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Abstract. Rotational temperatures derived from the
OH(8–3) band may vary by∼18 K depending on the choice
of transition probabilities. This is of concern when abso-
lute temperatures or trends determined in combination with
measurements of other hydroxyl bands are important. In this
paper, measurements of the OH(8–3) temperature-insensitive
Q/P and R/P line intensity ratios are used to select the most
appropriate transition probabilities for use with this band.
Aurora, airglow and solar and telluric absorption in the
OH(8–3) band are also investigated. Water vapour absorp-
tion of P1(4), airglow or auroral contamination ofP1(2) and
solar absorption in the vicinity ofP1(5) are concerns to be
considered when deriving rotational temperatures from this
band.

A comparison is made of temperatures derived from
OH(6–2) and OH(8–3) spectra collected alternately at Davis
(69◦ S, 78◦ E) in 1990. An average difference of∼4 K is
found, with OH(8–3) temperatures being warmer, but a dif-
ference of this magnitude is within the two sigma uncertainty
limit of the measurements.

Key words. Atmospheric composition and structure (air-
glow and aurora; pressure, density, and temperature)

1 Introduction

Warming of the troposphere due to increases in greenhouse
gas concentrations is associated with enhanced cooling in
the stratosphere and mesosphere (Berger and Dameris, 1993;
Portman et al., 1995; Akmaev and Fomichev, 1998, 2000).
Several authors have used rotational temperatures derived
from hydroxyl airglow emissions to investigate trends in the
upper mesosphere (Golitsyn et al., 1996; Lysenko et al.,
1999; Bittner et al., 2002; Burns et al., 2002; Espy and
Stegman, 2002). Hydroxyl airglow emissions originate from
a layer near 87 km with a mean thickness of 8 km (Baker and
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Stair, 1988) and can be used as a proxy for kinetic tempera-
ture at∼87 km (She and Lowe, 1998).

Hydroxyl airglow rotational temperatures are derived by
comparing intensities of two or more lines from different up-
per rotational states, as per Eq. (1):

T = (hc/k)(Fb − Fa)/ ln[IaAb(2J ′

b + 1)/IbAa(2J ′
a + 1)]. (1)

Fa , Fb are the energy levels of the initial rotational states (the
energy level values as given by Coxon and Foster, 1982, are
used);Ia , Ib are the emission intensities of the OH lines from
different upper states;Aa , Ab are the transition probabilities;
J ′

a , J ′

b are the upper state, total angular momentum quantum
numbers; andh, c and k are Planck’s constant, the speed
of light and Boltzmann’s constant, respectively. Transition
probabilities are used to apportion the percentage of the up-
per rotational states that decay via the transitions measured.

Hydroxyl bands are designated by transitions from an up-
per state, v′ (=vibration quantum number), to a lower state,
v′′, as the OH(v′–v′′) band. As1v increases the bands be-
come less intense and appear at lower wavelengths. The
choice of band to monitor is thus generally selected based
on the upper wavelength limit of the detector. The hydroxyl
line nomenclature used in this paper is similar to that pre-
sented by Osterbrock and Martel (1992) and Osterbrock et
al. (1996, 1997). A summary is presented in the Appendix.

Rotational temperatures have been derived from OH(6–2)
spectra collected at Davis Station, Antarctica (69◦ S, 78◦ E)
during 1990 and each winter since 1995 using a Czerny-
Turner spectrometer (CTS, Burns et al., 2002). The OH(6–2)
band nearλ 840 nm is the brightest band that can be mea-
sured with GaAs photomultipliers. Greet et al. (1998) ex-
amined the minor spectral features, auroral and Fraunhofer
contamination of the OH(6–2) P-branch to quantify uncer-
tainties for climate studies.

Absolute values of derived hydroxyl rotational temper-
atures depend on the transition probabilities,Aa , Ab in
Eq. (1). The discrepancy in published transition probabil-
ities increases with higher1v bands, resulting in increas-
ing discrepancies in the determined temperatures (Turnbull
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and Lowe, 1989; hereafter T&L). For example, Langhoff
et al. (1986; hereafter LWR) OH(6–2) transition probabili-
ties yield an average winter hydroxyl temperature at Davis
of 206 K (Burns et al., 2002) compared with 211 K, if Mies
(1974, hereafter Mies) transition probabilities are used and
218 K, if the T&L transition probabilities are used, giving
differences of 5 K and 12 K, respectively. In comparison,
for an analysis of the OH(8–3) band that returns a tempera-
ture of 206 K using the LWR probabilities, the corresponding
temperature using the Mies OH(8–3) transition probabilities
would be 213 K and 224 K for the T&L transition probabil-
ities, giving differences of 7 K and 18 K, respectively. In-
tensity ratios of emissions from the same hydroxyl upper
state are independent of the kinetic temperature. French et
al. (2000) measured these temperature-independent ratios for
the OH(6–2) band and compared them with ratios calculated
using LWR, Mies and T&L transition probabilities. They
found that LWR values were most compatible with the ex-
perimental measurements. Pendleton and Taylor (2002) pro-
vide a theoretical interpretation of the French et al. (2000)
results. When comparing temperatures from different transi-
tional bands or with temperatures derived by other methods,
particularly bands with high1v, care must be taken to ensure
that the choice of transition probabilities does not introduce
an offset in the hydroxyl temperatures.

Differences in hydroxyl rotational temperatures derived
from different bands have been interpreted as providing ev-
idence for a height variation of hydroxyl upper state vibra-
tional levels. This is a possible source of hydroxyl tempera-
ture variability when different bands are measured. Theoreti-
cal considerations suggest the vertical distribution for v′=1 to
v′=9 is 1 to 2 km (McDade, 1991). The average winter tem-
perature gradient measured at Syowa (69◦ S, 39◦ E) using a
sodium lidar is−1.7 K km−1, at 87 km (Burns et al., 2003).
The temperature difference due to variations in average alti-
tudes is expected to be small for small1v′.

