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Rocket-borne Radiometric Measurements of OH in the Auroral Zone 

J. W. Ro•Eas, R. E. MURPHY, A. T. Sepia, Ja., •N• J. C. UrwIcx 

Air Force Cambridge Research Laboratories, Bedford, Massachusetts, 01730 

K. D. BAKEa A•D L. L. JE.NSEN 

Utah State University, Logan, Utah 84321 

An Astrobee D rocket carrying a dual-channel radiometer (1.40- to .1.65-gm and 1.85- to 
2.12-gm spectral band passes) was launched on March 6, 1972, at 0200 LT from Poker Flat, 
Alaska. The spectral band passes were chosen so that the lower (v -- 2, 3, 4, 5) and upper (v -- 
7, 8, 9) vibrational levels of OH in the .Av -- 2 sequence could be monitored simultaneously. 
Launch criteria were established from groundsbased radiometric observations that indi- 
cated a steady.night airglow of 240 kR• in the 1.40- to 1.65-gm band pass 2 hours prior to 
and throughout •the flight. Altitude profiles of OH emission were derived from data •from 
both channels and show OH to be layered, pea'l• volume emissions occurring at 83.5 km. 
Under the asSUmption that H + O• ,--) OH* + •02is the principal production mechanism, 
synthetic spectra were integrated over the instrument spectral response characteristics of th.e 
two radiometer channels. At altitudes above 83 km, quenching due to the reaction OH*.+ 
O --) O2+ H is evident, which requires an atomic oxygen concentration of 10 • cm -a at 83' km, 
increasing to 8 X 10 • cm -a at 88 km. " 

Over the past two decades, considerable spec- 
ulation on the origin of hydroxyl emission and 
the hydrogen-oxygen chemistry in the upper 
atmosphere has been offered [Bates and Moisei- 
witsch, •956; Krassovsky et al., 1961; Kras- 
sovsky, 1971]. These speculations have been 
accompanied by a number of hydroxyl measure- 
ments taken with ground-based, balloon-borne, 
and rocket-borne instruments [Gushan'd Buijs, 
1964; Baker •and Waddoups, 1967; She[ov, 
1971, 1972; Bunn and Gush, 1972•i ' Lowe and 
Lytle, 1973] concerned with specific details of 
the overall phenomena. Unfortunately, substan- 
tial uncertainty remains concerning the proc- 
esses that govern the OH emission, particularly 
in the auroral zone where enhanced emissions 
have been recorded [Stair et al., 1971]. Rocket 
measurements to determine the altitude distri- 

butions for different vibrational levels during 
different times of the day are essential to deter- 
mine the various mechanisms that control the 

degree of excitation of OH in the atmosphe're 
[She[ov, 1972]. 

A rocket-borne simultaneous measurement of 

the upper and lower vibrational levels of Oil 
in the first overtone (Av = 2 sequence) was 

Copyright ¸ 1973 by the American Geophysical Union. 

conducted from Poker Flat, Alaska, on March 6, 
1972. The simultaneous monitoring of the emis- 
sion from lower vibrational levels together with 
the measurements of the upper vibrational levels 
may provide information on quenching; radia- 
tive cascade, and other production mechanisms. 
Measurements of the emission from the upper 
vibrational levels were made to determine the 

contribution due to the H q- O• reaction. 
At altitudes above 83 km the emission from 

the lower ;;ibrational levels with respect to the 
measurement of the upper vibmtibnal levels is 
less than the calculated value 'for OH produc- 
tion f•rom H q- O• and radiative cascade. This 
result has been interpreted as being due to 
quenching of OH by reaction with atomic 
oxygen. On the basis of 0H being quenched, 
atomic oxygen concentrations have been d•ter- 
mined and compared with other measurements. 
At altitudes below 82 km the data i.n'dicate that 
the H q- O• reaction by'i•tself is apparently 
not adequate to account for the emission from 
the lower vibrational levels. 

INSTRUMENTATION 

A spin-stabilized Astrobee D rocket (A30.205- 
3) was launched 'from Poker Fta t, Alaska, bn 
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March 6, 1972 at 1214 UT (0214 LT). The 
rocket carried a pay load of about 30 lb to a 
peak altitude of 89.4 km in approximately 145 
sec. Total rocket flight time was about 33.0 sec, 
and the rocket impacted 57 km north (mag- 
netic) of the rocket launch site. The tip of the 
rocket was ejected at 53.5 sec (50-km altitude) 
to expose the infrared sensor, which was a liquid 
nitrogen cooled dual-channel radiometer. Tip- 
over and loss of usable data occurred at 190 

sec or approximately 81 km on the downleg. 
Altitude was determined by ground-based track- 
ing, and the error is less than 0.5 km. 

An aspect magnetometer was mounted per- 
pendicular to the longitudinal axis of the rocket 
and provided data on rocket roll rate (spin) as 
well as rocket cone angle relative to the earth's 
magnetic field. As was indicated by the mag- 
netometer, the rocket achieved a relatively con- 
stant roll rate of 8 revolutions pe r second, and 
the precessional mo•ion (37-sec period) gave 
rise to a minimum-maximum look angle of 
about 20-25 ø from the vertical. 

