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Abstract

The full dataset of VIRTIS-M limb observations dfiet OH Venus nightglow has been

analyzed to determine its characteristics. Based328 limb profiles, we find that the mean
peak intensity along the line of sight of the @M£1 sequence) i935'2: MR and is located

at 96.4+5 km. The emission is highly variable awdctear dependence of the airglow layer
altitude versus the antisolar angle is establisAdok peak brightness appears to decrease
away from the antisolar point even if the varidpilit a given location is very strong. Some
correlation between the intensity of the OH and @a'A) emissions is also observed,
presumably because atomic oxygen is a common mecto the formation of £a'A) and

O3, whose reaction with H produces excited OH. Commgaour results with predictions from

a photochemical model, a constant H flux does natch the simultaneous OH and, O

airglow observations.
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Introduction

The first identification of the OH airglow in thertestrial mesosphere was made in
1950 byMeinel [1950]. It is generated by the reaction betweeonezand hydrogen atoms
leading to the production of vibrationally excitéydroxyl molecules in the %I state.
Recently, the unexpected presence of the OH nightglvas observed in the Venus
mesosphere bYiccioni et al.[2008] using a limb profile from the Visible andfia-Red
Thermal Imaging Spectrometer (VIRTIS) instrumentbmard the Venus Express spacecraft.
They clearly identified the (1-0) and (2-1) tramsis at 2.80 and 2.94 um, respectively and
the (2-0) band at 1.43 um. Additional bands beloggo theAv=1 sequence also appear to be
present longward of the (1-0) band. The maximurensity in the limb viewing geometry
was 0.88+0.09 MR (1 Rayleigh, R, corresponds to ihghtness of an extended source
emitting 16 photons crif s* in 4 sr) and located at 96+2 km. In a preliminary study
characteristics of the OH emission distributidbérard et al.[2010] found an average
brightness of about 0.41+0.37 MR peaking at 95.&H3 They also pointed out a correlation
between the OH\v=1 sequence) and the @A) nightglow intensitieskrasnopolsky2010]
recently obtained infrared spectra from ground dadeservations of the (1-0) P1(4.5) and (2-
1) Q1(1.5) OH airglow lines using a high-resoluti@tescope and long exposure times. He
used these measurements to constrain a one-dimahgiotochemical model for the
nighttime atmosphere of Venus. He derived expressioking the brightness of the OH and
the Q(a'A) emissions to the downward flux of oxygen and bgan atoms. On the Venus
nightside, the OH emission is weak compared totlieemal emission of the planet. This
weakness combined with both the low spectral reésolwf VIRTIS-M and its short exposure
times make it impossible to detect an OH emissionadir geometry. Only limb observations

can thus be used in this study. Here, we deterthieeglobal distribution of the Venus OH



64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

nightglow using VIRTIS observations following appr@ate corrections to the limb

observations. We use the full data set collectethguhe Venus Express mission.

[1. Limb Observations of the OH(Av=1) Night Airglow

Venus Express is a spacecraft of the European Shgeecy orbiting Venus on an
elliptical trajectory with a pericenter located l@igh northern latitudes and an apocenter
located 66,000 km away from the planet. VIRTIS-M#Ran imaging spectrometer covering
the infrared domain from 1 to 5 um both in nadid &mb viewing geometriesjrossart et
al., 2007; Piccioni et al, 2009]. Because of the spacecraft's polar ellghtiorbit, limb
measurements are preferentially made while VIRBI®bserving the northern hemisphere.
For this study we used VIRTIS-M-IR observationsnira4 April 2006 (orbit VI0023 01) to
14 October 2008 (orbit VI0O907_05). During this peli a total of 4501 observations were
collected. Since VIRTIS-M-IR is an imaging specteinr, a single observation consists of an
image cube for each spectral channel, from 1 to5hy steps of 9.5 nm. It is thus possible to
obtain complete spectra, where thga)-X>%) and the OHgv=1) Meinel bands can clearly
be seen at 1.27 and from 2.7 to 3.1 um, respegt[®tcioni et al, 2008]. Limb emission
profiles of the OHAv=1) emission can also be deduced from these cisens.

