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Abstract. OH-equivalent temperatures were derived from between ground and satellite values with the ground values
all of the temperature profiles retrieved in 2004 and 2005 byhigher. Variability in both the altitude and width of the OH
the ACE-FTS instrument in a 5 degree band of latitude cendayer within a discernable seasonal variation were respon-
tred on a ground-based observing station at Maynooth. Asible for the changes introduced. The higher temperatures
globally averaged OH volume emission rate (VER) profile in winter were due to primarily to the lower altitude of the
obtained from WINDII data was employed as a weighting OH layer, while the colder summer temperatures were due
function to compute the equivalent temperatures. The annuab a thinner summer OH layer. We are not aware of previ-
cycle of temperature thus produced was compared with theus reports of the effect of the layer width on ground-based
annual cycle of temperatures recorded at the ground-base@mperatures.

station more than a decade earlier from the OH*(3-1) Meinel Comparison of OH-equivalent temperatures derived from
band. Both data sets showed excellent agreement in the al&xCE-FTS and SABER temperature profiles with OH*(3-1)
solute value of the temperature minimum1(62 K) and in  temperatures from Wuppertal at 5118 which were mea-

its time of occurrence in the annual cycle at summer solsticesured during the same period showed a similar pattern to
Away from mid-summer, however, the temperatures divergedhe Maynooth data from a decade earlier, but the warm off-
and reach a maximum disagreement of more than 20K irset of the ground values was lower at#®&5 K. This dis-
mid-winter. Comparison of the Maynooth ground-based datacrepancy between temperatures derived from ground-based
with the corresponding results from two nearby stations ininstruments recording hydroxyl spectra and satellite borne
the same time-period indicated that the Maynooth data arénstruments has been observed by other observers. Further
consistent with other ground stations. The temperature difwork will be required by both the satellite and ground-based
ference between the satellite and ground-based datasets gommunities to identify the exact cause of this difference.

winter was reduced to 14-15K by lowering the peak alti- Keywords. Atmospheric composition and structure (Air-

tude of the weighting function to 84 km. An unrealistically . . .
. X . glow and aurora; Pressure, density, and temperature; Instru-
low peak altitude would be required, however, to bring tem- .
ments and techniques)

peratures derived from the satellite into agreement with the
ground-based data.

OH equivalent temperatures derived from the SABER in-
strument using the same weighting function produced re-l Introduction
sults that agreed well with ACE-FTS. When the OH 116
VER profile measured by SABER was used as the weightingnter-comparison of geophysical datasets measured by differ-
function, the OH equivalent temperatures increased in win-ent techniques is valuable for the validation of the techniques
ter as expected but the summer temperatures were reducé@emselves in addition to offering the possibility of uncover-

resulting in an approximately constant offset of 8668 K  ing new physical phenomena. The ideal case for such com-
parisons arises when the measurements are taken at the same

Correspondence tdr. J. Mulligan time and place. Even under ideal conditions, it can be dif-
(frank.mulligan@nuim.ie) ficult to reconcile a discordance between datasets which can
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occur due to differences in signal levels and instrument charin their phase of the solar cycle. The instrument used to
acteristics (e.g. Oberheide et al., 2006). On the other handecord the data is a Fourier transform infrared spectrometer
She and Lowe (1998) have pointed out that valuable intersupplied by Bomem Inc. It records the spectrum in the re-
comparison between two instruments at different sites maygion 1.0-1.65:m using a thermoelectrically cooled InGaAs
be achieved on a statistical basis, when the comparison idetector and has a maximum resolution of 2¢m It has
restricted to parameters which are of large spatial scale and circular field-of-view of approximately 1°5and an OH*
long period. spectrum with a signal-to-noise ratio sufficient to recover the
This study reports on a comparison of temperatures refotational temperature to within an uncertainty of less than
trieved by two satellite instruments, ACE-FTS and SABER ~5K is acquired in approximately 5min. Tha(®), Pi(3)
for the period January 2004 to December 2005 with temperand R(4) lines in the (3,1) band in each spectrum were used
atures obtained from the OH*(3-1) Meinel band which were to derive temperatures because they are among the most in-
recorded more than a decade earlier. To facilitate the comtense lines in the spectrum and are not affected to any signif-
parison, we computed an “OH-equivalent temperature” (theicant extent by water vapour absorption (Turnbull and Lowe,
temperature that the ground-based instrument would detect983). Details of the temperature determination and the tran-
for a given temperature profile) for each satellite temperaturesition values used are given in Mulligan et al. (1995).
profile. The study is prompted by the following considera- The instrument was operated on all cloudless nights in the
tions: (a) validation of the concept of an OH-equivalent tem-two-year period giving 114 nights in 1993 and 106 nights in
perature together with the near global coverage of the satel1994. Figure 1 shows the temperatures obtained on the night
lites offers the possibility of establishing a global climatol- of 16/17 September 1993 and is a typical night record. On
ogy of OH temperatures (see e.g. von Savigny et al., 2004)average there are approximately 100 individual temperature
(b) the extensive latitude coverage of both ACE-FTS andmeasurements per night with up to 160 in the longest win-
SABER makes them a potentially very valuable resource ager night and as low as 40 in the shortest summer night. The
a transfer standard for inter-comparison of temperatures obtotal number of individual temperature measurements in the
tained by different techniques and from observation stationgwo-year period was 21 378. An averaged nightly tempera-
at different locations; (c) the annual average temperature ofure is calculated for each night, where the contribution of
the atmosphere in the region of the mesopause has changedch temperature to the nightly average is weighted accord-
very little over the past decade (e.g. Beig et al., 2003); (d)ing to the inverse-square of its individual measurement un-
the averaged altitude of emission of the OH Meinel bandscertainty (Bevington, 1992). Since the comparison reported
has been found to be remarkably consistent (87 km in alti-here is a statistical one, it is important to note the tempo-
tude and a width at half intensity of 8—-10 km) (e.g. She andral bias in the number of measurements per night, with more
Lowe, 1998; Oberheide et al., 2006) since the seminal reporineasurements in winter than in summer due to the shortness
on the topic by Baker and Stair in 1988; (e) the quality andof summer nights. In addition, the time period over which
volume of data available in the datasets is sufficient for a usethe temperature is averaged in summertime (just over 5h) is
ful statistical comparison; (f) similar efforts are currently un- considerably shorter than in winter (typically 14 h). The po-
derway for the results from other ground-based instrumentgential effect of this bias will be considered below.
(Oberheide et al., 2006;dpez-Gonalez et al., 2007); (g)
temperatures derived from OH emissions are beginning t®2.2 ACE-FTS data
be used in the study of long term change in the mesosphere
and lower thermosphere (Bittner et al., 2002; Sigernes et al.SCISAT-1 also known as the Atmospheric Chemistry Exper-
2003). It is important, therefore, that we have a clear underiment (ACE) is a Canadian satellite mission designed for
standing of precisely what such a temperature measures. remote sensing of the Earth’s atmosphere using occultation
spectroscopy (Bernath et al., 2005). It was launched on 13
August 2003 into a circular 650 km orbit with an inclination