The primary sensor in the pay load was a 
newly developed dual-channel liquid nitrogen 
cooled radiometer [Jensen et al., 1972] for 
measurement of hydroxyl emissions. The radi- 

ometer (Figure 1) contained separate detectors 
(InSb) and optical components for each chan- 
nel and shared a common chopper housed in a 
cryogenic liquid nitrogen dewar. The spectral 
band-pass filter for the short-wavelength chan- 
nel, 1.40-1.65 •m (half power points), was 
chosen to accept emission from the 2-0 through 
5-3 vibration-rotation bands of OH. The longer- 
wavelength channel covered 1.85-2.12 •m corre- 
sponding to the 7-5 through 9-7 vibration- 
rotation bands. The fields of view were 10 ø 

full cone angles, and the viewing direction of 
both channels was 0 ø relative to the rocket 

forward axis. A cold cover sealed the optical 
components until tip ejection at 50 km. ' 

MEASUREMENTS 

The rocket launch criterion established for 

this experiment was a moderate nighttime sky 
with respect to OH enhancement. Ground-based 
measurements of the 3914-A Ns + (1 N) • and 
5577-A O(•S) lines from the regions near 
the rocket trajectory showed the general auroral 
conditions prior to and during the rocket flight 
to be rather weak, • few kR [Huppi et al., 
1973], at the launch site. These conditions 
assured no measurable signal in the infrared 
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Electronic Compartment 
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,Chopper 
Blade 

Detector 

Absolute Pressure Reference SiGnal Drive 
Relief Valve Generator Shaft 

Preamplifier 
.•ryogen Reservoir 

Fig. 1. Dual-channel radiometer. Spectral filters covering zXv -- 2 sequence of OH, short 
wavelength 1.40-1.65 /zm, (v"-v) 2-0, 3-1, 4-2 and 5-3. Long wavelength 1.85-2.12 /zm, (v'-v) 
7-5, 8-6 and 9-7. 
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Fig. 2. Ground-based radiometric measurements, March 6, 1972, where Xc is the center of 
the band pass [Huppi et al., 1973]. The spectral ba.nd pass was almost identical to that of 
the lowest wavelength channel of the rocket-borne radiometer. 

0300 

due to nitrogen fluorescence. In addition, a 
ground-based radiometer having the same spec- 
tral band pass as the short-wavelength channel 
radiometer on board the rocket was monitored 

before and during the flight. The ground-based 
OH radiometer indicated steady OH emission 
(10% slow variation) 1 hour before launch and 
a steady 240-kR emission just prior to. launch 
until after the flight [Huppi et al., 1973] (Fig- 
ure 2). 

Telemetry data were digitized every 2 msec 
and processed by a digital computer. Figure 3 
shows the radiance in MR as a function of 

rocket altitude for the two radiometer channels. 

The data points shown have been averaged 
approximately every « km. To minimize the 
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effect of rocket spin, each computed point has 
an integral number of rocket revolutions. The 
open circles and squares represent data points 
taken on the upleg of the flight, whereas the 
solid circles and squares are data points ob- 
tained during descent. The horizontal bars are 
one standard deviation about each data point. 
As the figure shows, the scatter in the data is 
smaller at higher altitudes. The magnitude of 
scatter is related to the integration time; that 
is, the vertical velocity of the rocket is de- 
creasing, and the observation time is constantly 
increasing with altitude, from « sec at 75 km 
to 7 sec at 88 km. The standard deviation for 

the short-wavelength channel varies from 8 kR 
at 73 km to 2 kR at 88 km. The long-wave- 
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Fig. 3. Corrected integrated OH emission versus rocket altitude. Open data points and 
solid data points represent the upleg and the downleg of the rocket flight, respectively. The 
curves are obtained by smoothing the data with a Gaussian weight. The horizontal bars are 
one standard deviation about each data point. 
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length channel had standard deviations that 
varied from 13 to 6 kR. The effect of rocket 

tip-over is also obvious in the raw data before 
correction for aspect. The magnetometer data 
show that rocket tip-over begins at about 190 
sec (apogee at 145 sec). At 207 sec (70-km alti- 
tude) the longitudinal axis of the rocket is 
.perpendicular to the magnetic field. Conse- 
quently, data obtained on the downleg are 
limited to altitudes greater than 81 km in order 
to keep the slant path less than 25 ø from (he 
vertical. The aspect determination assumes that 
the axis of precession lies in the plane of the 
earth's magnetic field. These data have been 
corrected in accordance with the magnetometer 
data to correspond to a vertical look angle by 
using a cosine slant path. The solid curve is a 
result of smoothing the data points with a 
Gaussian weight [Pearce, 1969]. The weighting 
interval was chosen to be proportional to the 
standard deviation of the data at the altitude 

of calc•]lation and varied from 6 to 1.5 km. 

