
REPORT DOCUMENTATION PAGE IForm Approved
REPORTDOCUMENTATIONPAGE OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching eidsting data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law. no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid 0MB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)

05-09-2005 REPRINT
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

SABER Observations of Mesospheric Temperatures and Comparisons with Falling

Sphere Measurements taken during the 2002 Summer MaCWAVE Campaign 5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

62601F

6. AUTHOR(S) 3Sid. PROJECT NUMBER

Christopher J. Mertens,' Francis J. Schmidlin,2 Richard A. Goldberg,3 Ellis E. Remsberg,' 2301

W. Dean Pesnell, 4 James M. Russell 1II,
5 Martin G. Mlynczak,' Manuel Lopez-Puertas,6  

50. TASK NUMBER

Peter Wintersteiner, 7 Richard H. Picard,8 Jeremy R1 Winick,8 and Larry L. Gordley9  BD
5f. WORK UNIT NUMBER

Al

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER

Air Force Research Laboratory
29 Randolph Road
Hanscom AFB, MA 01731-3010 AFRL-VS-HA-TR-2005-1101

9. SPONSORING I MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORIMONITOR'S ACRONYM(S)

AFRL/VSBYB

11. SPONSOR/MONITOR'S REPORT

NUMBER(S)

12. DISTRIBUTION I AVAILABILITY STATEMENT

Approved for Public Release; Distribution Unlimited.
'NASA Langley Research Center, Hampton, VA, USA 

5
Hampton University, Hampton, VA, USA 

9
G & A Technical Software, Newport News, VA, USA2

NASA Wallops Flight Facility, Wallops Island, VA, USA 6
1nstituto de Astrofisica de Andalucia, Granada, Spain

3NASA Goddard Space Flight Center, Greenbelt, MD, USA 
7
ARCON Corporation, Waltham, MA, USA4

Nomad Research, Inc., Arnold, MD, USA 8Air Force Research Laboratory, Hanscom AFB, MA, USA

13. SUPPLEMENTARY NOTES

Reprinted from: Geophysical Research Letters, Vol. 31, L03105, doi: 10. 1029/2003GL0 18605, 2004

14. ABSTRACT

The SABER instrument was launched onboard the TIMED satellite in December 2001. Vertical profiles of kinetic temperature (Tk) are
derived from broadband measurements of CO2 15 Inm limb emission, in combination with measurements of CO2 4.3 Im limb emission used
to derive CO 2 volume mixing ratio (vmr). Infrared emission from the CO2 ro-vibrational bands are in non-local thermodynamic
equilibrium (non-LTE) in the mesosphere and lower thermosphere (MLT), requiring new radiation transfer and retrieval methods. In this
paper we focus on Tk and show some of the first SABER observations of MLT Tk and compare SABER Tk profiles with rocket falling
sphere (FS) measurements taken during the 2002 summer MaCWAVE campaign at Andoya, Norway (69'N, 16'E). The comparisons are
very encouraging and demonstrate a significant advance in satellite remote sensing of MLT limb emission and the ability to retrieve Tk
under extreme non-LTE conditions.

15. SUBJECT TERMS

Atmospheric composition Atmospheric chemistry Atmospheric structure Remote sensing Radiative processes

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES Richard H. Picard

a. REPORT b. ABSTRACT c. THIS PAGE SAR 19b. TELEPHONE NUMBER (include area

UNCLAS UNCLAS UNCLAS 5 code)
781-377-2222

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. 239.18



AFRL-VS-HA-TR-2005-1 101

GEOPHYSICAL RESEARCH LETTERS, VOL. 3 1, L03105, doi: 10. 1029/2003GL018605, 2004

DISTRIBUTION STATEMENT A
Approved for Public Release

SABER observations of mesospheric temperatures and comparAl bution Unlimited

with failing sphere measurements taken during the 2002 summer
MaCWAVE campaign

Christopher J. Mertens,' Francis J. Schmidlin,2 Richard A. Goldberg,3 Ellis E. Remsberg, 1
W. Dean Pesnell, 4 James M. Russell fI,5 Martin G. Mlynczak,' Manuel L6pez-Puertas, 6

Peter P. Wintersteiner,7 Richard H. Picard,s Jeremy R. Winick,8 and Larry L. Gordley9

Received 11 September 2003; revised 28 October 2003; accepted 18 December 2003; published 5 February 2004.