2 Instruments of 74 to the equator thereby providing for good coverage
of tropical, mid-latitude and polar regions. The primary in-
2.1 Ground-based OH*(3-1) data strument on board the satellite is a Fourier transform spec-

trometer (FTS) operating between 2 and 13 microns with an
The ground-based data used in this study, some of whiclhunapodized resolution of 0.02 cthwhich allows the verti-
have been reported already (Mulligan et al., 1995), werecal distribution of trace gases, pressure and temperature to
recorded at Maynooth (53.Q, 6.4 W) over the two-year be measured. The instrument has a circular field-of-view
period 1993 to 1994. Since the Maynooth station did notof 1.25 mrad which determines the vertical resolution to be
record any data during the operational phase of either ACEabout 3—4 km in the altitude range 10-150 km. Pressure and
FTS or SABER, these two years were selected for the studgyemperature as a function of altitude are determined from
because they have the highest number of individual measurghe FTS measurements through analysis of carbon dioxide
ments available, and they match very closely the timeframeabsorption (Boone et al., 2005). The altitude spacing is
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OH*(3-1) band temperatures at Maynooth on 16/17 September 1993
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Fig. 1. Rotational temperatures calculated from the OH*(3-1) band recorded at Maynooth68.2° W) on the night of 16/17 September
1993, which is a representative night from the two-year dataset.

controlled by the scan time (2 s at full resolution) of the FTS measurements have been made available. Figure 2 is a typi-
and the orbit of the satellite. It ranges from 2km for long cal temperature profile selected here because its latitude and
occultation events (slowly rising/setting sun) (an occultationlongitude coordinates (54.48, 4.13 W) are close to the
event is a sunrise or a sunset in the satellite’s frame of refobserving station at Maynooth. Uncertainties of 3-5K are
erence) to 6 km for occultations in which the sun rises (orquoted for the temperature retrievals (Boone et al., 2005)
sets) perpendicular to the Earth horizon. Vertical samplingwhich include statistical fitting errors assuming a normal dis-
depends on the absolute value of the angle between the orbitibution of random errors, but do not take account of system-
track of the satellite and the Earth-Sun vector — the so-calledhtic contributions. Recently published validation work using
beta angle. The greater the value of beta, the smaller the di3oth ground-based and space-borne measurements (Sica et
tance between vertical samples. During a single year verticahl., 2007) shows ACE-FTS temperatures to be in agreement
sampling completes six cycles of going from high vertical with other sensors to better tharb K in the lower meso-
sampling &2 km altitude) to low sampling<6 km altitude)  sphere.

and back to high sampling again. The highest vertical sam-

pling (<2 km) occurs in the months of February, April, June, Although designed primarily as a stratospheric experi-

August, October and December, with the lowest sampling inment, the ACE-FTS temperature data represents a potentially
the other six months. very valuable resource for atmospheric study outside of the

principal region of interest. The very extensive latitude cov-
Temperatures and pressures are interpolated to a 1 km veerage over all longitudes and local times betweehS@nd

tical grid assuming the atmosphere is in hydrostatic equilib-80° N offers the potential for ACE-FTS to act as a transfer
rium (Boone et al., 2005) to match the higher resolution of standard for comparing temperatures measured at different
a second instrument on board the satellite called MAESTROocations and by different techniques over almost the entire
(Measurement of Aerosol Extinction in the Stratosphere ancearth. In the present study, the temperatures of interest are
Troposphere Retrieved by Occultation). One of the level 2those in the vicinity of the mesopause. The OH Meinel bands
data products of the satellite is the temperature profile speciin the near-infrared have long been used (see e.g. Sivjee,
fied at 1 km intervals in the altitude range 0.5 to 149.5 km for 1992) to determine mesopause temperature because they are
each occultation event. The temperature profiles produced bgmong the brightest airglow features in the night sky. We
Version 2.2 of the ACE-FTS processing software were usechave determined an OH-equivalent temperature (described
in this study. Typically there are approximately 15 orbits perin detail in Sect. 3) from each satellite temperature profile.
day each containing one sunrise and one sunset event. Th&verages of these temperatures over a period of two years
time of measurement and geographic coordinates of each oavere then compared with ground-based measurements over
cultation event are known with a high degree of accuracy.a similar period. It was intended initially to perform a com-
Over the course of the period of the data considered (Januargarison of ACE-FTS OH equivalent temperatures only with
2004-December 2005), more than 8000 temperature profildaynooth ground-based data. However, as will become clear
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ACE temperature-altitude retrieval on 1 December 2005 at 15:48:56 (54.44°N, 4.13°W)
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Fig. 2. A typical ACE-FTS temperature-altitude profile from the sunset occultation of orbit 12404 on 1 December 2005 at 15:48:56
(54.4%8 N, 4.13 W).