Gérard et al.[2010] described the procedure applied to extlath profiles from
VIRTIS images. First, images are integrated ovevelngths from 2.7 to 3.1 um. Then, all
the intensities of pixels with identical latitudaesd local times but different altitudes are
grouped together to ultimately obtain an intengitgfile as a function of the altitude of the
minimum ray height. Occasionally, the OH peak istgnis too weak to be distinguished

from the thermal contribution. For that analysisetection has been made to only keep those
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profiles exhibiting a discernable emission peAk example of a bright OH limb profile is
plotted in Figure 1-a (thin solid line) while a vkea case in represented in Figure 1-b. As can
be seen, in addition to the OH emission, a contidbupresumably caused by scattering of
thermal emission by haze has to be removed fronotilggnal profile. To do so, a third-order
polynomial fit was applied to represent the therraalission above 110 km. The same
procedure was applied to fit the thermal emissielow 85 km. The two polynomial fits are
subsequently smoothly connected. The final cunezluse fit the thermal emission is plotted
in dashed line and the thick solid line shows theected OH emission profile. To verify that
both polynomials fit the thermal component of thefges, boundaries of 85 and 110 km have
been chosen because no emission peak has been daumd this range (see Figure 2-a).
Although this method works really well for brightgfiles (see Figure 1-a), the accuracy of
the results had to be tested for weaker emissiarthe case of Figure 1-b, it clearly appears
that using boundaries of 85 and 104 km would haenlbetter to fit the thermal emission.
The peak emission is then found to be 0.34 MR austd 0.30 MR for the automatic method,
which leads to a relative peak intensity error ¥l Because this uncertainty is sufficiently
low and considering the large amount of profilesb® analyzed, we use the automatic
procedure for all the profiles. From now on, onhe tOH corrected profiles and the data
concerning the altitude and the brightness of grekpvill be taken into account. In this study,
we verify that all available limb profiles are cafeyed and corrected from the thermal
emission component. While an earlier studyGdrard et al.[2010] was based on 334 OH
limb profiles, this work is based on a total of 86disually checked profiles. Among these,
290 profiles have been rejected either becausewleeg too noisy or because the fit to the

thermal emission was not satisfactory.
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1. Results

[11.1.The OHEAv=1) Nightglow Distribution

The statistics of the values of the peak altitudd af the peak brightness is shown in
Figure 2 with solid lines while previous resultstaihed by Gérard et al. [2010] are
represented in dashed lines. In Figure 2-a, thenmoéthe OH peak altitude along the line of
sight is found to be 96.4+5 km (versus 95.3+3 kmtfie study ofGérard et al.[2010]), with
a minimum value of 86 km, a maximum value of 110 (xersus 102 km), a median of 96 km
and a mode (the most represented value) of 97 kimp@rison of the two histograms shows
that increasing the number of profiles does nohgkahe peak altitude distribution. In Figure
2-b, the mean of the OH maximum brightness aloeditte of sight is found to be 0.35 MR
(versus 0.41+0.37 MR iGérard et al.[2010]), ranging from values below detection uf2t8
MR (versus tens of kiloRayleighs to 2 MR), with &aran value of 0.21 MR and a mode of

0.14 MR (versus 0.4 MR). As the brightness distitou is asymmetric, the variability is
03592 MR, asymmetrically expressed as well. This mednevdrops t0032°%2 MR when

considering all the rejected profiles as zero valU@mparing both histograms shows that
removing thermal emission from limb profiles addasa#ier intensity values but does not
appreciably modify the shape of the largest intgrdistribution.