[j] The SABER instrument was launched onboard the horizon and observes limb emission in 10 broadband spectral
TIMED satellite in December 2001. Vertical profiles of channels ranging from 1.27 tmr to 17 im. The observed limb
kinetic temperature (Tk) are derived from broadband emission profiles are analyzed to provide vertical profiles of
measurements of CO 2 15 pm limb emission, in the key data products, with approximately 2 km vertical
combination with measurements of CO2 4.3 pm limb resolution. Specific to this paper, kinetic temperature (Tk) is
emission used to derive CO 2 volume mixing ratio (vmr). retrieved from CO2 15 pnm limb emission measurements.
Infrared emission from the CO2 ro-vibrational bands are in During the daytime, measurements from the CO 2 15 Ptm and
non-local thermodynamic equilibrium (non-LTE) in the CO 2 4.3 pLm channels are combined to retrieve Tk/CO 2
mesosphere and lower thermosphere (MLT), requiring new simultaneously.
radiation transfer and retrieval methods. In this paper we [3] In this paper we focus only on SABER Tk in
focus on Tk and show some of the first SABER observations the mesosphere and lower thermosphere (MLT), with
of MLT Tk and compare SABER Tk profiles with rocket SABER-derived CO 2 profiles the subject of a future
falling sphere (FS) measurements taken during the 2002 letter. Here we show some of the first MLT Tk results
summer MaCWAVE campaign at Andoya, Norway (69 0N, from the non-LTE retrieval algorithm. The ability to
16WE). The comparisons are very encouraging and retrieve Tk in an extreme non-LTE environment is
demonstrate a significant advance in satellite remote demonstrated by comparing SABER results with rocket
sensing of MLT limb emission and the ability to retrieve falling sphere (FS) measurements taken during the 1-
Tk under extreme non-LTE conditions. INDEX TERMS: 5 July 2002 summer MaCWAVE campaign at Andoya,
0340 Atmospheric Composition and Structure: Middle Norway (69°N, 16WE). The polar summer thermal struc-
atmosphere-composition and chemistry; 0350 Atmospheric ture with its cold mesopause and steep temperature
Composition and Structure: Pressure, density, and temperature; gradients, both below and above the mesopause, produce
3360 Meteorology and Atmospheric Dynamics: Remote sensing; the largest non-LTE effects in the CO2 15 p.m emission
3359 Meteorology and Atmospheric Dynamics: Radiative [L6pez-Puertas et al., 1992; Wintersteiner et al., 1992].
processes. Citation: Mertens, C. J., et al. (2004), SABER
observations of mesospheric temperatures and comparisons with
falling sphere measurements taken during the 2002 summer 2. Data Analysis
MaCWAVE campaign, Geophys. Res. Lett., 31, L03105, [4] Mertens et al. [2001] presented a non-LTE Tk re-doi: 10. 1029/2003GL0 18605. []Mrese l 20]peetdannLET e

trieval algorithm based on observations of CO 2 15 pm
broadband limb emission measurements, assuming CO 21. Introduction abundance was known. Recently, this algorithm was ex-

[2] The Sounding of the Atmosphere using Broadband panded and updated to enable simultaneous non-LTE re-
Emission Radiometry (SABER) experiment is one of four trieval of Tk and CO 2 by combining measurements of CO 2
instruments launched on the Thermosphere Ionosphere 15 pam and CO2 4.3 pWm limb emission, respectively. This
Mesosphere Energetics and Dynamics (TIMED) satellite algorithm forms the basis of the operational algorithm that
December 7, 2001 [Russell et al., 1999]. SABER scans the will process global fields of Tk and CO2 abundance on a

routine basis. The salient features of the coupled non-LTE
Tk/CO2 retrieval algorithm are outlined by Mertens et al.