The OH(8–3) band was commonly used for hydroxyl tem-
perature measurements in past years (for example, Takahashi
et al., 1974; Takahashi and Batista, 1981; Myrabo, 1984;
Sivjee and Hamwey, 1987). In particular, hydroxyl airglow
OH(8–3) band measurements have been made in Antarctica
as early as 1979 (Stubbs et al., 1983; Williams, 1996). A de-
sire to understand this spectral region, with the possibility of
recovering more accurate rotational temperatures from early
records, prompted this research.

In 1990 at Davis Station, Antarctica, spectra were col-
lected alternately in the OH(8–3) and (6–2) region. In
1999, high-spectral-resolution, full-band OH(8–3) spectra
were collected over a 5 week period. In this paper, these
high-resolution spectra are used to identify possible auroral
and Fraunhofer contamination, and the location of spectral
features which may effect temperature determinations from
the OH(8–3). Temperature-independent intensity ratios are
determined from the high-resolution spectra and compared
with the ratios predicted by published transition probabili-
ties to determine which transition probabilities are most ap-
propriate to use when determining rotational temperatures

in this band. Information gained from the high-resolution
1999 spectra is used to determine rotational temperatures
from OH(8–3) spectra collected in 1990. These temperatures
are compared with temperatures from alternately collected
OH(6–2) spectra, derived using information on this band
published by Greet et al. (1998) and French et al. (2000), to
quantify differences which may influence temperature trends
determined from combining measurements of these bands
from different eras.

2 Instrumentation and data

Spectra were collected with a scanning Czerny-Turner spec-
trometer (CTS) at Davis during 1990 and 1999, using a
cooled (−28◦C) GaAs photomultiplier. The CTS has a
6◦ field-of-view (fov). An expanded description of the in-
strument is provided by Williams (1996).

Spectral response is determined by scanning a low bright-
ness source (LBS) which uniformly illuminates the instru-
ment’s fov. The lamp is calibrated against a spectral stan-
dard at the Australian Measurement Laboratories. A total of
63 scans from four separate occasions were collected dur-
ing 1999. The LBS intensities atλ724 nm andλ740 nm, the
largest separation of lines compared, yielded a consistent cal-
ibration ratio to within 0.4%.

In April 1999, the CTS was aligned to the zenith and
scanned OH(8–3) R-, Q-, and P-branches fromλ723.5 to
λ740.5 nm at intervals of 0.005 nm and an integration time
of 0.5 s. Acquisition time for each spectrum was 32 min.
An order-separating filter (λ<475 nm) limited observations
to the first order. Rowland “ghosts” (Longhurst, 1957)
of magnitudes 0.5% and 0.2%, displaced by 0.3 nm and
0.6 nm, respectively, were measured. An instrument profile
of 0.086 nm full-width-at-half-maximum (fwhm) was deter-
mined for these measurements. Knowledge of the instrument
function is needed to allow for contamination by lines not
fully resolved from adjacent features. This is important for
the determination of intensity ratios of emissions from the
same upper state. A frequency stabilised laser was used to
define the instrument function at 632.82 nm. Two equal in-
tensity functions of the measured laser profile separated by
the OH(8–3)P1(3) 3-doublet spacing (0.0145 nm) are then
best-fitted to an averageP1(3) profile by jointly varying the
fwhm of the two laser profiles. The fwhm-adjusted laser
profile is the instrument function at theP1(3) wavelength,
λ734.1 nm.

During 1990, the optical axis of the CTS was aligned 30◦

above the SE horizon (azimuth 130◦ E), away from the most
aurorally active region of the sky. Spectra were accumula-
tions of five sequential scans, with photon counts in each scan
made at 0.1-s integration and 0.005-nm intervals. OH(8–3)
and (6–2) P-branch spectra were acquired alternately. For
the OH(8–3) band, each spectrum coversλ730 toλ744.5 nm
and took∼50 min to acquire. For the OH(6–2) band, each
spectrum coversλ837.5 toλ856.0 nm and took an hour to
acquire. The instrument function at OH(8–3) wavelengths
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Fig. 1. OH(8–3) hydroxyl airglow (94 summed spectra, clear skies or “thin cloud”, Moon below horizon, no aurora apparent). A theoretical
spectrum, plotted below the summed spectrum, indicates the expected thermalized hydroxyl airglow contribution to the background.

has a fwhm of∼0.158 nm and at OH(6–2) wavelengths has
a fwhm of∼0.154 nm.

In 1990, a calibration lamp was scanned on 9 separate oc-
casions, with 5 scans on each occasion. The lamp was first
calibrated against a spectral standard in 1996. It has been as-
sumed that the 1996 calibration measures the spectral shape
in 1990 (see Greet et al., 1998). Spectral calibration uncer-
tainties for the 1990 spectra equate to a 2.0 K uncertainty in
derived temperatures from both the OH(8–3) and OH(6–2)
bands.

The CTS was operated without an appropriate order sep-
aration filter during 1990. This does not significantly ef-
fect the OH(8–3) spectra, but results in the dominant auroral
contamination in the 1990 OH(6–2) spectra being second-
order N+

2 1Neg (0–1) and (1–2) band emissions. Further de-
tails of the 1990 OH(6–2) spectra are presented by Greet et
al. (1998), but we adopt a different approach to background
removal which is noted later.

A broad classification of sky conditions (clear, thin cloud,
patchy cloud, overcast) was maintained through visual obser-
vation and (1999 only) reference to an all-sky video system.
The “thin cloud” classification describes times of uniform,
thin, high cloud, through which bright stars are visible. Dur-
ing cold Antarctic winters at Davis, this is a common sky
condition.

When selection against auroral contamination was re-
quired, reference was made to wide-angle (60◦ fov), zenith-
oriented photometer measurements of the aurorally activated
N+

2 1NG band atλ428 nm.

Data acquired during twice-daily balloon flights con-
ducted by the Australian Bureau of Meteorology at Davis
were used to determine atmospheric water vapour content.

3 The OH(8–3) spectral region and its contamination

The dominant emissions of the OH(8–3) spectral region are
labelled in Fig. 1. The spectrum in Fig. 1 is a summation
of 94 of the April 1999 spectra for which the sky conditions
were classified as clear or “thin cloud” (hereafter referred to
as “clear sky”) and no auroral emission was apparent in the
wide-angle photometer monitoring the N+

2 1NG (0–1) band
atλ428 nm. The broad features of the R-, Q- and lower rota-
tional state P-branch structure are apparent.

