasonal SABER
versus lidar Ty profiles for March-April-May (MAM), while Figure 6 shows the ATy (z) between the SABER and
lidar seasonal profiles for MAM. For nearly all locations, and nearly all altitudes, both the SABER and lidar sea-
sonal MAM Ty (2) profiles and 1o profiles exhibit a similar vertical structure to one another, with the Welch t
test statistic indicating statistical similarity. This is particularly true for the ALO, LOG, ARE, AND, BLD, and MCM
comparisons. The Welch t test indicates statistical agreement between the SABER and lidar between ~85 and
95 km at SPI and between 85 and 87 km and 96-102 K for FTC. The Welch t test indicates that the SABER and
lidar T (2) profiles are statistically different for the majority of altitudes at KUH.

For the majority of locations and altitudes, the AT, (2) falls within the combined uncertainty. The key
exception to this is for KUH. The MAM AT, (2) values for selected altitudes are also shown in Table 3,
and similar to the DJF comparisons, the smallest AT, (z) values typically occur between 85 and 95 km.
Above this altitude range, the SABER temperatures are typically warmer than the corresponding lidar, with
the opposite true at altitudes below.

4.3. June-July-August Comparisons

Figures 7 and 8 show the comparison of the seasonal SABER and lidar Ty profiles and ATy (2) for June-
July-August (JJA), respectively. Similar to both DJF and MAM, there is generally good agreement
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Figure 7. Comparison of multiyear June-July-August seasonal mean SABER (red) and lidar (black) vertical temperature
profiles, for each of the nine lidar station locations.

between the SABER and lidar Ty (z) for most locations, with similar vertical Ty (z) profiles, similar 16 ranges, and
the Welch t test indicating statistical similarities, particularly for altitude ranges comprising of the largest
number of individual lidar profiles. The exceptions to this are at SPI and KUH, where the Welch t test
indicates that the respective SABER and lidar Ty (2) profiles are statistically different across the observed
altitude range. Additionally, for altitudes >88 km, there is no statistical similarity between the SABER and
lidar Ty (2) at BLD, although there is overlap between the 1c and uncertainty ranges for each respective
data set. The majority of the ATy (2) values lie within the uncertainty ranges, with the main exceptions
being the SPI and KUH profiles.

4.4, September-October-November Comparisons

Figure 9 shows the comparison of the SABER and lidar T (2) profiles for September-October-November
(SON), while Figure 10 shows the corresponding ATy (2) curves. No data exists for the SPI location, but
the majority of the other locations indicate statistical similarity between the corresponding SABER and
lidar Ty (2) profiles. The exceptions to this are for KUH and for the majority of altitudes for ALO and
LOG. Despite this lack of statistical similarity, the SABER and lidar Ty (2) profiles typically show similar
general vertical thermal structure to one another at these locations, and/or there is strong overlap
between the 1c and/or uncertainty ranges.
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Figure 8. Comparison of differences between multiyear June-July-August seasonal vertical temperature profiles for each of
the nine lidar station locations.

4.5. Overall Mean ATy (2)

The mean ATy () profiles for each location (averaged across all available seasonal mean profiles) are pre-
sented in Figure 11, along with the overall mean AT, (2) profile for all locations and seasons. The overall mean
ATy (2) at each altitude (16 provided in brackets) is —9.9 (+9.7) Kat 80 km, —3.1(+6.4) K at 85 km, +1.5(x£5.8) K
at 90 km, +3.6(+6.8) K at 95 km, +5.9(+6.8) K at 100 km, and +20.5(+18.8) K at 105 km (N.B. no overall mean is
calculated at 75 km due to limited combined data points at this altitude). Excluding SPI and KUH, the overall
mean ATy (2) across all locations is —11.1(+9.7) K at 80 km, —3.8(+3.8) K at 85 km, —0.7(+4.1) K at 90 km,
+0.4(+3.1) K at 95 km, +3.1(x4.2) K at 100 km, and +8.6(+2.6) K at 105 km.

4.6. Biases Between the SABER and Lidar Data Sets

To further explore the relationship between the SABER and lidar data sets, the individual collocated
paired data are considered in Figure 12. For the majority of locations, the maximum of probability (filled
red circles) lie along the 1:1 line indicating good overall agreement between the SABER and lidar collo-
cated ATy (2) pairs and no overall bias. The spread is likely due to natural atmospheric variability, spatio-
temporal sampling inhomogeneity, and the difference in viewing geometries between the SABER and
lidar observations. In contrast, there does seem to be a bias for temperatures below ~175 K for SPI with
SABER generally observing warmer temperatures than the lidar. For temperatures >175 K, this apparent
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Figure 9. Comparison of multiyear September-October-November seasonal mean SABER (red) and lidar (black) vertical
temperature profiles, for each of the nine lidar station locations.

bias is not present, with the maxima of probability lying closely along the 1:1 line. For KUH, there appear
to be two separate distributions: one with the maxima of probability lying closely along the 1:1 line and
the other in which SABER is consistently warmer. Additional analyses (not shown) have identified that
these two populations have a seasonal basis; those lying closely along the 1:1 line typically correspond
to days-of-year for DJF, MAM, and SON, with the second, consistently warmer population largely
belonging to days-of-year associated with JJA.

