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Abstract

We present rotational temperature measurements of the mesospheric OH emission layer using a meridional imaging spectrograph at
Millstone Hill (42.6�N, 72.5�W). The system is equipped with a state-of-the-art bare-CCD detector and can yield simultaneous quasi-
meridional images of the mesospheric OH and O2 intensity and temperature fields at 87 and 94 km altitude during the course of each
night. A cross-validation study of the rotational OH temperature measurements obtained on 61 nights during the autumnal months
of 2005–2007 was undertaken with near-simultaneous kinetic temperature measurements made by the SABER instrument aboard the
NASA TIMED satellite during overpasses of Millstone Hill. Excellent agreement was obtained between the two datasets with the small
differences being attributable to differences in the spatial and temporal averaging inherent between the two datasets.
� 2009 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The measurement of mesospheric OH rotational tem-
peratures using spectral line ratios is a well-established
technique (e.g., Meriwether, 1985; Sivjee, 1992; Greet
et al., 1998; Taylor et al., 1999; Pendleton et al., 2000; Bitt-
ner et al., 2002; Zhao et al., 2003, 2005; Reisin and Scheer,
2004; Taori et al., 2005; Oberheide et al., 2006). We have
developed a meridional spectrographic imaging system at
our Millstone Hill, MA field station (42.6�N, 76.5�W) to
derive OH temperatures on a nightly basis. The measure-
ments will complement the observations made by the Bos-
ton University all-sky imager also located at Millstone Hill.
The all-sky imager records nightly gravity wave activity in
the three mesospheric emissions; OH, Na, and O(1S)
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(Baumgardner et al., 1993; 2007; Smith et al., 2000; Smith,
2004; Mendillo et al., 2008).

Overflights of the Millstone Hill site by the NASA Ther-
mosphere, Ionosphere, Mesosphere Energetics and
Dynamics (TIMED) satellite mission can provide a useful
opportunity to compare and validate the new spectrograph
measurements. The Sounding of the Atmosphere using
Broadband Emission Radiometry (SABER) instrument
aboard the TIMED satellite can provide temperature pro-
files from 20–140 km altitude and also OH volume emis-
sion profiles over the 70–120 km altitude range (Russell
et al., 1999; Mertens et al., 2001; Russell and Mlynczak
2003).

Here, we will present the capabilities of the new Mill-
stone Hill spectrograph and compare the new measure-
ments with near-simultaneous temperature and OH
emission profile measurements (within 1.5 min) from the
SABER instrument during the autumnal months of
2005–2007.
rved.
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2. Instrumentation

The Boston University bare-CCD meridional imaging
spectrograph (hereafter, MH spectrograph) has been oper-
ating at Millstone Hill since March 2005. The instrument
utilizes a 1200 lines mm�1 grating, yielding a dispersion
of 0.01 nm pixel�1 and a spectral resolution (FWHM) of
0.25 nm. The spectrograph slit samples approximately 40�
of the night sky along the North–South meridian which
corresponds to a 60 km � 0.3 km strip of sky at the height
of the OH layer (�87 km). Fig. 1 shows the sampled region
projected onto an all-sky image of the OH emission
obtained with the co-located Boston University all-sky
imager. The area sampled for the zenith temperature mea-
surements is shown as the shorter length within 4� of the
zenith. The spectrograph operates automatically during
the two weeks centered on the New Moon.

The spectral region recorded by the spectrograph is 780–
880 nm, a total range of 100 nm (see Fig. 2a). A red block-
ing filter was placed within the optical path of the spectro-
graph prior to the dispersion stage to eliminate any
possible contamination from other spectral orders. Individ-
ual spectra are recorded sequentially with an integration
time of 300 s using an Andor 2048 � 2048 13.6 lm-pixel
bare-CCD detector cooled to �50 �C. The CCD has a
quantum efficiency of �75% in the near infra-red. The
spectra are 2 � 8 binned and digitized to 16-bit resolution
prior to readout.

The raw spectra were initially dark-subtracted, flat-
fielded and the time exposure times normalized to 1 s.
The flat-fielding process characterizes the pixels-to-pixel
variations across the chip and involves inserting a diffusing
Fig. 1. Time-difference all-sky image (the difference of two consecutive
images) in the OH emission, obtained by the Boston University all-sky
imager at Millstone Hill. The total area of sky sampled by the
spectrograph (40�) is marked by the solid white line. The 8� region used
for the zenith temperature determinations is located within the two central
marks. A large gravity wave event can be seen propagating towards the
NW.