A theoretical hydroxyl spectrum derived from LWR tran-
sition probabilities using a temperature of 214 K, convolved
with our instrument function (including the grating Rowland
ghosts which are just visible for the most intense lines at
the resolution displayed), is presented below at the combined
spectrum in Fig. 1. It shows minor OH features at the mag-
nitude they are expected within the background. The tem-
perature used to derive the theoretical spectrum is the “best-
fit” value determined from the summed spectrum. Tables 1
and 2 include lists of the wavelengths of the major OH(8–
3) lines and weak intensity hydroxyl features in this spectral
region, respectively. Adjacent spectral emissions contribute
to the intensities at specified wavelengths depending on the
instrument function. The wavelength location of the maxi-
mum intensity may also be slightly shifted in this manner.
To provide the reader with an indication of the relative inten-
sities of significant OH(8–3) emissions, also listed in Table 1
are the expected and measured peak intensities and locations
of the major features relative to P1(3). The relative theoret-
ical peak intensities and locations are determined after con-
volution with the instrument function. Note that the spec-
trum compared is the sum of 94 individual spectra of vary-
ing temperatures, and these comparisons thus serve only as a
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Table 1. The main OH(8–3) branch lines. A theoretical spectrum
(LWR, 214 K) has been convolved with the instrument function and
the peak wavelength (λpeak conv.) and peak intensity (Ptheory) rela-
tive to the P1(3) emission is listed and compared with measurements
from Fig. 1 (λobsand Pobs). Blended lines are indicated by symbols
(∗, +, x).

Line air

  (nm) 
peak conv.

(nm)
obs

(nm)

P Theory

(%) 

Pobs

(%) 

R1(3)f

        e 

723.88

723.88

723.88 723.89 26.3 25.4

R1(2)f 724.02

        e 724.02

724.02 724.03 43.4 42.5

R1(4)e 724.09  *

        f 724.09  *

R2(3)e 724.14  *

        f 724.15  *

R2(4)e 724.19  *

        f 724.20  *

724.12 724.13 19.2 19.2

R1(1)f 724.49  +

        e 724.49  +

R2(2)e 724.51  +

        f 724.51  +

724.50 724.51 59.1 58.0

R1(5)e 724.65  ×

        f 724.66  ×

R2(5)e 724.66  ×

        f 724.66  ×

724.66 724.66 7.6 12.1

R2(1)f 725.31

        e 725.32

725.32 725.32 16.5 16.2

Q2(1)e 727.51

        f 727.52

727.51 727.52 12.5 16.2

Q1(1)e 727.64

        f 727.64

727.64 727.65 106.1 102.1

Q1(2)e 728.44

        f 728.45

728.45 728.46 43.1 39.4

Q1(3)e 729.58

        f 729.61

729.59 729.61 16.6 14.1

P2(2)e 730.37

        f 730.38

730.38 730.38 25.2 24.9

P1(2)e 731.62

        f 731.63

731.63 731.63 80.6 83.1

P2(3)e 732.91

        f 732.92

732.92 39.9

P1(3) 734.08

        f 734.10

734.09 734.09 100.0 100.0

P2(4)e 735.87

        f 735.87

735.87 735.87 36.7 36.1

P1(4)e 736.93

        f 736.95

736.94 736.95 82.2 75.2

P2(5)f 739.22

        e 739.22

739.22 739.22 26.2 27.0

P1(5)e 740.17

        f 740.20

740.19 740.19 49.2 50.6

guide. Goldman (1982) derives satellite line (see Appendix)
transition probabilities consistent with Mies transition prob-
abilities of the main branch transitions. In order to estimate
the satellite line intensities equivalently for LWR transition
probabilities, we have scaled the Goldman (1982) values in
the same ratio to the appropriate P-branch transition proba-

Table 2. OH(8–3) background features and unthermalised OH
emissions. A theoretical spectrum (LWR, 214 K) has been con-
volved with the instrument function and the peak wavelength
(λpeak conv.) and peak intensity (Ptheory) relative to the P1(3) emis-
sion is listed for the thermalised components. Blended lines are
indicated by a symbol (∗).

Line air

  (nm) 
peak conv.

(nm)

P Theory

(%) 

R2(6)e 725.53 * 

         f 725.53 * 

R1(6)e 725.58 * 

         f 725.60 * 

725.58 1.8

Q2(2)e 728.15 728.16 4.2

         f 728.17

(7-2) P2(12)f 728.57 729.22 1.8

                    e 728.65

(7-2) P1(12)e 728.97

                    f 729.11

Q2(3)e 729.21

         f 729.23

Q2(4)e 730.69 730.69 1.0

        f 730.70

Q1(4)e 731.08 731.11 5.1

        f 731.13
Q
R12(1)e 734.49  734.49 1.1

           f 734.49

(7-2) P2(13)f 734.69

                   e 734.79

(7-2) P1(13)e 735.06

                    f 735.21
P
Q12(2)e 737.40 737.41 1.4

           f 737.41
P
Q12(3)e 739.00 739.01 1.4

           f 739.02

bility. These are used to calculate the satellite line theoretical
values provided, along with those for other weak-intensity,
thermalised hydroxyl emissions in Table 2.

At some level ofJ ′, the hydroxyl rotation state populations
become non-thermal (see, e.g. Pendleton et al., 1993). States
of high J ′ may have wavelengths sufficiently different from
the dominant band lines, to extend into another band. Mea-
sured intensities, while low relative to the major P-branch
lines (at most a few %), may be several orders of magnitude
larger than the theoretical thermalised intensities (Pendleton
et al., 1993). While of low intensity, these emissions may
contaminate major lines or background regions in a system-
atic manner. Greet et al. (1998) noted and demonstrated that
unthermalised OH(5–1) P1(12) emissions are blended with
OH(6–2) P1(3), rendering this major line suspect for rota-
tional temperature determinations. Osterbrock et al. (1996)
using spectra from the high resolution (∼0.02 nm) echelle
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Fig. 2. Auroral contamination (116 summed spectra, Moon below horizon, aurora apparent). A theoretical hydroxyl and O2(5–4) Atmo-
spheric, N2 1st Positive and N+2 Meinel (5–2) theoretical auroral spectra are shown below the summed spectrum.

spectrograph on the Keck 10-metre telescope at Mauna Kea,
lists the unthermalised OH emissions that extend into the
OH(8–3) spectral region. The wavelength of these OH(7–2)
emissions are also listed in Table 2. On the long wavelength
side of Q1(2) in Fig. 1 is an unassigned feature that could be
mistaken for unthermalised OH(7–2) P2(12). We consider
this association unlikely, because OH(7–2) P1(12), which
should be of similar intensity, is not as readily apparent in
the spectrum. We can make no definitive assignment for the
feature noted.