later in this report, knowledge of the behaviour of the OH 3 Methodology and data analysis

layer is vital for this comparison. ACE-FTS does not mea-

sure the OH volume emission ratio (VER) profile. SABER 31 validation of Maynooth airglow data
data was included in the comparison because SABER pro-

vides a simultaneous measurement of both the temperatu

I . . . .
and OH VER profile. e begin this section by comparing OH*(3-1) temperatures

obtained at Maynooth in 1994 with results obtained from the
23 SABER data same band in that year at two ground-stations — Wuppertal
(51.2 N, 7.2 E) (Offermann et al., 2006) and Stockholm

The SABER (Sounding of the Atmosphere by Broadband(59.5' N, 18.2 E) (Espy and Stegman, 2002) — that have lat-
Emission of Radiation) instrument on board NASA's Ther- itudes similar to Maynooth. An averaged nightly tempera-
mosphere lonosphere Mesosphere Energetics and Dynami@gre was calculated for each night on which temperature data
(TIMED) satellite was designed to measure temperature andvas recorded at all three ground stations. For the Maynooth
chemical species in the MLT region of the atmosphere. It wasdata, the contribution of each temperature to the nightly aver-
launched in December 2001 into a 625 km orbit inclined at 74age is weighted according to the inverse-square its individual
degrees to the equator. SABER measures vertical Earth lim§heasurement uncertainty (Bevington, 1992). Each nightly
emission profiles in the wavelength range L2 to 17um.  averaged temperature for the two-year period, 1993-1994,
Kinetic temperatures are determined fromydd CO, emis- was then binned according to the day of the year into 30-day
sions, taking account of the non-LTE conditions in the MLT Windows centred at 15-day intervals. An average tempera-
region, in combination with 4,8m CO, emission used to ture was calculated at the centre of each window. The over-
derive the CQ volume mixing ratio (Mertens et al., 2004). lap of the windows meant that the final 15 days of window
The TIMED satellite orbits the Earth about 15 times per day,” Was also included as the first 15 days of dayl. The

and measures approximately 100 vertical profiles in each or'Wuppertal and Stockholm data were processed in the exactly
bit. SABER has a vertical resolution of about 2 km in the Same manner as the Maynooth data and all three data sets are
altitude range 10-105km, and an along track resolution ofPlotted in Fig. 3 for the year 1994. As expected, the high-
approximate|y 400 km. SABER temperatures from data Ver-est latitude station (StOCkh0|m) has the lowest summer tem-
sion 1.06 were used in this work. Preliminary estimates ofPeratures. The summer temperatures recorded at Maynooth

temperature error are quoted as 5K for the systematic erroli€ between those obtained at Wuppertal and Stockholm,
and 2K for the precision at 87 km. which is consistent with its intermediate latitude between

these two stations. The Maynooth winter temperatures are
slightly higher in spring than either Wuppertal or Stockholm
and are almost identical to the Stockholm values in winter.
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OH*(3-1) temperatures for 1994 from Wuppertal, Maynooth and Stockholm
along with OH*(3-1) Wuppertal temperatures for 2004-2005
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Fig. 3. A comparison of OH*(3,1) rotational temperatures recorded at 3 ground-based stations, Stockhdiiy,(38.2° E), Maynooth

(53.2 N, 6.4 W) and Wuppertal (513N, 7.2 E) for 1994. Also shown for comparison purposes are monthly averaged temperatures for
Wuppertal for 2004—2005.

The combination of data from the three stations suggests thahe discussion, but for the moment we treat the OH emission
the values reported for Maynooth are representative of otheas if it arises from a globally uniform stable layer fixed in
ground-based OH*(3-1) temperatures. As a further check oraltitude and in depth.
the validity of the ground-based data, Fig. 3 also shows 30- The temperatures available from the ACE-FTS instrument
day averaged monthly temperatures for Wuppertal during theare specified at a vertical spacing of 1 km in the range 0.5—
period 2004-2005 which supports the assumption that the49.5km in altitude, while SABER temperatures are speci-
annual cycle in the mesopause temperature has remained effed with a vertical spacing of 0.4km. Ground based tem-
sentially constant over the past decade. peratures represent a type of weighted average temperature
over the height of the emitting layer. The weighting function
3.2 Calculation of OH-equivalent temperatures from satel-is in essence the altitude profile of the OH emission itself.
lite temperature profiles In order to facilitate a comparison of the satellite tempera-
ture profiles with the ground-based data, it is necessary to
Following the work of Baker and Stair (1988), the mean alti- calculate an equivalent OH temperature from each temper-
tude profile of the Meinel hydroxyl emission band is usually ature profile. von Zahn et al. (1987) were the first to ap-
considered to have a maximum near 87 km altitude and tgly the concept of an OH-equivalent temperature when com-
have a full width at half maximum (FWHM) intensity of 8— paring ground-based OH*(3-1) temperatures with tempera-
10km. These values have been confirmed by the results dure profiles obtained by lidar. The method was used subse-
She and Lowe (1998), and Oberheide et al. (2006) amongjuently by She and Lowe (1998) who distinguished between
others. Indeed, the degree of consistency reported for tha brightness weighted temperatuf@®;, in which the tem-
height of this layer was one of the factors that prompted theperature profile is combined with the volume emission rate
type of statistical comparison undertaken here. As a resulprofile, and the more exact OH-equivalent temperatii,
of measurements by the WINDII instrument on the UARS (representing the rotational temperature) in which the tem-
satellite (Lowe, 1995; Zhang and Shepherd, 1999; Liu andperature profile in combination with the VER profile is used
Shepherd, 2006), it is now known that the altitude of the peakto calculate a vertically-integrated intensity: for each of
emission of the OH*(3-1) Meinel band undergoes small de-the three hydroxyl emission line®{(2), P1(3) andP1(4)) in
partures £+3 km) as a function of time of year, latitude and the spectra that are used to determine the temperature from
phase of the solar cycle. We return to this point in detail inthe Fourier transform spectrometer. The brightness weighted

www.ann-geophys.net/26/795/2008/ Ann. Geophys., 26, 8952008
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Comparison of She & Lowe(1998) weighting function with a Gaussian
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Fig. 4. A comparison of the Gaussian weighting function (centred on an altitude of 87 km with a full width at half maximum of 8.7 km) with
the volume emission rate profile from She and Lowe (1998). The latter was used as the weighting function in deriving the OH-equivalent
temperatures reported here.