Please cite this article in press as: Smith, S.M., et al. Mesospheric OH temp
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filter into the imaging system and illuminating the system.
The resulting flat-field image is then divided into each dark-
subtracted spectrum.

The absolute calibration and stability of the spectro-
graph is checked annually using the method employed by
Baumgardner et al. (2007) in which the spectrograph slit
is illuminated by a standard laboratory source. The stan-
dard source consists of a low-wattage tungsten standard
lamp source which was itself, cross-calibrated originally
with a standard C14 light source by Galand et al. (2004).
The C14 source consists of a 200 diameter phosphor-coated
glass disc containing radioactive C14 which decays and
causes the phosphor to glow. The brightness of C14 source
has been measured in units of Rayleighs per Ångstrom
(106/4p photons cm�2 s�1 Å�1) over the visible spectral
region.

The effect of vignetting across the visual field of the ima-
ger was characterized by illuminating the system with a
standard light source from a series of angles distributed
between zenith and the horizon. A slice is taken of the
resultant overlapping dark-subtracted images and a curve
is fitted, yielding a vignetting curve. The curve is then con-
verted into a 2D function, which is symmetrical along the
central axis of the spectrum, and then divided into the
sky images.

Analysis of the raw spectra for the temperature determi-
nations concentrated on the 830–875 nm spectral region
containing the OH(6-2) and O2(0-1) bands (see Fig. 2b).
Wavelength calibration of the spectra was achieved using
six identified spectral lines located within the sampled spec-
tral region of interest; 830–875 nm. The spectral dispersion
equation for each spectrum was calculated by fitting the
line positions at the center of each spectrum (i.e., at zenith)
to a 3rd-order polynomial fit through. Spectral line curva-
ture was removed by fitting using a 2nd-order polynomial
to three locations along each line.

After photometric and wavelength calibration, the spec-
tra were median-smoothed using a 2 � 2-pixel kernel and
sampled over 8�, centered on zenith, which corresponded
to a 12-km long strip sampled from an altitude of the
OH layer (�87 km) (see Fig. 1). Fig. 3 shows the spectral
plot of the sampled area made over the spectral region of
interest in Fig. 2b, i.e., 830–875 nm. The OH(6-2) P1(2)
and P1(4) lines used for calculating the OH rotational tem-
perature are identified.

3. Spectrographic OH rotational temperature determination

The derivation of OH rotational temperatures from
spectral line ratios assumes that the OH gas is in local ther-
modynamic equilibrium (LTE) (Meriwether, 1985; Sivjee,
1992). The radiative lifetime of the OH(m=6) vibrational
level is �6�10�3 s (Turnbull and Lowe, 1989). At 87 km
altitude, the temperature and pressure is �200 K and
�2.8 � 10�4 kPa, respectively. Hence, the neutral colli-
sional frequency is �4�104 s�1, so the OH(m = 6) mole-
cules would undergo �240 collisions prior to radiative
eratures: Simultaneous ground-based and SABER OH measurements
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Fig. 2. Examples of the 5-min spectra obtained by the Boston University spectrograph at Millstone Hill. (a) Dark-subtracted, flat-fielded spectrum
imaging prior to line straightening. (b) The spectral region of interest (830–875 nm) portion of the spectrum used in OH temperature determination after
line straightening.

Fig. 3. Zenith slice though a typical individual 5-min spectrum (such as
shown in Fig. 2b) obtained by the Boston University spectrograph prior to
temperature determination. The Meinel OH(6-2) P1(2) and P1(4) lines
(840.0 nm and 846.5 nm, respectively) and the O2 Atmospheric (0-1) band
centered near 865.0 nm, are identified.
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de-excitation. Since only a few collisions should be required
for thermalization of the rotational levels, we would
expect, the ro-vibrational emission to reflect a thermal dis-
tribution among rotational levels, with the rotational tem-
perature equaling the kinetic temperature, i.e., LTE
conditions.