,NASA Langley Research Center, Hampton, Virginia, USA. [2002]. This algorithm is used to analyze SABER radiance2NASA Wallops Flight Facility, Wallops Island, Virginia, USA. measurements and produce the Tk profiles presented in this3
NASA Goddard Space Flight Center, Greenbelt, Maryland, USA. paper.4Nomad Research, Inc., Arnold, Maryland, USA. []Te Ss5Hampton University, Hampton, Virginia, USA. [5] The SABER mesospheric Tk shown here are first-

'lnstituto de Astrofisica de Andalucia, CSIC, Granada, Spain. look, preliminary results. There are a number of additional7
ARCON Corporation, Waltham, Massachusetts, USA. atmospheric parameters required as input into the non-LTE
8Air Force Research Laboratories, Hanscom AFB, Massachusetts, CO 2 model used in the retrieval algorithm: 02, N2, O( 3P),

USA.9
G & A Technical Software, Newport News, Virginia, USA. and 0('D). These parameters were obtained from a TIME-

GCM model climatology [Roble, 1995]. During daytime
Copyright 2004 by the American Geophysical Union. scans, Tk and CO2 are both retrieved; at night, Tk is
0094-8276/04/2003GL018605$05.00 retrieved using CO 2 profiles from the TIME-GCM clima-
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Kinetic Temperoture (K) July 4, 2002 80 km, approaching 5-10 km near 80 km, and increasing
to 10-12 km above 80 km.

1o0! 
3. Results and Discussion

100 [s] Figure I shows a slice of the global Tk field,
composed of 26 scans during orbit 3094, on 4 July, 2002.
One of the most striking features in Figure 1 is evidence of
the worldwide two-level character of the mesopause alti-
tude, a surprising and unexpected concept supported both

0 -by long-term ground-based measurements [von Zahn et al.,
1996; She and von Zahn, 1998; and references therein] and
model simulations [Berger and von Zahn, 1999]. The two-
level structure of the mesopause is characterized by two
modes, or most likely values, for the global distribution of

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 65 90 mesopause altitudes: a winter (or upper) altitude of 100 ±

Loatude (degree) 3 km and a summer (or lower) altitude of 86 ± 3 km. During
their field mission from late April to early July 1996, von

Figure 1. Latitude-altitude cross section of SABER Zahn et al. [1996] found that the winter (upper) mesopause
temperatures (K) derived from the coupled non-LTE Tk/ height extended from the southern hemisphere to 23°N.
CO 2 retrieval algorithm on 4 July, 2002, from 15:48 UT to Figure 1 shows a similar feature in the SABER data. The
16:14 UT (orbit 3094, daytime scans 25-51). The mesopause height is 96 ± 1 km from 0 to 27°N. The winter
mesopause height is indicated by the dashed line. to summer transition occurs between 27'N and 36'N with a

mesopause height of 91 km and 86 km in the transition
region at 290 N and 33°N, respectively. The mesopause
altitude between 36'N and 83`N is 86 ± 3 km, consistent

tology. Version 1.02 SABER radiance data are used. In with previous mid-latitude observations referenced above.
future updates, O('D) and O(p) will be derived from The two-level mesopause structure is not observed in the
SABER 1.27 pm channel radiances in concert with retrieved corresponding LTE Tk of Figure I (not shown).
03 and the CO 2(A) model of riynczak et al. [1993]. In [9] The ability to derive accurate mesospheric Tk from
addition, Ct2 profiles retrieved during the day will be limb emission measurements for polar summer conditions ismapped and used in the nighttime Tk retrievals. Even one of the most stringent tests of the non-LTE retrieval
though updates to SABER temperatures will occur in the algorithm. On 2 and 4 July 2002, FS measurements made
future, the results below clearly demonstrate the overall during the MaCWAVE campaign were timed to coincide
quality of the CO 2 channel radiances and the accuracy of the with SABER overpasses and provide validation data for the
non-LTE retrieval algorithm. non-LTE algorithm. In Figure 2 we show comparisons of