Figure 13 shows the Ty (90 km) time series for both the SABER and lidar sets at each location, as a func-
tion of day-of-year. Also shown are the differences between the SABER and lidar means as a function of
day-of-year. With the exception of KUH, there is uneven sampling per day-of-year for all data sets.
Typically, the locations with the largest number of measurements (indicated by larger vertical standard
deviation bars) have the smallest overall AT, (90 km) across the full time period. Examples include FTC,
where the overall AT, (90 km) = +3.3 K, at LOG where the AT (90 km) is —1.2 K, at ARE where the
ATy (90 km) is —1.5 K, AND where the AT, (90 km) is —1.8 K, and at MCM where the AT, (90 km) is
the smallest at —0.3 K. These results indicate that there is no overall bias between the SABER and lidar
data sets for these locations. A specific exception to this is for the northern hemisphere summertime per-
iod for SPI and across the whole time period for KUH. In both cases, there is a clear bias in which the
SABER temperatures are warmer than the collocated lidar data.
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Figure 10. Comparison of differences between multiyear September-October-November seasonal vertical temperature
profiles for each of the nine lidar station locations.

5. Discussion and Summary

Improved observations of the temperature variability within the neutral upper atmosphere can be used to
better our understanding of this part of the atmosphere which is of considerable scientific interest. The
ongoing development, comparison, and validation of new satellite temperature products are vital in creating
and maintaining high-quality, near-continuous, and long-term observations of temperature within the MLT.
Systematic comparisons with other temperature data sets will highlight issues which may require attention in
further satellite retrieval algorithm versions.

We have presented the first comparative study of the collocated TIMED/SABER v2.0 multiyear seasonal
mean profiles with those from nine different lidar station locations: Spitsbergen (78°N, 15°E), ALOMAR
at Andgya (69°N, 16°E), Kuhlungsborn (54°N, 12°E), Boulder (40°N, 105°W), Fort Collins (41°N, 105°W),
Logan (42°N, 112°W), Arecibo (18°N, 293°E), Cerro Pachon (30°S, 71°W), and McMurdo (78°S, 167°E). We
compared multiyear seasonal averages in an effort to assess the performance of the SABER v2.0 product
relative to the high-resolution lidar temperature profiles. The observed SABER and lidar vertical tempera-
ture profiles are highly variable, particularly on short time scales principally as a result of gravity wave and
tidal activity, and therefore, multiyear seasonal means were derived in order to mitigate and remove
much of this short-term temperature variability signal in the data. An additional benefit to producing mul-
tiyear seasonal means is that it greatly enhances the collocated sample size, which makes the resulting
means more representative of the seasonal vertical temperature profile.
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ATIK] Further, this relationship between these seasonally warmer temperatures

(typically >175 K) can also be seen in Figure 12, where the maxima of
probability for this temperature range generally lie along the 1:1 line. In
contrast, there is a clear SABER warm bias relative to the lidar temperatures
during the JJA time period (N.B. no data available for SON). The KUH panel
in Figure 12 also exhibits similarity with the SPI panel; the maximum of probability indicates a SABER warm
bias of ~10 K relative to lidar, with a distinct separate population indicating much warmer SABER tempera-
tures. The KUH panel in Figure 12 also exhibits similarity with the SPI panel; the maxima of probability indicate
a SABER warm bias of ~10 K relative to lidar, with a distinct separate population also indicating much warmer
SABER temperatures. Additional analyses (not shown) identified this separate population primarily compris-
ing of days-of-year corresponding to JJA. As such, it is not clear whether these differences are a consequence
of the different comparison methodology at these locations, or deficiencies in the SABER retrieval during the
cold summertime polar mesopause. Unlike the other locations, the SPI and KUH data sets are processed dif-
ferently in that the lidar data is preprocessed into multiyear mean daily means, and the SABER data are col-
located and averaged for each day. The SABER data include observations for all years within the multiyear
period whereas for the same calendar day, the lidar data may only include a subset of years. As a result,
the data sets are not as closely temporally collocated as for the other data sets, which likely contributes to
the differences between the seasonal mean Ty (2) profiles, and may be biased by the effect of gravity waves
(of various scales), tides, and planetary waves. Of particular influence may be larger scale gravity waves (with
wavelengths of hundreds of kilometers, see Rapp et al.,, 2002) 2-day planetary waves with high zonal wave
numbers (3 and 4; e.g., Meek et al., 1996; Muller & Nelson, 1978; Pogoreltsev, 1999; Rodgers & Prata, 1981),
as well as effects due to large-scale mesospheric fronts/walls which produce significant temperature differ-
ences of the order 20-25 K across a small volume at the mesospause (Dalin et al., 2013).