Assuming thermalization of the rotational levels, the
OH rotational temperature (Trot) was derived from the
Millstone Hill spectrograph measurements by calculating
the intensity ratio of the Meinel OH(6-2) P1(2) and P1(4)
spectral lines (k-doublets at 840.0 and 846.5 nm, respec-
tively). The intensity of each OH line was determined by
Please cite this article in press as: Smith, S.M., et al. Mesospheric OH temp
over Millstone Hill. J. Adv. Space Res. (2009), doi:10.1016/j.asr.2009.09.0
integrating over each entire spectral line profile, using a
1.2 nm-wide box-car window, and subtracting a back-
ground level determined by a 2nd-order polynomial least-
squares fit. The fit utilized 90 points located over the
831–874 nm spectral region located within and near the
OH(6-2) and O2(0-1) bands, and chosen to lie between
the bright spectral lines. Similarly, the O2(0-1) band inten-
sities (originating from �94 km altitude) were derived by
integrating over the 861–870 nm spectral region, after sub-
tracting a baseline level deduced from the 2nd-order poly-
nomial fit.

The Einstein transition probabilities used for the tem-
perature determinations were obtained from Goldman
et al. (1998). A correction was made for contamination
of the P1(2) line by the nearby Q1(5) line. The amount of
Q1(5) contamination is temperature dependent. For exam-
ple, at 150 K, it amounts to �0.5%, and at 200 K, �2.0%,
therefore the value was derived iteratively. In addition, a
correction for line-blending due to k-doubling was also
made by estimating the contribution due to blending as a
function of temperature. The correction amounted to
�2 K at 200 K.
4. Rotational temperature and brightness measurements

The zenith OH temperature measurements obtained by
the MH spectrograph typically show marked variability
from night to night but all are dominated by large-scale
wave-like variations with periods of 3–10 h and amplitudes
of 5–10 K. These are probably due to large-scale inertial
gravity-waves and tidal oscillations. Smaller-scale pertur-
bations with periods of �1–2 h are also superimposed upon
the larger-scale variations. The typical uncertainties associ-
ated with the derived temperature values was 2–3 K. Fig. 4
shows typical examples from the consecutive nights of 3–7
eratures: Simultaneous ground-based and SABER OH measurements
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Fig. 4. Zenith OH rotational temperatures obtained with the Boston University spectrograph at Millstone Hill on consecutive nights of 3–7 September
2005 (black circles) with the least-squares fits (solid curves). The red circles are the SABER kinetic temperature measurements made during overpasses of
the site.

4 S.M. Smith et al. / Advances in Space Research xxx (2009) xxx–xxx

ARTICLE IN PRESS
September 2005. The red circles are the OH emission pro-
file-weighted SABER Tkin measurements made during the
overpasses of Millstone Hill (described in the next section).
The solid curves are the least-squares fits to an arbitrary
sinusoid.

Looking at the results obtained from one particular
night, 5 September 2005, Fig. 5a shows a large and sudden
OH temperature decrease of almost 25 K that occurred
near 04:00 UT. Concurrent all-sky imager data (not
shown) indicated the passage of a large frontal gravity
wave occurred at that time. Fig. 5b shows the correspond-
ing zenith brightness variations of the individual P1(2) and
P1(4) lines of the OH(6-2) band and also the O2(0-1) band
during the course of the night. The OH temperature varia-
tions in Fig. 5a match closely the O2(0-1) band brightness
variations in Fig. 5b, a result of the different sampling alti-
tudes of the airglow brightness and temperature fields
inherent in ground-based measurements which utilize inte-
grated line of sight sampling (Swenson and Gardner, 1998).

5. Quasi-Imaging of the temperature and brightness fields

The spectrograph slit is projected onto the sky along the
N–S meridian. Therefore the spectra can yield spatial infor-
mation about each emission along the slit direction. By
sampling spectral regions of interest, in this case two
OH(6-2) band lines and the O2(0-1) band, one can con-
struct quasi-images of the time histories of the brightness
or temperature variations from several emissions simulta-
neously over the course of the night. Specifically, for a
Please cite this article in press as: Smith, S.M., et al. Mesospheric OH temp
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given spectrum, an individual line is sampled along its
length. Each line (usually 4–5 pixels wide) is then averaged
down into a single 1D array which then becomes a column
in a 2D array. A schematic diagram of this procedure is
presented in Fig. 6. The process is repeated for subsequent
spectra and a 2D “image” consisting of one particular spec-
tral line is built up over the course of the night. The spatial
direction is in the vertical direction, along the length of the
spectral line, and the time dimension is in the horizontal
direction.