Another interesting aspect is the spatial repregemt of the peak altitude and intensity
values. We considered the brightness of the OHseomsas a function of latitude sorted into
5°-wide bins. From 20°S to 80°N, a tendency to éase (from 0.55 to 0.15 MR) is obtained
(not shown), with a correlation coefficient R eqt@l-0.55. To test the significance of this
correlation, a correlation coefficient r=-0.07 walso calculated using all the individual data
points (unbinned). To assess the significance @ thorrelation coefficient, the null

hypothesis had to be tested. Since the number miplea exceeds 100, r is normally
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distributed around O for two non-correlated vamgbénd the & standard deviation of r is
given by s, =J/\/n—1, where n is the number of observations. Compathegr value to §

the level of confidence that r is significantly féifent from zero is found to exceed 99.99%.
Similarly, the brightness of the OH emission hasrbexamined as a function of local time
using 15 min local time bins (not shown). In thése, an intensity increase from 0.30 to 0.40
MR from dusk to dawn was obtained, leading to R80r4-0.13 and a level of confidence
that r is significantly different from zero exceedi99.99%. However, the observations used
for these analyses are not uniformly distributetieziin latitude or local time. Thus, the bins
do not contain the same number of observationsjingufrom 4 to 405 profiles per bin.
Selecting observations along concentric circlesiagathe antisolar point (whose coordinates
are 0° lat — 2400 local time) has been used todatros issue. This variable, known as the
angular distance to the antisolar point (or angis@ngle), was shown to be very useful to
organize the @a'A) airglow brightness dataGrard et al, 2010]. Figure 3-a shows that the
number of observations per bin is less variableyimg from 21 to 333 profiles per bin.
Figure 3-b clearly shows that the intensity is Bigantly brighter near the antisolar point
(about 0.6 MR) than near the poles (about 0.3 MR)e corresponding correlation
coefficients are found to be R=-0.71 and r=-0.02thiat case, the level of confidence that r is
significantly different from zero is about 77%.

For its part, the altitude of the peak emissioneapp to exhibit no dependence on latitude,

local time or antisolar angle (Figure 3-c).

l1l.2. OH Meinel and Q(a'A) Simultaneous Observations
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Another important aspect is to examine the possibleelation between the OAN=1)

and the @a'A) emissions. Indeed, they are linked by the foltayvieactions:

20+CO, - O, * +CO,, )
0+0, +CO, - 0, +CO,, @
O, +H - O, +OH*, @3)
O+HO, -~ O, +OH* @)

where Q* and OH* designate the £&'A) and OH(v=1) excited states, respectively. Thus,
excited OH is produced with the quick consumptioh ozone, created itself by the
termolecular reaction involving O,,@nd a third partner. Considering these mechaniams,
correlation between the OMy=1) and the @a*A) emissions is expected.

To compare the two emissions; Profiles have been extracted following the same
procedure as the OH profiles, but no thermal emmssiorrection was needed. Indeed, the
O,(a'A) signal at 1.27 pm is considerably stronger th@n®H emission. Also, the thermal
emission in this channel is very weak above 85 Ritdioni et al, 2009] while the @
emission peak is observed near 96 Ritgioni et al, 2009;Gérard et al, 2008]. Each data
point in Figure 4 represents the peak brightnesasored along the line of sight of the
OH(Av=1) and the @a'A) emissions for simultaneous limb observations. filo¢ (in black)
and the linear correlation coefficient r=0.47 (wihconfidence level that the correlation
coefficient is different from zero exceeding 99.99B6th suggest that the brightness of the
OH and the @a'A) emissions tends to statistically covary.

Krasnopolsky[2010] presented a one-dimensional photochemiealsport model of
the photochemistry between 80 and 130 km. He stedjeisat the OH brightness is linked to

the Q(a'A) brightness and the downward flux of hydrogen atdnnough:
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whereloy is the nadir brightness of the Qk(=1) emission in kRlo; is the nadir brightness

of the Q(a'A) emission in MR@®o and®y, are the oxygen and the hydrogen vertical fluxes at
130 km expressed in ¢ms®, respectively. The nadir observations of the Otd #re Q
intensities made b¥rasnopolsky[2010] at 2130 LT between 35°N and 35°S have been
converted into limb intensities in order to be eganted in Figure 4 by a square. He deduced
from a comparison with the model outputs that arbgen flux in equation (5) equal to®10
cm? st best fits this observation. The model relationsen the @A) and the OH Meinel
brightness derived from (5) and (6) for this H flualue is represented in dashed line in
Figure 4. This curve passes through Krasnopolstdg&ervation but does not fit well the high
O brightness values which were not considered instudy. Curves for other values of the
hydrogen flux have been plotted for comparisoapjpears that a hydrogen flux ofXn? s