temperature is calculated as gradients of the order of 10 K/km. While one of the char-
acteristics of the mesopause is a slowly changing tempera-

_ ture as a function of altitude, it should be noted that gradi-
s = (XZ: T(Z)'VER(Z)) / (ZZ: VER(Z)) ents in excess of 40 K/km near 90 km have been observed by

Fritts et al. (2004) in summer mesopause conditions. Both
wherez is the altitude,T'(z) is the temperature profile and von Zahn et al. (1987) and She and Lowe (1998) used the
VER(z) is the OH volume emission rate profildot is ob-  more exact method in preference to the brightness temper-
tained from the intensities of the three most intense lines inature. More recently, Oberheide et al. (2006), arighdz-
the OH*(3-1) band in exactly the same fashion as in the cas&onzlez et al. (2007) have used the brightness temperature
of the spectrometer, where each intensity is calculated as: method when converting SABER temperature profiles from

, the TIMED satellite into OH-equivalent temperatures using
I =) VER(2).A;.22) 4 1).eEU/KTE) the OH emission profile determined Baker and Stair (1988),
z i.e. a Gaussian shaped weighting function centred at 87 km

to each of the three emission lineg, is the transition ©f vonZahnetal. (1987), She and Lowe (1998), Oberheide et

probability for each line,E(J’) is the energy of one pho- al. (2006) and bpez-Gonalez et al. (2007), as in the present
ton at the line in question, antl is the Boltzmann con- work, differences in the field-of-view of the techniques being
stant. Tyot is calculated as the negative inverse of the slopecompared can contribute to differences in the temperatures.
of a plot of IN{1,//(A .2(2J'+1))} versusE(J'). Makhlouf ~ However, it is expected that the extent of the averaging em-
et al. (1995) have reported the effect of using eitfigror ployed should effectively eliminate any significant trend.

Trot in @ photochemical-dynamical model of the measured

response of airglow to gravity waves. She and Lowe (1998)3.3 ACE-Maynooth comparison

pointed out that the brightness temperature method is sus-

ceptible to the small non-linear variation of intensity with In the ideal case we would have simultaneous temperature
temperature, which can give rise to a temperature differencand OH VER profiles from which to compute the OH equiva-
of a few degrees if the temperature profile contains steepgent temperature. Since ACE does not measure the OH VER,
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Fig. 5. OH-equivalent temperatures for all of the ACE-FTS profiles (292) withiti2e5 degree band of latitude centred on the observing
station at Maynooth (53°2N, 6.4’ W). The orbit of the satellite causes the measurements to cluster around certain days of the year (sr/ss
refer to a sunrise/sunset occultation; srl refers to orbits 1-10 000, while sr2 refer to orbit nhB€@0). The average temperature for

each of the clusters is also plotted and it is assigned to the day in the centre of the cluster.

we adopted a statistical approach and used a globally averertain days of the year. All longitudes and times are equally
aged OH VER profile. represented within the 5 degree latitude band, and no signif-
icant difference was found between the temperatures deter-

We initially calculated OH-equivalent temperatures using . . . :
. : .~ mined from profiles retrieved from sunset and sunrise. All of
the brightness weighted temperature method. The weight: ! . .
. . .~ the OH-equivalent temperatures in a given cluster were then
ing function used was based on the OH volume emission

rate profile determined by She and Lowe (1998), since theaveraged and the average was assigned to the day of the year

. L . in the centre of the cluster as shown in Fig. 5. The value so
number of profiles on which it is based is far greater thanassi ned is the average over a broad range of longitudes, (i.e
that used in the original determination by Baker and Stair 9 9 9 g L

in 1988. We subsequently calculated OH-equivalent tem_each point is a zonal average); hence any variation that might
Qﬁe present due to planetary scale waves would be expected to

peratures using the more precise method employed by bot . : i .
von-Zahn et al. (1987) and She and Lowe (1998), but foun e averaged out in the daily averaged AC_E FTS data, just as
it would be expected to be averaged out in the 30-day aver-

that the temperatures obtained differed by an average of onl . .

0.22£0.14 Kp with T always higher thar%/mt. The rgaxi— ¥aged ground-based data described in Sect. 3'1‘.
; ’ . In order to understand the effect of calculating an OH-

mum difference obtained between the two methods of tem-

perature calculation was 0.9 K. Figure 4 shows a comparisor(lacwlv"’lh:“nt temperature for the ACE-FTS data, we calculated

of the Gaussian weighting function with the She and Lowethe average temperature at a fixed height of 87km for the
(1998) profile used in this work. The latter has a less dra-
matic fall off at the high altitude side with the result that
its centroid is approximately 1 km higher in altitude than the
Gaussian with a peak at 87 km.

clusters in Fig. 5, together with OH-equivalent temperatures
using the Gaussian weighting function. Figure 6 shows all
three temperature values for each of the clusters shown in
Fig. 5. The average of the OH-equivalent temperatures deter-
mined using the two different weighting functions is almost
The She and Lowe weighting was applied to each ACE-identical (182 K). However, the OH-equivalent temperatures
FTS temperature profile that fell withi#2.5 degrees lati- obtained using the She and Lowe weighting are approxi-
tude of the Maynooth station regardless of longitude in ordermately 2 K higher in summer and between 2 and 3K lower
to calculate an equivalent OH temperature. Figure 5 shows$n winter than the corresponding temperatures obtained using
all of the temperature values thus obtained for the 292 ACE-the Gaussian weighting as illustrated in Fig. 6.
FTS profiles that satisfied the latitude criterion. Because of
the orbit of the satellite, measurements tend to cluster around

www.ann-geophys.net/26/795/2008/ Ann. Geophys., 26, 8952008



802

F. J. Mulligan and R. P. Lowe: OH-equivalent temperatures derived from ACE-FTS and SABER temperature profiles

Temperature (K)

210

200

N
©
o

-
o
o

-
J
o

160

150

ACE temperature at 87.5 km -vs- OH-equivalent temperatures
((i)She & Lowe, (ii)Gaussian weighting) at Maynooth latitude +2.5°

——X%--Tat87.5
,,,,, 3 She & Lowe
—6— Gaussian

The labels
represent the
number of values
averaged to
calculate the point

plotted. All 3
series have the
same number for
each

corresponding
point.