Fig. 7 shows this approach in practice using the mea-
surements from the night of 5 September 2005. In each
panel, as described above, time increases horizontally along
the x-axis and the spatial dimension (N–S) is in the vertical
direction. Each spectral line has been averaged down into a
single vertical pixel column. Millstone Hill is located along
the middle of each plot, level with the “Z” symbol. In each
panel, the northward direction is upwards and southward
direction downwards and, as described earlier, the vertical
spatial extent of each panel is 60 km at 90 km. Fig. 7a and
b shows “images” of the P1(2) and P1(4) line brightness
during the night, respectively, and the O2(0-1) band bright-
ness is shown in Fig. 7c. Fig. 6d shows the resulting OH
rotational temperature variation, essentially the ratio of
Fig. 7a and 7b. The temperature “image” shows clear
meridional gradients in the OH temperature field as well
as temporal temperature variations. The technique pro-
vides a means of yielding spatial temperature information
with little or no contamination from scattered light
compared to traditional imaging methods using a series
eratures: Simultaneous ground-based and SABER OH measurements
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Fig. 5. Zenith measurements of (a) OH rotational temperatures and (b)
P1(2) and P1(4) OH(6-2) line and O2(0-1) band brightness obtained by the
Millstone Hill spectrograph on 5 September 2005.
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narrow-band filters. Furthermore, unlike multi-spectral all-
sky or wide-field imaging, where several emissions are
recorded sequentially with a single system, the spectrograph
records all of the measured parameters simultaneously.

6. Millstone Hill spectrograph/SABER temperature

comparisons

The SABER instrument is one of four experiments
aboard the NASA TIMED satellite. The instrument obtains
Earth limb scan measurements (�20–450 km tangent-height
range) of the CO2 emission at 15 lm and 4.3 lm, from which
kinetic temperature (Tkin) altitude profiles and, during the
daytime, CO2 mixing ratio profiles are simultaneously
retrieved, respectively, from a non-LTE retrieval algorithm
(Mertens et al., 2001). Each scan takes �53 s (Russell
et al., 1999; Russell and Mlynczak, 2003). At night, only Tkin

is retrieved and the CO2 profiles are obtained from TIME-
GCM climatology (Mertens et al., 2004). The estimated
uncertainty in the SABER temperature profiles in the alti-
tude range of 80–100 km is �4 K (Mertens et al., 2001).
The SABER instrument also measures the mesospheric
hydroxyl (OH) volume emission limb profiles at 1.6 lm
(OH-B channel) and 2.0 lm (OH-A channel).
Please cite this article in press as: Smith, S.M., et al. Mesospheric OH temp
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The 67 temperature comparisons were made during 61
nights during the months of August–November in 2005–
2007 using the SABER OH-B channel, which is centered
at 1640 nm with a bandwidth (FWHM) of 8.0 nm. The
channel contains the Meinel OH(4-2) and OH(5-3) bands
at 1.55–1.63 lm and 1.63–1.75 lm, respectively, and a
small portion of the OH(6-4) band at 1.72–1.75 lm. The
SABER temperature and OH data used in the comparison
study was version 1.07 obtained from http://saber.gats-
inc.com.

During the 61 nights, there were a total of 67 individual
overpasses, all of which occurred within 500 km of Mill-
stone Hill. The nightly mean height of maximum OH emis-
sion measured by SABER during each overpass was
87.1 km (r = 2.2 km), with a mean FWHM emission layer
width of 8.1 km (r = 1.8 km). For each comparison, the
temperature measurement closest in time to each TIMED
overpass was used. In 93% of the cases (62 overpasses) of
cases the time difference between the two measurements
was less than 93 s. For the other 7% (5 overpasses) the time
differences ranged from 0.2 to 1.2 h. In those cases, the
overpasses occurred prior to or after time of the ground-
based measurements.

Prior to the comparison, the SABER Tkin profiles were
weighted vertically by the OH-B volume emission profiles
(at �1.6 lm) in order to approximate the vertically inte-
grating sampling regime that was utilized by the ground-
based spectrograph. The observed uncertainty in the emis-
sion profile measurements was 10% (Russell et al., 1999;
Russell and Mlynczak, 2003).