Despite our efforts, some high-altitude dayglow or
weak auroral features are apparent in Fig. 1. The
O+(2Po

1/2→
2Do

5/2) emission atλ731.92 nm and the more
intense O+(2Po

3/2→
2Do

5/2) emission atλ732.02 nm are
merged at our instrument resolution but separated from
P1(2) at λ731.63 nm. Values derived from our spectra
are used for these wavelengths (see later in this section),
but the “air” wavelengths listed in the Atomic Line List
(www.pa.uky.edu/∼peter/atomic/) are used for other atomic
and ionic emissions. Further O+ emissions atλ732.97 nm
(2Po

1/2→
2Do

3/2) and atλ733.07 nm(2Po
3/2→

2Do
3/2) are

blended with P2(3) at λ732.92 nm. These O+ lines result
from a metastable state with a theoretical radiative lifetime
of ∼5 s (Smith et al., 1982). The upper state is activated by
low energy auroral electrons or sunlight. Collisional deacti-
vation limits intense O+ emissions atλ732 nm andλ733 nm
to altitudes above 200 km (Rusch et al., 1977; Smith et al.,
1982). The high altitude of these ionic emissions means they
can still be activated by sunlight after the hydroxyl layer at
∼87 km is in darkness. For this reason, specific care must
be taken when deriving rotational temperatures using low-
resolution (fwhm>∼0.16 nm) measurements of the OH(8–3)
P1(2) line which may be contaminated by dayglow O+ emis-

sions collected when the Sun is illuminating the atmosphere
at∼300 km (solar elevation>−17◦ for zenith observations).

N2 1st Positive (6–4), (5–3), (4–2), N+2 Meinel (5–2) and
O2(b

16+
g −X36g)(5–4) bands potentially contaminate the

OH(8–3) band. Figure 2 is a summation of 116 spectra
collected when optical aurora is apparent on the wide-angle
photometer monitoring the N+2 1NG (0–1) band atλ428 nm
and the Moon is below the horizon. The O+ emissions near
λ732 nm and those blended with P2(3) nearλ733 nm are sig-
nificantly more intense relative to the OH features in Fig. 2
than in Fig. 1, indicating an auroral contribution to their in-
tensity. An atomic oxygen triplet nearλ725.44 nm, from the
transitions3So

1→
3P0,1,2, is also readily apparent. The in-

tensity of the atomic and ionic auroral emissions in Fig. 2,
relative to the OH(8–3) P1(3) intensity, are listed in Table 3.

To assist with the determination of auroral band features in
this spectral region, theoretical spectra of the O2 (5–4) atmo-
spheric, the N+2 Meinel (5–2) and the summed N2 1st Positive
bands [(5–3), (6–4) and (4–2)] have been convolved with the
instrument function and separately displayed below the com-
bined, measured spectra in Fig. 2. The N2 1st Positive (3–1)
and (7–5) and N+2 Meinel (6–3) bands do not extend into
the OH(8–3) spectral range considered, and the N+

2 Meinel
(4–1) band contributes less than 3% of the auroral contami-
nation at any wavelength in the OH(8–3) spectral range con-
sidered. Programs for generating synthetic auroral spectra of
the nitrogen bands were obtained by private communication
(Gattinger; see also Gattinger and Vallance Jones, 1974). A
temperature of 300 K is used for the theoretical nitrogen au-
rora spectra.

The N2 1st Positive (5–3) band is the dominant auroral
contaminant in the interval fromλ733 nm toλ739 nm. The
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Fig. 3. Scattered moonlight influence (126 summed spectra, scattered moonlight, no aurora apparent). The Kitt Peak solar and telluric
spectra, both combined and separately, and a theoretical hydroxyl spectrum are shown below the summed spectrum.

Table 3. Airglow and auroral, atomic and ionic lines and molecular
bands in the OH(8–3) region, their wavelength of peak intensity
within the intervalλ723 nm toλ741 nm and their intensity relative
to OH(8–3) P1(3) (scaled from Fig. 2).

Auroral feature        air(nm) %P1(3)

(a) atomic & ionic auroral lines 

O (
3
S

o
1

3
P0,1,2) 725.44 32

O
+
 (

2
P

o
1/2

2
D

o
5/2) 731.92 22

O
+
 (

2
P

o
3/2

2
D

o
5/2) 732.02 77

O
+
 (

2
P

o
1/2

2
D

o
3/2) 732.97 36

O
+
 (

2
P

o
3/2

2
D

o
3/2) 733.07 39

(b) auroral bands (  peak in region) 

O2 b-X Atm (5-4)       724.50 9.9

N2 1
st

Pos (6-4) 727.30 5.3

N2
+
 Meinel (5-2) 728.07 4.5

N2 1
st
 Pos (5-3) 738.63 15

N2 1
st
 Pos (4-2) 739.99 0.004

N2 1st Positive theoretical spectrum has been matched to the
combined, measured spectra by minimising the least-square
residuals to selected portions within this region of the spec-
trum. This “best-fit” theoretical spectrum is used to set the
intensity for theoretical calculations of all nitrogen aurora in
this region, including the N+2 Meinel (5–2) band. The peak
intensities and associated wavelength of each of the auroral
N2 1st Positive bands and the N+2 Meinel (5–2) band in Fig. 2,
as determined from the theoretical spectra, are listed in Ta-
ble 3. These values, which are listed relative to the peak P1(3)

intensity, depend on the intensity of the aurora but provide an
indication of the relative importance of the auroral bands in
the OH(8–3) spectral region for average auroral conditions
at Davis (magnetic latitude 74.6◦ S). When viewing Table 3,
please note that the N2 1st Positive (4–2) band is more intense
at longer wavelengths than within the OH (8–3) spectral re-
gion considered.