30 60

90 120 150

210 240 270 300 330 360

Day of year

Fig. 6. A comparison of the temperature at 87.5 km averaged over all of the profiles that comprise each cluster in Fig. 5 with the averaged
OH-equivalent temperature calculated using (i) the She and Lowe (1998) volume emission rate weighting function, and (ii) the Gaussian
weighting function centred on 87 km with a full width at half maximum of 8.7 km.
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Fig. 7. The average temperature profile for two summer days (day 151 and 181) and two winter days (day 43 and day 85) shown in Fig. 5
are illustrated by reference to the day of the year of each cluster. Also shown is the She and Lowe (1998) weighting function for illustrative
purposes. The lower x-axis applies to the temperature profiles, while the upper x-axis refers to the weighting functions.

Figure 6 also shows that the OH-equivalent temperaturalifference less than-2 K. This effect can be understood by
(regardless of the weighting function used) is higher in sum-examining the average temperature profile as a function of
mer than the average temperature at 87 km by approximatelgay of the year, illustrated in Fig. 7, for the clusters shown in
6 K, and that the situation is reversed in winter but with the Fig. 5. During the winter, the temperature at 87 km is a very
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OH*(3-1) temperatures at Maynooth 1993-1994
OH-equivalent temperatures from ACE-FTS at 53.2°42.5° N and SABER at 53.2°+2.5° N,
6.4°+2.5°W (2004-2005)
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Fig. 8. ACE-FTS OH-equivalent temperatures for a zonally averaged 5 degree latitude band centred on Maynooth compared with the OH*(3-
1) 30-day moving average rotational temperature (at 15-day intervals) recorded at Maynooth in 1993 and 1994. Also shown in this figure
for comparison purposes are 30-day averaged OH-equivalent temperatures for 2004 and 2005 from the SABER instrument (calculated in the

same way as the ACE-FTS temperatures) on the TIMED satellite at-53.8° N, 6.4°+5° W. The SABER points have been offset by +2
days on the x-axis to improve the clarity of the figure. The error bars are one standard deviation in all cases.

good estimate for the OH-equivalent temperature determinedemperatures reached near summer solstidsp K). Away
by the weighting function (also shown in Fig. 7) because thefrom summer solstice, however, the ground based temper-
average temperature profile tends to be approximately linatures begin to show higher values than the ACE-FTS OH-
ear along the most influential part of the weighting func- equivalent, with the maximum difference occurring in winter.
tion. In the summer however, the temperature profile showsA maximum disagreement of up to 20K is observed in mid-
a pronounced minimum near 87 km with the result that thewinter. This degree of divergence between the datasets is
weighting function tends to increase the OH-equivalent tem-surprising, being far greater than the degree of precision as-
perature. Figure 7 also provides very convincing evidence ofociated with either set, and it suggests that either the ground-
the existence of the two-level mesopause (high in winter neabased or the ACE-FTS data set (or both) may include a sys-
100 km and low in summer near 86 km) first reported by vontematic offset. It is known that some of the emission lines in
Zahn et al. (1996). the OH*(3-1) vibration-rotation band undergo absorption by
Figure 8 shows both the ground-based 30-day average#ater vapour in the lower atmosphere (Turnbull and Lowe,
temperatures together with the mean OH-equivalent ACE-1983). The increased water vapour content in summer has
FTS temperatures. The error bars associated with the point§1€ potential to introduce a seasonal bias in the ground-based
plotted aret-1 standard deviations() in the data and they are  temperatures. However, th&(2), P1(3) and P1(4) lines in
primarily the result of geophysical variations rather than anthe OH*(3-1) band were selected for temperature determina-
inherent uncertainty in the measurements. Since the proces§0n specifically because they are not affected to any signifi-
ing of ACE-FTS data has not yet reached the point of includ-cant extent by water vapour absorption.
ing systematic contributions in the uncertainties reported for  a|| of the OH*(3-1) temperatures were obtained during
the temperatures in an altitude profile, we simply note thatthe night, whereas the ACE-FTS temperatures were sampled
the precision of the averaged values determined here is comyniformly throughout the 24 h period. A large diurnal tide
parable to the{1K) precision of the ground-based averaged yjth a seasonal variation could produce the type of temper-
temperatures. ature difference illustrated in Fig. 8. As was mentioned in
The ground-based and satellite data in Fig. 8 exhibitSect. 2.1, the Maynooth ground-based data are biased to have
an annual cycle with a cold summer and warmer wintera greater number of measurements per night in the winter.
mesopause. They also show excellent agreement in the loWwhe shorter observing period in the mid-summer could give
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ACE-FTS OH-equivalent temperatures at 53.2°+2.5° N vs OH*(3-1)
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Fig. 9. A comparison of OH-equivalent temperatures calculated for different peak altitudes (80 km, 84 km and 87 km) of the She and Lowe
(1998) weighting function together with the OH*(3-1) temperatures from Maynooth. The error bars on the Maynooth data are one standard
deviation.

rise to a bias arising from non-cancellation of either the di- knowledge of the integrated emission rate, which is not mea-
urnal or semidiurnal tide. The magnitude of either tide is notsured by ACE-FTS. The orbit of UARS was such that the
expected to be large at these latitudes (Zhang and Shephermmhajority of the WINDII data in the latitude range 560° N