[6] The NASA 2002 summer Mountain and Convective
Wave Ascending Vertically (MaCWAVE) campaign coordi-
nated measurements of middle atmospheric temperature and July 2, 2002

winds from FS measurements at the Andoya rocket range 100. . -8_

(69'N, 16E), and ion gauge measurements (CONE) and 95 .o--,,

the network of ground-based lidars and radars from the go .0. -, .,T
ALOMAR observatory. In this paper we compare SABER " 8. .. .. 1.. 0...

mesospheric Tk with the MaCWAVE FS measurements s 8o -- t- -,
[Schmidlin et al., 1991]. The broader objective of Tk 75 30

validation is ongoing and will include comparisons with 70210(0 120 14 1Ot60 IS8O 200 220 240 260 280

many ground-based and in-situ measurements taken at T.not,,et (K)

various locations and seasons. July 4, 2002

[7] The FS is a 1-meter diameter mylar balloon 95

deployed near 115 km. After deployment the sphere is 0 - 2,Sgo " •W 232OUT WN.1 A6Q•

inflated and its trajectory is tracked by high precision 8S .cn e th q i od...,1)
radar. Position information and the sphere's drag coeffi- S . m.... (88 ...so SQ "+ T 234St}{ UT ("M.2.91E)

calculate density and wind. Initial processing of the 75 r

position data occurs at about 103-105 km. Calculation 100 120 140 80 ,80 200 220 240 200 280

of ambient Tk requires (1) the sphere to experience Te.+mtur. (K)

deceleration and (2) the assumption of an initial Tk. This Figure 2. Comparison of SABER-FS temperature profiles.
scenario is nominally reached at an altitude of z(o) which Also shown is the Luibken climatological profile for early
falls between 93 and 95 km. The calculated Tk converges July. Green lines are the FS profiles; dark blue lines are
to the true atmospheric Tk within one to two scale heights SABER Tk profiles from the non-LTE retrieval algorithm;
below z(o). Accuracy of the derived Tk is approximately light blue lines are SABER Tk profiles from the LTE
8-12 K at 90 km, 5-8 K at 85 km, and 1-3 K at 70 km. retrieval algorithm; and the red line is the climatological
Vertical resolution is roughly between 2-5 km below profile.

2 of 5



L03105 MERTENS ET AL.: SABER MESOSPHERIC TEMPERATURES L03105

Table 1. Uncertainties in SABER-Retrieved Kinetic Temperature (K) at 79 km and at the Mesopause Altitude for the 4 July, 2002
MaCWAVE Coincidence Scans Due to Key Non-LTE Input Parameters: CO2 Concentration ([C0 2]), Atomic Oxygen Concentration
([0]), and the Rate of C0 2(u2) State Quenching by Atomic Oxygen (k.)

Retrieval Uncertainty (K): July 4, 2002
[C0 2]' [O](+50%)0 _o _

(Lat/Lon) 79 km Z(Tmin)d 79 km Z(Tmin)d 79 km Z(Tmin)d
(72.6N/13.2E) 2 6 0 3 -2 -5
(68.8N,09.2E) 4 6 0 4 -8 -10
(66.5N,07.5E) 2 4 -5 -8 -5 -11
(69.8N,23.9E) 2 3 0 -4 -5 -5
(72.2N,21.2E) 5 9 1 6 0 0

"Perturb nominal CO 2 vmr profiles by decreasing CO2 1%/kmr up to 17%, starting at 70 km.
"bPerturb nominal atomic oxygen vmr profiles by +50%.
'Nominal rate: Sharma and Wintersteiner [1990]. Retrieved using 0.25*nominal rate."0
Temperature uncertainty at the mesopause altitude.