The O2 b-X Atmospheric (5–4) band is the most signif-
icant auroral band contaminant in the R- and Q-branch re-
gions, although the N2 1st Positive (6–4) and N+2 Meinel
(5–2) bands also contribute. Slanger et al. (1997) have re-
ported detection of O2 Atmospheric (5–4) nightglow using
the Keck/HIRES spectra from Mauna Kea. The peak in-
tensities of the O2 b-X Atmospheric (5–4) nightglow lines
are more than two orders of magnitude less intense than the
brightest OH(8–3) emissions (Slanger et al., 2000) but can be
significantly enhanced during aurora (Gattinger and Vallance
Jones, 1976). We have used the theoretical spectrum of the
O2 b-X Atmospheric (5–4) band published by Slanger and
Osterbrock (1998), convolved with our instrument function,
and minimised the least-square residuals of fitting it to a re-
gion between the R-and Q-branches. The theoretically deter-
mined N2 1st Positive (6–4) and N+2 Meinel (6–2) band con-
tributions were subtracted before the O2 b-X Atmospheric
(5–4) contribution was determined. Measured in this man-
ner, the peak intensity of the O2 b-X Atmospheric (5–4) band
relative to the P1(3) emission is∼10% (see Table 3), strongly
indicating auroral enhancement of this band.

The “air” wavelengths listed in the Atomic Line List
for O+(2Po

3/2→
2Do

5/2) and O+(2Po
1/2→

2Do
5/2) are

λ732.00 nm andλ731.89 nm, respectively. A least-squares
best-fit of the CTS instrument function to this region of
Fig. 2 yields wavelengths ofλ732.02 nm andλ731.915 nm
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and a relative intensity of 1:0.28. Smith et al. (1982), who
observed this region with a Fabry-Perot spectrometer, use
a wavelength ofλ732.02 nm for the O+(2Po

3/2→
2Do

5/2)

emission. This value is consistent with our measurement.
However, Smith et al. (1982) list in their Abstract a separa-
tion of 0.08 nm for these O+ lines. This may not be a value
that they have measured, and it is not supported by our mea-
surements, which indicate a separation of 0.105±0.005 nm.

Scattered sunlight may influence spectra collected at low
solar depression angles or when moonlight and cloud are
present. The spectrum in Fig. 3 is a summation of 126 spectra
collected when scattered moonlight could enter the field-of-
view of the instrument and no auroral activity is apparent.
Below this are presented, both combined and separately, so-
lar and telluric spectra determined from Kitt Peak spectra at
varying solar zenith angles (Wallace et al., 1998), convolved
with the CTS instrument function. Both solar and atmo-
spheric absorption lines are clearly visible in the CTS spec-
trum, and collectively account for the absorption features in
the spectrum. Comparison with HITRAN data (Rothman et
al, 1998, 2003; www.HITRAN.com) indicates water vapour
is the only significant atmospheric absorber in this wave-
length region.

Figures 4a, b and c show expanded portions of the com-
bined solar and telluric, high-resolution Kitt Peak spectrum
in the vicinity of the Q1(1), P1(4) and P1(5) emissions and
the Doppler-broadened, lamda-doubled, OH emission lines
(after Espy and Hammond, 1995). The average winter wa-
ter vapour content above Davis in 1999, derived from twice-
daily meteorological balloon flights, is 2.3 mm (7.695 E+22
molecules cm−2). Also shown in Figs. 4 a, b and c, are
the pressure-broadened, absorption profiles for typical Davis
winter conditions, based on HITRAN 2001 line parameters.
For average Davis winter conditions, we calculate that 3.1%
of OH(8–3) Q1(1) and 2.3% of OH(8–3) P1(4) are absorbed.
Other OH(8–3) lines of interest with measurable absorption
are R1(2) and R1(1). These are, respectively, 1.2% and 0.6%
absorbed. A table of atmospheric absorption of the major
OH(8–3) lines for a range of atmospheric conditions printed
in Espy and Hammond (1995) is unfortunately a printing er-
ror, being a repeat of the OH(6–2) Table. The actual values
calculated for that paper are comparable with our estimates
(Espy, private communication). The absorption by water
vapour for the lines noted will be significantly exacerbated
at lower latitude sites, which typically have much wetter at-
mospheres. Espy and Hammond (1995) use 29, 21, 8.5 and
4.2 mm of H2O as typical mid-latitude summer, high-latitude
summer, mid-latitude winter and high-latitude winter atmo-
spheric water vapour content estimates.

Typically P-branch hydroxyl lines are used to derive ro-
tational temperatures. In order to quantify the effect of at-
mospheric water vapour on temperatures derived using the
OH(8–3) P1(4) emission, consider a relatively dry atmo-
sphere containing 5 mm of water vapour. Zenith measure-
ments of the P1(4) intensity would be reduced by∼5%
and temperatures derived using LWR transition probabili-
ties from the P1(2)/P1(4) intensity ratio would be reduced
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Fig. 4. An expansion of the OH(8–3) Q1(1), P1(4) and P1(5) spec-
tral regions, showing the Kitt Peak combined solar and telluric,
high-resolution spectrum and a pressure-broadened, water vapour
spectrum for typical Davis winter conditions (2.3 mm H2O, HI-
TRAN 2001 line parameters). The hydroxyl line e and f compo-
nents are shown with appropriate Doppler broadening (after Espy
and Hammond, 1995).

by ∼10 K, from the P1(3)/P1(4) ratio would be reduced by
∼17 K and from the P1(4)/P1(5) ratio would be increased by
∼15 K. The magnitude of these errors is dependent on the
highly variable atmospheric water vapour content.

Osterbrock et al. (1997) briefly address the issue of atmo-
spheric absorption of the hydroxyl airglow lines observed
by the Keck telescope on Mauna Kea (altitude∼4200 m).
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Table 4. OH(8–3) temperature-insensitive intensity ratios derived
from T&L, Mies and LWR transition probabilities and values deter-
mined from the summed high-resolution spectrum in Fig. 1.