1999). Nevertheless, we examined the ACE-FTS temperawas confined to the 6 months centred on the winter sol-
tures for tidal variations but found no evidence to support thisstice. The altitude of the peak emission of OH determined
possibility. We repeated the examination for a wider band offrom these orbits was in the range 84-88 km with the low-
latitude &7.5 degrees) centred on the Maynooth station inest altitudes tending to occur at winter solstice (Lowe, 1995).
order to improve the statistics, but we were still unable toFigure 7 shows that if the weighting function were centred
find evidence of any significant tidal variation that might ex- on a lower altitude, the resulting OH-equivalent temperature
plain the temperature difference shown in Fig. 8. would be increased in winter time, thereby reducing the tem-

The disagreement between the OH-equivalent temperaperature difference between the satellite and ground based

tures and the ground-based measurements in winter time cdpeasurements. We computed the OH-equivalent tempera-

easily be attributed to the fact that a constant altitude pro-{Ure using the She and Lowe weighting function centred on

file was used in calculating the OH-equivalent temperaturesa range of altitudes. The temperature difference between the

whereas in reality, the OH emission layer changes its altitudéWO data sets 'in winter was reQuced to appro?dmgtely 1410
as a function of season and latitude (Lowe, 1995; Zhang an&s K by lowering the peak altitude of the weighting f?”C'
Shepherd, 1999; Liu and Shepherd, 2006). In addition, thdion to 84 km. However, we found that the peak altitude

profile of the OH VER departs from a simple layer to a more had to be placeq unrealistically low to obtajn agreemgnt be-
complex structure between 5 and 25% of the time (Melo efiween the satellite and ground-based data in winter. Figure 9

al., 2000), with a two-peaked structure being the most Com_shows the effect of lowering the peak altitude of the weight-

mon. In the following paragraph, we attempt to take accountnd function on the compu_ted OH-equivalent temperatures
of the altitude change. from ACE-FTS, together with OH*(3-1) temperatures from

] - Maynooth. The OH-equivalent temperatures at summer sol-
Liu and Shepherd (2006) developed an empirical modelsiice are relatively insensitive to small changesS km) in
for the altitude of the OH nightglow emission based on VER e peak altitude of the weighting function, in contrast to the

profiles of the OH(8-3)P1(3) line at 743nm. Unfortunately \yinter values which show maximum sensitivity in this re-
we were unable to use the model because its coverage Gard.

limited to the latitude region 405 to 40 N; it also requires
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OH*(3-1) Temperatures from Maynooth (53.2° N, 6.4° W)
SABER OH-equivalent temperatures at 53.2°+2.5° N, 6.4°+5° W
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Fig. 10. OH*(3-1) rotational temperatures recorded at Maynooth in 1993 and 1994 together with OH-equivalent temperatures calculated
from SABER temperature profiles at Maynooth in 2004 and 2005 using the SABER QHIVER profile as the weighting function. The
SABER points have been offset by +2 days on the x-axis to improve the clarity of the figure. The error bars are one standard deviation in all
cases.

In summary, we were unable to find a satisfactory expla-the station at Maynooth for the same time period as the ACE-
nation for the discrepancy in the 30-day averaged winter valFTS data. The number of profiles that satisfied these selec-
ues. We decided to examine data from a second satellite a$on criteria for the 2004—2005 time period was 1018. Each
a check on the ACE-FTS data. SABER/TIMED was chosenSABER point shown in Fig. 8 is a 30-day average of the OH-
because it has temperature profiles that were obtained in thequivalent temperatures, and error barsfate. The agree-
time period under study, and has the added advantage thatient between the two satellite datasets is very good apart

makes measurements of the OH VER profile. from days 43 and 87, at which the ACE-FTS values are 4—
7K lower. ACE-FTS is also a few K lower in mid-summer.
3.4 SABER-Maynooth comparison Validation work on ACE-FTS temperature profiles (McHugh

etal., 2005; Sica et al., 2007; Schwartz et al., 2008) indicates
that in general they are in good agreement with temperature
profiles from other satellites. Up to 10% of ACE-FTS tem-
perature profiles are affected by unphysical oscillations as
o- . 4 : ;
Olarge as 10K in the mesosphere in version 2.2 of the retrieval
software. The cause of this problem has been identified and
it will be resolved in the next generation of the ACE-FTS

SABER measures the OH VER profile in the range 1.56—
1.72um which includes mostly the OH*(4-2) and OH*(5-
3) bands. We discuss in detail the effect of using this pr
file to calculate the OH equivalent temperature at the en
of this section, but at this point we use the same globally
averaged OH VER prdfile to calculate OH equivalent tem- ; . o
peratures in order to treat the data from both satellites in asoftware (Sica et al., 2007). Profiles that exhibited these un-

consistent way. The temperatures available from the SABERphyS'Cal oscillations were excluded from the calculation of

instrument are specified at a vertical spacing of 0.4km in theOH-equwaIent temperatures reported here. The comparison

range 12 km—140km in altitude. SABER measures approx—Of the two satellite datasets in Fig. 8 is a test of the zonal av-

imately 100 profiles for every two measured by ACE-FTS. eraging em_ployed in.the case_of Fhe ACE-FTS data (because
As a result, it was not necessary to employ the zonal averpf the paucity of profiles) and indicates that the method pro-

aging used in the case of the ACE-FTS data. OH equivalenY'des a good representation of the temperature at the latitude

temperatures were calculated (in the same way as the ACE"—Inder consideration.
FTS temperatures) from each SABER temperature profile In an ideal scenario, we would have simultaneous mea-
that was obtained withig:2.5° latitude andt5° longitude of ~ surements of temperature and volume emission rate profiles

www.ann-geophys.net/26/795/2008/ Ann. Geophys., 26, 8952008
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SABER 2004-2005 at 53.2°%2.5° N, 6.4°t5° W
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Fig. 11. Altitude of the maximum intensity and full width at half intensity of the SABER OHiné VER profile during 2004 and 2005 at
Maynooth plotted as 30-day averages.