SABER-FS Tk profiles. All SABER overpasses within 23:20 UT, while the SABER Tk profiles at 85 km are 132 K
approximately ±5' of 69'N and 16WE are shown on these and 144 K at 23:49 UT and 23:50 UT, respectively. In
two days. Also shown is the Tk profile from the weekly contrast to the 2 July coincidence comparisons, however,
climatology of L7ibken [1999] for early July. SABER Tk both SABER and FS measurements agree on a 85 km
profiles are generally in quite good agreement with the FS mesopause altitude for the 4 July closest time coincidence
measurements below about 85 km and are always substan- comparison.
tially in better agreement than the corresponding LTE Tk [13] We assessed the impact of uncertainty in the key
profiles in the mesopause region. The differences between non-LTE input parameters on SABER-retrieved Tk. We
LTE and non-LTE mesopause temperatures range from focused on the 4 July scans. Table 1 summarizes this
-15-37 K on 2 July and from -,36-46 K on 4 July. This sensitivity study. Clearly, these uncertainties cannot explain
fact underscores the major objective of this letter: the first- the SABER-FS Tk differences in the upper mesosphere. Nor
look SABER mesospheric Tk results demonstrate an ad- do these uncertainties significantly alter the location of the
vance in satellite remote sensing of mesospheric limb mesopause. We have not, at this point, included the impact
emission, the knowledge of CO 2 non-LTE processes, and of horizontal Tk gradients, which seem quite large at high
the ability to retrieve Tk under extreme non-LTE conditions. latitudes from Figure 1. Moreover, there may be biases in

[10] Detailed SABER-FS Tk comparisons for the closest the SABER radiances that we do not fully understand yet.
time coincidences on 2 July are in excellent agreement at 85 [14] The SABER-FS Tk profile differences in Figure 2
km and below. FS Tk at 00:20 UT are 154 K and 138 K at fall into two categories: (1) difference in Tk (magnitude),
80 km and 85 km, respectively. At these same altitudes, and (2) difference in mesopause altitude. At this time
SABER Tk at 00:31 UT are 152 K and 139 K, respectively, measurement uncertainty doesn't appear to explain these
with differences no more than 2 K between the two profiles. differences. However, SABER and FS data indicate a highly
SABER-FS Tk differences with respect to the FS 00:20 UT variable mesosphere in both time and space, complicating
profile at 80 km and 85 km are no more than 2 K for the single profile comparisons above about 80 km. Moreover,
SABER 00:32 UT profile and no more than 6 K for the the vertical resolution of the FS measurements above 80 km,
SABER 00:30 UT profile. These differences are well within
the measurement uncertainty (see previous section for FS 1,2002 July 2, 2002

Tic uncertainty and Table I for SABER Tk uncertainty). 100-
[ii] Above 85 km SABER Tk profiles are significantly 95- -0 u2

different than the FS Tk profiles. The Tic differences between • .1. 60,• ... ..... li 85-°•0• .•.......

the three SABER profiles centered around 00:31 UT and the a, -as.
FS profile at 00:20 UT are between 15 K and 30 K at 90 km. s
Furthermore, the mesopause altitude for the FS profile at 75 75
00:20 UT is 88 km, corresponding to the mesopause altitude 100 120 140 160 t80 200 220 240 260 280 100 120 140 160 180 200 220 240 260 280

of the climatological profile, while the SABER mesopause Te, ..... (K) T-,... (K)

altitudes are 83 km, 85 km, and 87 km at 00:30 UT, 00:31 UT, J uly 4, 2002 1 Juy 5, 2002

and 00:32 UT, respectively. 95: ..... 5 95..
[12] SABER-FS Tk differences for the closest time coin- go I . 219 UT ..