                                     

Ratio T&L Mies LWR  Expt.

Q1(1)/P1(2) 1.44 1.35 1.31 1.22 ± 0.03 

Q1(2)/P1(3) 0.50 0.45 0.43 0.40 ± 0.02 

Q1(3)/P1(4) 0.25 0.22 0.21 0.18 ± 0.02 

R1(1)/P1(3) 0.55 0.47 0.43 0.44 ± 0.03 

R1(2)/P1(4) 0.69  0.56 0.49 0.47 ± 0.02 

R1(3)/P1(5) 0.75 0.58 0.48 0.44 ± 0.03 

They discuss the OH(8–3) P1(4)e line and its proximity to
a water vapour absorption line, but conclude that absorp-
tion did not appear to be significant. The pressure broad-
ening of the water vapour lines is significantly less at the
altitude of Mauna Kea (∼0.006 nm) compared to sea-level
(∼0.008 nm), thus absorption may be significantly reduced
for the Mauna Kea site compared with Davis. On-going
research utilizing Mauna Kea observations (Cosby, private
communication ) supports the possibility of measurable at-
mospheric absorption of the OH(8–3) P1(4) emission even
for this high-altitude observatory.

Figure 4c shows an expansion of the P1(5) wavelength re-
gion. P1(5) lies close to a solar absorption line. If scattered
moonlight enters an instrument’s field-of-view, this solar line
can potentially be a source of error in determining the inten-
sity of P1(5), thus influencing derived temperatures.

4 Temperature-insensitive OH(8–3) intensity ratios

Hydroxyl emissions from the same upper rotation-vibration
state maintain the same intensity ratio independent of tem-
perature. Temperature-independent intensity ratios are deter-
mined from the high-resolution summed spectrum in Fig. 1.
The 94 spectra contributing to Fig. 1 were collected when
the Moon was below the horizon and auroral contamination
was negligible. The analysis is similar to that presented by
French et al. (2000) for the OH(6–2) region. Photon counts
are determined in wavelength regions, centred on emissions
of interest. The width of the “count-region” for P1(2), P1(3),
P1(4), Q1(1), Q1(2), R1(1) and R1(3) is 0.155 nm. A count-
region of 0.135 nm is used for P1(5), Q1(3) and R1(2). The
percentage of the emission of interest contained in the count
region, and from “blended” emissions, is determined by ref-
erence to the instrument function.

For the spectra contributing to Fig. 1, the average wa-
ter vapour content determined from the balloon flights on
those days was 1.7 mm. The HITRAN 2001 line parame-
ters were used to calculate and to allow for the absorption
by this amount of water vapour on the measured OH(8–3)

Q1(1), P1(4), R1(1) and R1(2) intensities. The contribu-
tion of unresolved hydroxyl emissions to the count region is
calculated from the instrument function and LWR transmis-
sion probabilities at a temperature of 214 K. Error estimates
of these contaminations are calculated as the difference ob-
tained using LWR transition probabilities at temperatures of
200 K and 230 K. A total uncertainty for each intensity mea-
surement is determined by adding in quadrature errors from
counting statistics, in estimating the background level, and
uncertainties in calculating the contribution of contaminat-
ing emissions. The most difficult line intensities to estimate
are R1(1), R1(2) and R1(3). R1(1) is significantly blended
with R2(2), with minor contributions from R1(5) and R2(5).
28.2% of the signal under the R1(1) count region is con-
tributed by other hydroxyl emissions. R1(2) is significantly
blended with R1(4), which is itself significantly absorbed by
water vapour (20.0% for 1.7 mm H2O), with minor contribu-
tions from R2(3) and R1(3). 13.0% of the signal under the
R1(2) count region is contributed by other hydroxyl emis-
sions. The R1(3) count region is contaminated by R1(2),
which contributes 6.0% of the measured signal. The count
regions for other emissions contain less than a 1% contribu-
tion from blended hydroxyl emissions.

The OH(8–3) temperature-insensitive intensity ratios de-
termined from the summed 1999 spectrum, along with the
corresponding values from Mies, T&L and LWR, are de-
tailed in Table 4. The experimentally determined Q/P ratios
are lower than the values determined from the published tran-
sition probabilities, although the LWR ratios are closest. Of
the LWR Q/P ratios, only Q1(1)/P1(2) is significantly differ-
ent from the measured values, being higher by∼7%. The
experimental R/P ratios are significantly lower than the T&L
and Mies values but within the measurement uncertainty of
the LWR values. The LWR transition probabilities are thus
most consistent with temperature-insensitive intensity ratios
measured for the OH(8–3) band. French et al. (2000) re-
ported that LWR transition probabilities were most consis-
tent with the temperature-insensitive intensity ratios in the
OH(6–2) band. Therefore, it is appropriate to use LWR tran-
sition probabilities when comparing OH(8–3) and OH(6–2)
hydroxyl rotational temperatures. No implication can be
drawn from our experimental measurements of the relative
merit of the absolute values of the published transition proba-
bilities, or of the accuracy of the relative differences between
vibrational bands (see, for example, Melo et al., 1997).

5 Comparison of OH(6–2) and OH(8–3) winter temper-
atures

Rotational temperatures were determined from OH(6–2) and
(8–3) spectra collected in 1990, using LWR transition prob-
abilities. The intensities of the P1(2), P1(3), P1(4) and P1(5)
emissions were calculated from 0.255-nm wide count regions
centred on each emission, with an allowance made for the
instrument function and lambda doubling of the lines (as
per Greet et al., 1998). Background regions were chosen
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Fig. 5. OH(6–2) and OH(8–3) rotational temperatures determined from spectra collected at Davis in 1990, with± one sigma errors.

individually for each emission to match minor auroral and
scattered moonlight contaminations, for the instrument func-
tion used. Temperatures were calculated for each possible
ratio. For the OH(6–2) band, a weighted mean tempera-
ture is determined after neglecting those ratios involving the
P1(3) emission as this line is blended with the unthermalised
OH(5–1) P1(12) emission (Greet et al., 1998). For the OH(8–
3) band, a weighted mean temperature was determined after
ignoring those ratios involving the P1(4) emission. As has
been demonstrated in this paper, measured OH(8–3) P1(4)
intensities vary depending on the atmospheric water vapour
content. Figure 5 shows the measured OH(6–2) and OH(8–
3) temperatures and associated one-sigma errors. Average
errors for individual spectra are 4 K and 6 K for OH(6–2) and
(8–3), respectively. The OH(8–3) errors are generally larger
because of the lower intensity of this emission.