However, another possibility is that the SABER operational retrieval produces profiles that are too warm dur-
ing summer at high latitudes. Unfortunately, no hemispheric summertime (DJF) Ty is currently available for
McMurdo, but limited summertime lidar Ty is available for Davis station, Antarctica (69°S, 78°E), as published
in Lubken et al. (2015). A comparison of SABER with this published data set is presented in Figure S3; the
mean SABER Ty profiles are warmer than the respective lidar mean T, profiles, similar to both the SPI and
KUH comparisons for JJA.

Independent observations, predominantly by falling sphere (FS) experiments, corroborate the respective
lidar Ty profiles at SPI, KUH, and DAV (e.g., see Liibken et al, 1999; Liibken, 2000; Morris et al., 2012).
Although the respective SABER summertime T profiles presented here lie within the T range of these
independent data sets, the SABER mean is warmer than the lidar and FS data sets, often by ~10 K.
This is consistent with previous work by Kutepov et al. (2006), who found that collocated polar summer-
time SABER v1.07 T, data were ~10 K warmer than both a lidar climatology and a coincidental FS experi-
ment for altitudes >87 km. In contrast to the other polar locations, the summertime comparison at
ALOMAR (69°N) indicates good agreement between SABER and lidar Ty. FS and rocket grenade
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Figure 12. Correlation between individual pairs of collocated SABER and lidar Ty profiles, for all altitudes. The scatter points
indicate the paired SABER and lidar T (2), and the color scale represents the number of occurrences within each 2.5 K
temperature bin, as a function of both SABER and lidar Ty. The R? coefficient between the SABER and lidar Ty is stated in the
lower right of each panel. The dashed black line represents the 1:1 line for a perfect correlation between SABER and lidar T.
For each point along this 1:1, a Gaussian was fitted to all data points lying along a perpendicular transect. Where

the data spread and statistics allowed a satisfactory fit, the maximal position of the Gaussian is plotted as a red filled circle.
The red circles located above the 1:1 line indicate that the SABER Ty is cooler than the collocated lidar data. Where
these red circles are located below the 1:1 line, the SABER Ty are warmer than the collocated lidar data.

experiments by Libken (2000) at nearby locations (Point Barrow at 71°N and Kronogard at 66°N)
exhibited similar temperatures and structure to the SABER and ALO mean T profiles presented in
Figure 7, but both the SABER and ALO profiles represent the upper end of this range. Feng et al.
(2017) reported a temperature offset of approximately +22 K, caused by issues with the laser sidebands
in the laser system. Removing this offset would result in the ALO JJA T, profile being more consistent
with FS and rocket grenade observations (and in SABER showing a relative warm bias consistent with
the other high-latitude summertime locations).

Across all seasons, the smallest location-specific ATy (z) values occurred within the 85- to 95-km altitude range
with the annual mean AT, (z; shown in Figure 11) typically ranging between 10 K, although for a number of
locations, this was considerably smaller ranging between £5 K or less. At altitudes >100 km, the SABER tem-
peratures were often warmer than the lidar temperatures, ranging between approximately —5 K and +50 K.
For altitudes <85 km, the reverse was true with SABER temperatures typically being cooler than those of the
lidar profiles (range of approximately —38 K to +19 K). One simple explanation for the larger ATy values at the
top and bottom of the studied altitude range may lie in the limitations of the lidar data sets; the lidar can only
measure in the presence of the metal layers (temperature is indirectly derived from the resonant scattering of
light by these target species). The peak concentration of these metal layers is typically between 85 and 95 km,
and outside of this altitude range, the signal-to-noise of the returned lidar signal is reduced, increasing the
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Figure 13. Time series plots of SABER and lidar data sets at an altitude of 90 km for each location: (a) Spitsbergen,
(b) ALOMAR, (c) Kiihlungsborn, (d) Boulder, (e) Fort Collins, (f) Logan, (g) Arecibo, (h) Cerro Pachon, and (i) McMurdo.
The top panel in each location shows the multiyear mean Ty (90 km) and 1o (SABER = red, lidar = black) as a function of
day-of-year. The lower panel in each set shows the difference between the SABER-lidar mean Ty (90 km) as a function of
day-of-year. The mean ATy (90 km) value is stated in each case.
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uncertainty. Additionally, these metal layers can be perturbed by dynamics and adiabatic motion. During the
hemispheric summer these small-scale dynamics can compress these metal layers, which may cause both
artifacts in the lidar data sets as well as producing a sharp vertical temperature gradient which the SABER
instrument and retrieval may not be able to capture.