Fig. 8 is a correlation plot showing the two datasets.
The slope of best fit (shown) is 0.91 ± 0.15 with a corre-
lation coefficient of r = 0.72, which was statistically sig-
nificant to >99.9% confident level. There is clearly very
good agreement between the two data sets, especially
considering the differences in spatial and temporal aver-
aging inherent in the two measurements. The SABER
instrument, being a limb-scanning instrument, can sam-
ple small vertical scale-sizes (�2–3 km) but only large
horizontal scale-sizes (�400 km). Ground-based instru-
ments, such as the Millstone spectrograph, other the
hand can sample small horizontal scale-sizes (�1–2 km)
and short-period wave variations (<1 h) and vertical
scale-sizes larger than �10–15 km, due to their integrat-
ing technique. Furthermore, the spectrograph integrates
for 300 s compared to 53 s for SABER to perform a limb
scan.

The mean temperature difference between the two
datasets (SABER minus MH spectrograph) was �1.7 K
(r = 9.5 K), i.e., the SABER temperatures were colder.
Several correlative studies of SABER and ground-based
measurements have consistently yielded similar mean dif-
ferences. For example, Oberheide et al. (2006) reported
that SABER temperatures during the three-year period
of 2003–2005 were systematically 7.5 ± 7.5 K lower than
the corresponding OH(3-1) ground temperatures, inde-
pendent of season or year. Similarly, Lopez-Gonzalez
eratures: Simultaneous ground-based and SABER OH measurements
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Fig. 6. Schematic diagram of the procedure of deriving a quasi-image of a spectral line from the a series of individual consecutive spectral at times
t1, t2, t3, . . ., t6. Here, the P1(2) OH(6-2) line (multi-colored) is selected from each spectrum on the left and combined to build up in image on the
right.
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et al. (2007) found differences of 5.7 ± 7.0 K for OH(6-2)
temperatures. Both comparsions used version 1.06
SABER temperature data. A large comparative study
using version 1.07 SABER data and optical airglow
and lidar measurements (Remsberg et al., 2008) found
that the SABER temperatures to be 2–3 K colder com-
pared to the ground-based measurements. For example,
during 2003, the mean difference with ground-based
OH(6-2) temperatures was 5.8 ± 8.9 K, the SABER tem-
peratures were colder by that amount.

The excellent agreement between the Trot and Tkin mea-
surements also suggests that the rotational levels were ther-
malized totally during the observations. Hence, the
differences observed between the two datasets can be
explained to be the result of sampling differences between
the two observing techniques, i.e., different volumes and
sampling times, even though they sample similar regions
simultaneously.
Please cite this article in press as: Smith, S.M., et al. Mesospheric OH temp
over Millstone Hill. J. Adv. Space Res. (2009), doi:10.1016/j.asr.2009.09.0
7. Summary

Rotational temperatures have been determined from
imaging spectrograph measurements of the night-time mes-
ospheric OH nightglow over Millstone Hill. The tempera-
tures were derived from line strength ratio measurements
of the P1(2) and P1(4) lines of the OH(6-2) Meinel band
near 840 nm. We also presented a method of imaging the
OH and O2 airglow brightness and temperature fields
within 40� of zenith using the MH spectrograph data.
The method provides a way of obtaining truly simulta-
neous intensity and temperature measurements from sev-
eral different emissions and altitude regions.

Sixty-seven individual MH spectrograph temperature
measurements obtained on 61 nights during the autumnal
months of 2005–2007 were compared to kinetic tempera-
tures at the same height region (�87 km) obtained from
the SABER instrument aboard the NASA TIMED satellite
eratures: Simultaneous ground-based and SABER OH measurements
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Fig. 7. Quasi-images of derived of (a) P1(2) OH(6-2) line brightness. (b) P1(4) OH(6-2) line brightness. (c) O2(0-1) band brightness. (d) OH rotational
temperature obtained by the Millstone Hill spectrograph on 5 September 2005.

Fig. 8. Correlation plot of the 67 simultaneous SABER and spectrograph
temperatures from August–November 2005–2007. The correlation coeffi-
cient is 0.72, significant to the 99.9% level, and the line of best fit (solid
line) is 0.91 ± 0.15. The mean temperature difference between the two
datasets 23w (SABER minus Millstone) was �1.7 K (r = 9.5 K).
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during overpasses of the Millstone Hill site. Excellent
agreement between the two datasets was found (r = 0.72)
with the mean temperature difference being �1.7 K
(r = 9.5 K); the SABER temperatures being slightly colder,
which is a similar finding to recent studies.
Please cite this article in press as: Smith, S.M., et al. Mesospheric OH temp
over Millstone Hill. J. Adv. Space Res. (2009), doi:10.1016/j.asr.2009.09.0
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