Table 5 shows a comparison of OH(8–3) and (6–2) average
temperatures for the winter interval (106≤day-of-year≤258;
Burns et al., 2002) for “any sky” and “no Moon and clear
sky” conditions. Standard errors are listed for the weighted-
average temperatures. In 1990, spectra were collected in the
two-week intervals centred on “new Moon”. Only∼20% of
the “any sky” data are collected with the Moon above the
horizon. Excluding these data varies the weighted-average
temperatures by no more than 0.4 K. More OH(6–2) spectra
were available for analysis, and this is noted in Table 5. This
may result in a bias, so a separate comparison using only
the temperatures from alternate spectra was made. There
are 80 alternate OH(6–2) and OH(8–3) temperature measure-
ments from “no Moon and clear” spectra. The average tem-
perature difference is 2.6 K and the standard error is 1.2 K,
with OH(8–3) temperatures being warmer. For “any sky”
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Table 5. Average hydroxyl rotational temperatures for individual
line ratios in the OH(8–3) and OH(6–2) bands over the 1990 win-
ter (106≤day-of-year≤258), separately presented for “no Moon and
clear sky” and “any sky” conditions. Standard errors are listed for
the “weighted average” temperatures.

No moon & Clear Sky Any Sky 

Ratio OH(6-2) T 

(# = 111, K) 

OH(8-3) T 

(# = 91, K)

OH(6-2) T 

(# = 247, K)

OH(8-3) T 

(# = 216, K)

P1(2)/P1(3) 214.4 213.0 212.5 216.2

P1(2)/P1(4) 210.6 197.1 209.8 193.8

P1(2)/P1(5) 211.0 214.6 210.3 215.1

P1(3)/P1(4) 208.6 188.9 208.8 183.4

P1(3)/P1(5) 210.1 215.7 210.0 216.0

P1(4)/P1(5) 211.9 246.5 211.4 262.0

Wtd. Ave.   210.8±0.9 214.4±1.2 210.1±0.7 214.6±0.9

conditions, there are 227 alternate spectra measurements.
For these, the mean difference is 3.9 K and the standard error
is 0.8 K, with the OH(8–3) temperatures again being warmer.
After including the results from Table 5, the average temper-
ature differences range from 2.6 K to 4.5 K. All are signifi-
cant at twice the standard error, however, there are sufficient
sources of systematic error that could account for differences
of these magnitudes. Combining the spectral calibration er-
rors for each band in 1990 in quadrature yields a relative tem-
perature uncertainty of 2.8 K. The measured differences are
all within twice this uncertainty.

The influence of water vapour absorption on the OH(8–3)
P1(4) line ratio temperatures is readily apparent in Table 5.
The result is similar for temperatures determined from the
1999 clear-sky, summed spectrum. To determine the impact
of absorption on the P1(4) emission, the average intensity of
the P1(4) emission for each of these data sets is increased
until the temperature returned from P1(4) ratios equals the
temperatures derived from the other rotational lines. A sim-
ilar, more rigorous, method was used by Turnbull and Lowe
(1983) to calculate atmospheric water vapour content. For
the 1999 clear-sky spectrum (zenith viewing, air mass 1),
we estimate 4.5% of P1(4) emission has been absorbed. For
the 1990 spectra (60◦ off-zenith viewing, air mass 2) 7.4%
of P1(4) for the clear-sky spectrum and 8.9% for the any
sky spectrum has been absorbed. Taking into account the
factor of two in the atmospheric path-length between the
1990 and 1999 spectra, and the expected increase in water
vapour between “no Moon and clear” and “any sky” con-
ditions, the agreement between these results is reasonable.
From HITRAN 2001 line parameters, this equates to an at-
mospheric water content of 5.0 mm for the 1999 spectrum,
and 4.1 mm and 4.9 mm for the 1990 clear-sky and any sky
spectra. This is high compared with 1.7 mm water vapour

content for the 1999 spectrum and 2.3 mm for the average
Davis winter value, estimated from the meteorological data.
The water vapour content estimated from the reduction in
the OH(8–3) P1(4) intensity and HITRAN line parameters is
thus∼2.5 times greater than measured by the meteorological
balloons at Davis.

Several assumptions have been made in the estimate of
the absorption, but the errors introduced are expected to be
small. The3-doubled components of the P1(4) emission are
assumed to be of equal intensity, with absorption of the rota-
tional line calculated as an average of the individual absorp-
tions. Osterbrock et al. (1997) measures the intensity of indi-
vidual 3-doubled components and reports that the OH(8–3)
P1(4)e line is 4% more intense than OH(8–3) P1(4)f . The
OH(8–3) P1(4)e line is the component subjected to greater
absorption by water vapour (see Fig. 4b). If the OH(8–3)
P1(4)e line were actually 10% brighter than its companion,
our water vapour estimates would be high by only∼8%. Er-
rors in HITRAN 2001 line intensities for water are only ex-
pected to be of the order of a few percent.

Another source of error may be uncertainties in the LWR
transition probabilities. Repeating the calculation for the
1999 spectrum using the Mies transitional probabilities, the
estimated absorption is similar (4.3%). A recent compar-
ison of radiosonde and satellite measurements, Wang et
al. (2002), suggests meteorological balloon data may under-
estimate the atmospheric water vapour content. Applying
the suggested correction indicates an underestimation of the
Davis winter water vapour content measurements by only
∼7%. Some H2O in the atmosphere above Davis in win-
ter may be missed by meteorological balloon measurements
when it is in the ice-phase, and the absorption parameters for
ice may differ from water vapour. The reason for the discrep-
ancy may lie in one or a combination of these factors, which
we cannot yet quantify.