Another possible source of the larger ATy (2) values may lie in the operational SABER Ty non-LTE model, which
depends on several uncertain collisional rate coefficients and other inputs such as atomic oxygen. Remsberg
et al. (2008) described the primary sources of systematic error relating to the forward model in the earlier ver-
sion 1.07 SABER Ty retrieval, while Garcia-Comas et al. (2008) investigated the propagation of non-LTE uncer-
tainties into the retrieved v1.07 T,. Remsberg et al. (2008) found that the uncertainties associated with the
CO, VMR contributed one of the largest sources of systematic error in the non-LTE region, with uncertainty
values of 1.3, 2.8, 3.6, 3.2, and 1.4 K for altitudes of 80, 85, 90, 95, and 100 km, respectively. Other key sources
included the [O] profile, the associated physical quenching of CO,(v,) with [O] (uncertainties associated with
rate constant, k,; see Feofilov et al., 2012; Panka et al., 2017), and the uncertainties associated with CO5(v,)
vibrational quanta exchange rate constant (k). Garcia-Comas et al. (2008) demonstrated that the non-LTE
region Ty (2) errors vary with both latitude and season and were largest during the polar summer (compared
to a midlatitude summer location). At 92 km, the typical Ty () uncertainties associated with changes in the
CO,(v,)-0 quenching rate coefficient were +1.3 K at the midlatitude location compared to +5.0 K for the polar
summer location, with the dependence being nonlinear with changes to [O] densities. At 96 km, these typical
uncertainties increased to +1.4 K (midlatitude) versus £11 K (polar summer), £3.6 K (midlatitude) versus +18 K
(polar summer) at 100 K, and to £8.3 K (midlatitude) versus +32 K (polar summer) at 104 km.

Although the sensitivity study by Garcia-Comas et al. (2012) showed that neither reasonable CO, variations
nor those of the non-LTE model parameters of the current models can explain biases higher than 5 K in this
altitude region below 90 km, Feofilov et al. (2012) drew attention to the possible deficiency of current non-
LTE models relating to the 15-pm CO, emission. These models currently do not account for possible nonther-
mal sources of CO, excitation by collisions with hot oxygen atoms and likely require additional study. Further
work by Sharma (2015) suggested a possible mechanism of energy transfer of fast non-thermal O®P atoms to
the CO,(v,) vibrations. Since current retrieval algorithms compensate missing excitation source by increasing
retrieved temperature, this effect can be particularly important for summertime polar regions, where hot oxy-
gen atoms are efficiently produced in the O,/O3 photolysis. Other additional notable sources of uncertainty
include the horizontal T (p) gradients, which mainly affect high-latitude summer locations, and also determi-
nation of the reference pressure used in the retrieval (Remsberg et al., 2008).

6. Conclusions and Future Work

Overall, the comparisons show that the SABER v2.0 and lidar mean seasonal temperature profiles agree well,
being statistically similar at the majority of altitudes, and showing similar thermal structure for most locations.
Although these differences are largely within the uncertainties (and can thus be considered nonsignificant),
SABER does show a warm bias relative to the lidar data sets at altitudes >100 km and a cool bias <85 km.
SABER demonstrated an apparent summertime warm bias at SPl and KUH relative to the lidar data sets, which
was supported by a supplementary comparison at DAV. The reasons for these differences are currently
unsolved at this time and may be a combination both of differences in processing of the respective data sets
and/or uncertainties in the retrieval that become more apparent at the summertime poles. Future work will
investigate this further with a whole atmosphere model to investigate location-specific impacts on the SABER
forward model and the resulting temperature profiles. Additionally, we plan to also include a comprehensive
validation of the SABER “2-channel” using daytime lidar data sets where they exist.

Since 2002 the TIMED mission has, and continues to be, a fundamental source of measurements concerning
the dynamics and energetics of the MLT. While still as productive now as when it was launched over 15 years
ago, the planning of a follow-on mission is long overdue. Unfortunately, there are currently no planned mis-
sions to continue the rich data legacy of the SABER instrument. The likelihood of a resulting considerable data
record gap represents a very real threat in the ability to detect trends due to differences in instrumental cali-
bration, measurement technique, and algorithms. This pressing need for a successor to the SABER instrument
has implications for MLT science, as well as the wider atmospheric community.
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