! seems appropriate to fit the lowest values of@h@'A) emission while a smaller value of
3x10 cm? st (in dashed-dotted line) seems to better fit thgh&$t intensities. However,
some points, with low @values but OH intensities greater than 1.5 MR, rave fitted,
whatever the hydrogen flux. A detailed inspectibhe corresponding spectra confirmed the
relatively high OH to @intensity ratio. These points only represent thss 0.7% of all the

observations.
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IV. Conclusions

The entire data set of VIRTIS-M-IR limb observasoaf the OH nightglow obtained
during the Venus Express mission has been analgzdtis study. To correctly estimate the
brightness of the OHW=1) Meinel emission, the contribution of the thatnemission has
been subtracted. This process resulted in incrgalsennumber of profiles compared to earlier
preliminary studies and adding lower OH intensigues to the data set. Our study indicates
that, globally, the observed peak brightness of @& Meinel emission at the limb is very
variable, ranging from less than 20 kR to aboutR. M

Statistics indicate that the OH intensity tenddé¢obrighter near the antisolar point than
near the poles, although the associated level offidence is low when individual
measurements are considered. This relatively loxellef the correlation stems from the
extreme variability in individual observations, whiis neither apparent in the binned data nor
in the preliminary results bérard et al.[2010] based on a limited sample. Our results
indicate that, as more OH observations are corsilléne associated variability increases. By
contrast, although the OH peak altitude also apgptabe variable, it shows no dependence
with the location on the nightside of Venus.

Some degree of correlation is expected betweerbtightness of the OH and the, O
emissions which have atomic oxygen as a commonamain reactions (1) and (4) and as a
precursor to ozone involved in reaction (3). Thekationship was numerically predicted by
the nightside model bi{rasnopolsky[2010] for a given values of the downward fluxé<Oo
and H atoms. Our results suggest that the hydréiggns not constant. A hydrogen flux of

1% cmi? s? best fits Q(aA) intensities from 0 to 40 MR, while a smaller \alof 3x10 cm’

10



240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

s* better reproduces the higher brightness dataFiseee 4). As the highest,@'A) intensity
values are statistically located near the antigobént and decrease toward the polegE¢ioni

et al, 2009;Gérard et al, 2008], this could imply that the hydrogen fluxlasger near the
pole than near the antisolar point. However, wee rtbat, globally, the intensity level of the
OH nightglow is correctly predicted by the one-dms@nal model of Venus’'s nightside
photochemistry. Finally, it is important to keep nmnd that horizontal transport plays an
important role in the redistribution of photochealig-produced species such as G, dnd
minor long-lived species and possibly explains soiride variability of the OH emission and

its brightness relative to r'A).
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Figures

Figure 1: Limb profiles derived from orbits VIO49BL (a) and 377_11 (b): raw data (thin
solid line), OHAv=1) emission (thick solid line) and Venus’s thetmmission (fit in dashed

line).

Figure 2: Distribution of the peak altitude (a) drightness (b) along the line of sight of the
nightside OHAv=1) emission observed at the limb with VIRTIS-M-IRs a comparison,

results previously obtained I&érard et al.[2010] are represented with dashed lines.

Figure 3: Statistical distribution of the number@if(Av=1) infrared nightglow observations
grouped into 5° angular bins (a). The maximum lionightness (b) and altitude (c) are plotted
as a function of the antisolar angle. The centafles in each bin are the mean values and the
vertical bars indicate the asymmetricolvariability in each bin. The solid line shows the
linear regression through the binned data pointd @re value of the linear correlation

coefficient R for the binned data is indicated.

Figure 4: Relationship between the maximum limighuress of individual simultaneous OH
and Q(a'A) limb profiles. The regression line through theadpoints is plotted in a black
solid line and the value of the correlation coediint r is indicated. The square represents the
observation ofKrasnopolsky[2010] at 2130 LT. The dashed line representsctieulated

relationship for a downward hydrogen flux of Hloms crif s*at 130 km.
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