6 Conclusions

Measurements of the OH(8–3) temperature-independent Q/P
and R/P line ratios are generally consistent with LWR tran-
sition probabilities, and lower than Mies and T&L transition
probabilities. This is broadly consistent with measurements
reported by French et al. (2000) for the OH(6–2) band, and
provides additional support for those results. Of the LWR
ratios in the OH(8–3) band, only Q1(1)/P1(2) is significantly
different from the measured values, being higher by∼7%.
For the transition probabilities considered, which yield an
∼18 K variation in derived temperature, the LWR values are
the most appropriate for determining rotational temperatures
from OH(8–3) measurements.

The location of O+(2Po
3/2→

2Do
5/2) and

O+(2Po
1/2→

2Do
5/2) has been determined to beλ732.02 nm

and λ731.915 nm, respectively, and their relative auroral
intensity to be 1:0.28. There is some inaccurate information
in the literature about the location of these lines. These
ionic emissions are also activated by sunlight. Care must
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be taken when deriving rotational temperatures involving
OH(8–3) P1(2) at λ731.63 nm, that either the observing
instrumentation has sufficient spectral resolution to fully
resolve this emission (fwhm<∼0.16 nm) from the O+ lines,
or that the Sun is no longer illuminating the atmosphere at
∼300 km (solar elevation<−17◦ for zenith observations)
and auroral activity is negligible. If not correctly accounted
for, the influence on derived temperatures depends strongly
on the degree to which OH(8–3) P1(2) is overestimated
due to contamination by the O+ lines. Overestimation
of the P1(2) intensity results in calculation of a reduced
rotational temperature. Contamination of the P1(2) intensity
by O+ emissions would typically result in an erroneously
determined temperature increase through the early evening
as the O+ dayglow faded.

Water vapour absorption of OH(8–3) P1(4), ∼1% for
1 mm of water vapour (3.346E+21 molecules cm−2), is of
significant concern for temperature derivations from this
band despite some published information unfortunately sug-
gesting that this is not the case. For a relatively dry atmo-
sphere containing 5 mm of water vapour, temperatures de-
rived from zenith measurements of the P1(2)/P1(4) intensity
ratio would be reduced by∼10 K, from the P1(3)/P1(4) ratio
would be reduced by∼17 K and from the P1(4)/P1(5) ratio
would be increased by∼15 K. The magnitude of these er-
rors is dependent on the highly variable atmospheric water
vapour content and would distort night-to-night and seasonal
temperature variations.

We cannot resolve a discrepancy of∼2.7 between the esti-
mated P1(4) absorption from airglow measurements and the
combination of the HITRAN 2001 line parameters and Davis
meteorological balloon measurements of water vapour.

The relative intensities of the major auroral contaminants
of the OH(8–3) band at Davis have been determined. The
major auroral contaminant of the P-branch lines is the N2 1st

Positive (5–3) band.
P1(5) lies close to a solar absorption line. If scattered

moonlight enters an instrument’s field-of-view, this solar line
can be a source of error in determining the intensity of P1(5)
and thus for the use of this line in determining rotational tem-
peratures.

For consecutive measurements of OH(8–3) and OH(6–2)
spectra at Davis in 1990, we determine a difference of∼4 K
in rotational temperatures, with the OH(8–3) derived temper-
atures being warmer. This may be due to transition probabil-
ity uncertainties or inaccuracies in our spectral calibrations.
It also demonstrates a difficulty in melding hydroxyl temper-
atures derived from different hydroxyl bands when determin-
ing climate trends.

Appendix A

A short summary of the nomenclature used in this paper to
describe hydroxyl airglow emissions is presented here to as-
sist readers.

The hydroxyl ground state is spin-orbit degenerate into
X253/2 and X251/2 states with total angular momentum
J=1.5 and 0.5 respectively. Orbital angular momentum, L,
of positive integer value can be added, thus, the X253/2 state
can be labelled withJ=0.5, 1.5, 2.5,..., and the X251/2 state
can be labelled withJ=0.5, 1.5, 2.5,... . Alternatively, the ro-
tational states can be labelled by the orbital angular momen-
tum, whereL=J−

1/2 for theX253/2 state andL=J+
1/2

for theX251/2 state. We label hydroxyl transitions

OH(v′
−v′′)1L1Js′s′′(L

′′)3′′.

In this nomenclature, v is the vibrational quantum number,L

andJ are as described above, s is the spin quantum number,
3 is the3-doubling designator and′ and′′ indicate upper or
lower state values, respectively.

For transitions within the spin-orbit degenerate ground
states, s′=s′′ and 1L=1J , then the redundant s′′ and 1L

are dropped. Transitions between the spin-orbit degenerate
ground states are known as satellite transitions and have in-
tensities of at most, a few percent of the brightest branch
lines.

1J is limited by a quantum selection rule to−1, 0 or 1
and is given a letter label which denotes the P-, Q- and R-
branches, respectively.1L can have values−2, −1, 0, 1
or 2 and is represented by an expanded lettering system as
O, P, Q, R or S. The spin quantum number is either 1 or
2. Transitions within the lower potential spin-orbit degener-
ate ground state, X253/2, are designated by the 1 subscript
and are approximately three times as bright as the equivalent
transitions within the higher potential spin-orbit degenerate
ground state, X251/2, which is designated by the 2 subscript.

Each rotational state is further split (3-doubled) due to
nuclear-spin, electron-orbit interactions. Transitions are dis-
tinguished by letter subscriptse or f , indicating the parity
of the lower state. The3-doubled components are spectrally
close, but the separation increases withL′′. Our CTS typi-
cally cannot resolve the3-doubled components but the vary-
ing separation of3-doubled components within rotational
lines must be allowed for with the methods we use, for deter-
mining line peaks and total intensities. For the purpose of the
point being made, if there is no need to distinguish between
the3-doubled components, then the3′′ subscript (e or f ) is
often dropped.

The 1J quantum selection rule means that an upper ro-
tational state, within a specified vibrational band transition,
may emit via three possible transitions within its spin-orbit
degenerate ground state (the associated P- Q- and R-branch
lines) or via three weak transitions between the spin-orbit de-
generate ground states (the associated satellite lines). It is the
relative proportions emitted via these possible transitions that
are allowed for by the transition probabilities,Aa andAb, in
Eq. (1).
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