cidences on 4 July are in excellent agreement at 80 km and 4 85 "._.=5 UT

below, but are substantially larger at 85 km as compared to 80
the 2 July coincidence comparisons. At 80 km the FS Tk is 75 75

155 K at 23:20 UT. SABER Tk at 80 km are 150 K and 70 70

156 K at 23:49 UT and 23:50 UT, respectively. These 100 120 140 160 • SO2000240260 280 o00 120 140 10 •• 0•2002240260 280Temp-totu (K) Temperture (K)

differences are no more than 5 K and are within measure-
ment uncertainty. However, at 85 km the SABER-FS Tk Figure 3. All FS measurements during summer MaC-
differences are between 10 K and 20 K, which is outside the WAVE with rocket apogee sufficient to derive Tk above the
measurement uncertainty. The FS Tk at 85 km is 123 K at mesopause.

3 of 5



L03105 MERTENS ET AL.: SABER MESOSPHERIC TEMPERATURES L03105

July 2, 2002 single profile comparisons above 80 km are likely attributed
5to the highly variable state of the upper mesospheric thermal

go .27.....structure, combined with the factor of 5-6 less vertical
S- f960 59.rE 020o0u 18,.35.20
98 9,9E o702090T, 7.,,. resolution in the FS measurements relative to the SABER
SAM W 9LE 0207UT 173.9N.352.5E)85 
AS W 21OUT (72.M.224 i(.SM WT ,,020T. 220:G) measurements in the region of high thermal variability (i.e.,

So SABER 9.0 022 (•UtIT 2 8.9

75 22.,. above 80 km), and the difficulty of obtaining exact time and
70 E _,_!o, air volume sampling between satellite and in-situ (and,o0 120 140 160 ISO 200 220 240 260 280 ground-based) measurements. More processing of SABER

Temweoture (K)

Jouy 5. 2002 non-LTE Tk data is required to diagnose any systematic
10010o 779___ mdifferences in the climatological state of the upper meso-

0 ,(IM0)59.29) spheric thermal structure between SABER and correlative
S-SAW • 0o,2 ... . . measurements. On the other hand, the SABER-FS compar-
95 -• ' • SAIER NV.E 012:U ,.

t
. ,0)

0.6.. o,.6,22 isons clearly demonstrate an improvement in limb emission

--- D- WE 01 G. •• 0) satellite remote sensing of the MLT region. That is, on

75 UA 216 0172771.9.22920) average, the non-LIE retrieval algorithm improves retrieved
GO 120 140 160 ISO 200 220 240 260 280 Tk over LTE results by roughly 35 K in the mesopause" "I-t (K) region under polar summer conditions. Moreover, the two-

Figure 4. SABER Tk profiles in the latitude band between level mesopause structure is not observed in the retrieved
63-74F N for the orbits just after the orbits of closest time LTE Tk. The demonstrated quality of SABER CO 2 radiance
coincidence shown in Figure 2. measurements combined with the ability to retrieve Tk

under non-LTE conditions bolsters confidence in SABER's

potential to contribute to our understanding of the many
where the natural variability of the thermal structure intriguing and unanswered questions concerning the thermal
becomes increasingly large, is on the order of 10- 12 km, structure of the MLT, as well as the energetics and dynamics
roughly a factor of 5-6 less than the SABER measure- of that region.
ments. Satellite versus in-situ or ground-based measure-
ments are further complicated by the fact that the satellite
tangent measurement is averaged over a 300 km horizontal [18] Acknowledgments. We are grateful to two anonymous
path along the limb line-of-sight, reviewers for their helpful comments and suggestions. MLP was partially

supported by Spanish projects PNE-017/2000-C and REN2001-3249/CLI.
[Is] Figure 3 shows all the FS measurements taken from RHP and JRW were partially funded by the Air Force Office of Scientific

1 July through 5 July with rocket apogees sufficient to Research. The SABER science team acknowledges support from NASA
derive Tk profiles above the mesopause. The FS profiles Langley under its SABER project.
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