of the OH*(3-1) band. This would enable us to compute layer, we found that correcting 30-day averaged temperature
OH-equivalent temperatures using the appropriate weightprofiles for SABER using the 30-day averaged altitudes and
ing function. SABER measures the OH VER profile in the widths shown in Fig. 11 did not reproduce exactly the 30-
range 1.56-1.72m which includes mostly the OH*(4-2) day averaged temperatures obtained when each temperature
and OH*(5-3) bands. Oberheide et al. (2006) reported thaprofile was weighted by its corresponding the OH /1

the goodness of fit between satellite OH equivalent temperaVER profile. Differences as large as 7-8 K were obtained in
tures and their ground based data deviated from unity whersome cases. We attribute this to the timescale of variability
they employed the OH 1,6m VER profile as the weighting of the OH layer. We believe it is an important result for those
function. They speculated that the result might have beerattempting to reconcile temperatures measured by ground-
because the measured L@ VER profile is not a true rep-  based instruments with equivalent temperatures derived from
resentation of the OH*(3-1) band. However, altitude differ- satellite temperature profiles. Since we were unable to cor-
ences between the lowest and highest vibrational OH levelsect the SABER 30-day averaged temperature profiles for the
are not expected to exceed 2km (McDade, 1991). On thaltitude and width of the layer, we considered attempting to
basis that the SABER OH 1,6n VER was the best avail- correct the ACE-FTS averaged temperature profile a futile
able measure of the OH profile, we calculated an OH equiv-exercise.

alent temperature for each SABER profile using its corre- Figure 10 shows that the after applying the OH /16
sponding OH 1.eem VER. The resulting plot is shown in  VER to its own temperature profile, the OH-equivalent tem-
Fig. 10. The OH-equivalent winter temperatures increasederatures now have an overall cold bias with respect to the
as expected, but this was accompanied by a decrease in tiggound based OH*(3-1) temperatures. A least squares linear
summer OH-equivalent temperatures. A detailed examinafit of the ground-based and SABER data taking account of
tion of the SABER OH 1.em VER showed that both the the uncertainty in both datasets (Reed, 1992 and references
height of the layer and its thickness are highly variable evertherein) gives a slope of 1.3#9.03, which indicates that the

on time scales as short as one day. A thinner OH layer inaverage offset (8:60.8 K) is temperature dependent. Bear-
summer gives rise to a reduced OH-equivalent temperatur@eng in mind that the satellite and ground based data are sepa-
as is clear from the averaged profiles for ACE-FTS shown inrated by more than a decade, the value of the offset obtained
Fig. 7. Figure 11 shows the 30 day averaged peak altitudés comparable to the 745.5 K value obtained by Oberheide
and width at half-intensity of all the OH 1,6m VER pro- et al. (2006) for nearly coincident data.

files for 2004 and 2005. While an overall seasonal trend is

discernable in both the altitude and the half-width of the OH
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ACE-FTS OH-equivalent temperatures (2004-2005) at 51.3° £2.5° N vs
Wuppertal OH*(3-1) temperatures 2004-2005. Also shown are SABER
2004-2005 OH-equivalent temperatures at Wuppertal (51.3° £ 2.5° N, 7.2° + 5° E)
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Fig. 12. ACE-FTS OH-equivalent temperatures for a 5 degree latitude band centred on Wuppertal compared with the OH*(3-1) 30-day
moving average rotational temperature (at 15-day intervals) recorded at Wuppertal in 2004 and 2005. Also shown in this figure are 30-
day averaged OH-equivalent temperatures for 2004 and 2005 from the SABER instrument (calculated in the same way as the ACE-FTS
temperatures) on the TIMED satellite at H42.5° N, 7.2 +£5° E. The SABER points have been offsetbg days on the x-axis to improve

the clarity of the figure. The error bars are one standard deviation in all cases.

4 Discussion Despite the attempts to find an explanation for the tem-
perature difference obtained above, the lack of coincidence

it miaht b d that th d t t bias dbetween the ground-based data and the two satellite datasets
mig € argue at the cold temperature bias foun represents a weakness in the comparison. Since ground-

here arises from the fact that the ground-based data is S€lyased data for Maynooth corresponding to the satellite mea-

arated in time by more than a decade from the two Sate"'tesurement period is not available, this difficulty cannot be
i { btained. Th ) t ted h Bvercome completely. Instead, OH*(3-1) temperatures from
emperatures oblained. € comparison attempted Nere g o Gr5ynd-based Infrared P-branch Spectrometer (GRIPS)

based on the premise that the mean annual temperature Yata at Wuppertal (5153, 7.2 E) (Offermann et al., 2006)
cle at mesopause altitudes has altered very little over the pa?ﬁat are coincident with’ the satellite measuremént period

decade. Several authors have attempted to detect a Changﬁder consideration have been used as a proxy for the

![E the temp?raturel of the gﬁsoPal:SEi 0\2/885 ergds greatq\playnooth station. The comparison described above for the

an one solar cycle, e.g. Bitner et al. ( .)' \gernes eF\/Iaynooth data was repeated for the Wuppertal data in the

al. (2003). These reports have been summarised by Beig ase of both ACE-FTS and SABER temperature profiles.

al. (2003) who conclude that current results are inconclusivq:iglure 12 shows a comparison of Wuppertal OH*(3-1) tem-

on the presence of any long term trend in the temperature aéeratures for the years 2004 and 2005 with OH equivalent
d

the mesopause. A recent simulation study of secular tren : .

. . ; emperatures for the same period derived from both ACE-
in the middle atmosphere over the period 1950-2003 by Gar; . N )
cia et al. (2007) shows that any trend in the vicinity of the FTS and SABER using the She and Lowe weighting func

_ jon. The temperatures derived from the satellites are in good
mesopause is less than 0.5 K/decade. 'V'afsh et al. (ZOOé greement, bEt they are both colder than the OH*(3-1) ?em-
found that thg solar cycle effect due to rad|at|_ve and_ geo'perature:s in winter although the offset is not as pronounced
magnetic forcing was in the range 2-5K at altitudes in the(ﬁls in the case of the Maynooth data from eleven years ear-
80-100 km region. The effect on the temperatures obtaine . .

e . . F 13 sh he eff f I h SABER
in this study is expected to be very low due to the fact that the, er. Figure 13 shows the effect of applying to each S

: o : temperature profile its corresponding OH L& VER as the
gf:rs%?;reé;é;g'e between the two data sets is almost eXaCtIB(Neighting function. As in the case of the SABER data at
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Wuppertal OH*(3-1) temperatures 2004-2005 and SABER
2004-2005 OH-equivalent temperatures at Wuppertal (51.3° £ 2.5° N, 7.2°  5° E)
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Fig. 13. OH*(3-1) rotational temperatures from Wuppertal in 2004 and 2005 together with OH-equivalent temperatures calculated from
SABER temperature profiles at Wuppertal in 2004 and 2005 using the SABER QHNMLMER profile as the weighting function. The
SABER points have been offset by2 days on the x-axis to improve the clarity of the figure. The error bars are one standard deviation in all
cases.

Maynooth, the OH equivalent temperatures increased in windites. Atmospheric temperature measurement from OH rota-
ter and decreased in summer. The slope of the best fit line ttional spectra has always been subject to the twin difficulties
the two data sets shown in Fig. 13 taking account of the erroof an inexact knowledge of the emission height and the de-
in both parameters was found to be 8®02 and the offset pendence of the retrieved temperature on the rotational tran-
was found to be 450.5K sition probabilities used. There have already been several re-

Lopez-Gonalez et al. (2007) recently reported SABER Ports of the use of different transition probabilities in order to
(version 1.06) temperatures to have a cold bias 068  bring OH rotational temperatures into agreement with other
at 87km compared with temperatures from the Spectrafethods (e.g. Turnbull and Lowe, 1989; French et al., 2000).
Airglow Temperature Imager (SATI) instrument at Sierra We have exam_me_d the impact of the altitude an_d th_e thick-
Nevada Observatory (37.08l, 3.38 W). The bias was re- Ness of the emission layer on the temperatures in this study,
duced to 5.7 K when weighted with a typical OH emission Put we have found that it is insufficient to eliminate the dif-
layer of 10km half width centred on 87 km. A comparison ference between satellite and OH rotational temperatures. At
of ACE-FTS temperatures at 87.5 km altitude with 57 coinci- this point, we have not been able to identify the exact reason
dent nightly averaged temperatures derived from the OH*(6-for the discrepancy between satellite and ground-based OH
2) band at Davis Station, Antarctica (68%, 78 E) found  temperatures, and further work will be required to resolve the
the ACE-FTS average to be7 K colder than OH averaged Problem.
value (Sica et al., 2007). Weighting the ACE-FTS tempera-
tures with a Gaussian centred on 87 km with a half width of
8km increased the ACE-FTS mean by only 0.3K. von Sav-
igny et al. (2004) reported a mean temperature difference ofye pegan this study by making a comparison of OH-
7.1K between collocated Mesospheric Temperature Mappegquivalent temperatures derived from temperature profiles
and SCIAMACHY observations again with the ground-based etrieved by the ACE-FTS satellite with ground based
values higher than the satellite values. OH*(3-1) values measured at Maynooth (53\2 6.4 W)

It appears that temperatures derived from ground-based irmore than a decade earlier. The annual cycle of temper-
struments that record hydroxyl emissions tend to be warmenture at mesopause altitudes was well reproduced and ex-
by ~5-7 K than the corresponding values measured by sateleellent agreement was obtained in the absolute value of the

5 Conclusions
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temperature minimunm<162 K) and in its time of occurrence ground-based community in order to understand the origin of
in the cycle. A significant divergence was observed in mid-this discrepancy.

winter however, with the ACE-FTS OH equivalents more

than 20K less than the ground-based measurements. ResukgknowledgementsThe Atmospheric Chemistry Experiment
from ground stations at similar latitudes during the same timeACE), also known as SCISAT, is a Canadian-led mission mainly
period appeared to confirm the validity of the OH*(3-1) data. supported by the Canadian Space Agency and the Natural Sciences
Lowering the peak altitude of the weighting function used to and Engineering Research Council of Canada. We thank the entire
compute the OH-equivalent temperatures to 84 km in winter-ACE-FTS team for the provision of the temperature profiles used
time brought the satellite results to within 14-15K of the in this study. We are especially grateful to P. Bernath, K. Walker,

ground-based values. To bring the OH-equivalent tempera-C' Boone and R. J. Sica from the ACE mission team for reading

. . ) . .1an early version of this manuscript and for providing helpful
tures into agreement with the ground-based values in mid We also thank the SABER/TIMED team for

inter. h ired th K of th iahting functi comments on it.
winter, however, require ) .e peax o .e weighting function making the SABER data freely available. The use of the CEDAR
to be placed at an unrealistically low altitude.

e Data System in providing access to the Stockholm data, and the
We turned to SABER data because this instrument propermission of P. Espy, Norwegian University of Science and

vides a simultaneous measure of the temperature profile antkechnology (NTNU), Trondheim, Norway, to use it are gratefully
the OH VER profile at 1.em. The OH equivalent tempera- acknowledged. A particular word of thanks is due to D. Offermann
tures derived from SABER and ACE-FTS were found to be of the University of Wuppertal, Germany for providing us with the
in good agreement. When the SABER OH 16 VER pro- complete set of re-analysed GRIPS data. This work was supported
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OH equivalent temperatures became warmer in winter andh_e Ireland Canada_l University Fqundation through the 2006 Glen
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with an overall seasonal pattern in which the layer is at a
lower altitude in winter and is generally thinner in summer.
The higher temperatures in winter were due to primarily to
the lower altitude of the OH layer, while the colder summer

temperatures Wer_e due to a thinner summer OH layer. We arEaker, D. J. and Stair Jr., A. T.: Rocket measurements of the altitude
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