This criterion was chosen because less smooth- 

ing was desired where the data are more re- 
liable. 

RESULTS AND DISCUSSION 

The signal in both channels of the radiometer 
approaches zero at apogee, indicating that the 

majority of the emitting OH layer has been 
traversed by the rocket. In the 1.40- to 1.65-#m 
spectral region the ground-based measurements 
and rocket data below 70 km indicate good 
agreement, both measuring 230-240 kR. This 
implies that the majority of the emission occurs 
at altitudes above 70 km, in agreement with 
current models for postlocal midnight [$hima- 
zaki and Laird, 1970; Gatringer, 1969, 1971], 
since OH production at lower altitudes de- 
creases after sunset owing to the rapid recom- 
bination of atomic oxygen and hydrogen. 

The reliability of the data was further estab- 
lished by digitizing the response-corrected spec- 
trum of Gush and Buijs [1964] and integrating 
it with the rocket instrument response. The 
ratio of the high-wavelength channel to the 
low-wavelength channel obtained by using their 
data is 1.2. This is in good agreement with the 
data obtained from the rocket below 75 km. 

Figure 4 shows the volume emission rates 
that were obtained by differentiation of the 
data, again by mean•s of a Gaussian weight 
[Pearce, 1969], as a functior• of altitude. The 
curve has been drawn as a dashed line below 

78 km to indicate that the accuracy of the 
derivative is questionable owing to the larger 
uncertainties in the original data at these alti- 
tudes. The maximum volume emission rates in 
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Fig. 4. OH volume emission profiles derived from the derivatives of radiometric mea- 
surements of the .Av -- 2 sequence in the spectral bands indicated. The curves are dashed 
below 79 km because of the uncertainties in the original data. 
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the short- and long-wavelength channels are mally averaged (200øK) vibrational transition 
2.9 X 10 • and 3.5 x 105 photonsfcm • sec. It probabilities based on an ab initio calculation 
is seen that the OH emission is concentrated were used (F. H. Mies, private communica- 
in a layer at 83.5 km approximately 8 km in tion, 1973). These probabilities are in agree- 
depth. Both the altitude distribution and abso- ment with the experimentally measured in- 
lute rates are in agreement with the midnight tensities I2Q/I2• and I•/I• of Murphy [1971] 
model of Gatringer [1971], which shows a total and should be more reliable for transitions in- 
OH peak rate of about 1.4 X 106 photons/cm • volving higher vibrational quantum numbers, 
sec at about 82 km. Baker [1967] and Harrison since more accurate wave functions were used 
[1971] have measured peak volume emission in the calculations. The relative vibrational pop- 
rates at approximately 95 km, whereas Packer ulation was obtained by solving the equilibrium 
[1961] and Tarasova [1963] have obtained flux equation 
peak emission at 80-85 km. At altitudes below 
82 km the emission rate in the short-wavelength dNv 
channel exceeds that of the long-wavelength dt 
channel. At these altitudes, minor constituents 
change dramatically, and, if two or more proc- 
esses are operative to a significant extent, it is 

9 

-o=L+ 
v-1 

-- Nv • A•,, 4- Q,,(v = 1-9) (a) 
P•=O 

likely that the volume emission rates from dif- where the terms on the right represent the 
ferent processes would be in evidence. initial production rate of OH into level v by 

It is generally conceded that the reaction the reaction H q- 0.• determined from the ex- 
periment by Charters et al. [1971] at a pres- 

H q- 03 --• OH(v _< 9) q- 02 (1) sure of 10 -4 torr and corrected with the vibra- 

is one of the dominant production mechanisms 
of vibrationally excited hydroxyl in the upper 
atmosphere. From laboratory studies it has 
been established that reaction i populates pref- 
erentially in v -- 8 and 9 [Charters et al., 
1971]. The spectral band pass of the long- 
wavelength channel was chosen to encompass 
only the higher vibrational emissions of the 

tional transition probabilities of F. H. Mies 
(private communication, 1973), the rate of ex- 
cited OH molecules cascading by radiation 
into level v from higher levels v ', the loss rate 
of excited OH molecules from level v by radia- 
tion, and the loss rate (or gain) of OH mol- 
ecules from level v by quenching (or mech- 
anisms other than H q- O•). 

Av -- 2 sequence; consequently, the contribu- The synthetic emission spectrum for the first 
tion from reaction I can be established, and overtone of OH was calculated by using (2) 
the amount of radi•/tion falling in the short- and (3)with Q• initially set at zero. This spec- 
wavelength channel due to reaction I can be trum was integrated with the instrument re- 
calculated and compared with the measured sponse of the two-wavelength channels. The 
values. computed intensity ratio R• of the 1.40- to 

1.65-•m region of the spectrum to the 1.85- Synthetic emission spectra of the Av -- 2 
sequence of OH were generated in accordance to 2.12-•m region of the spectrum is 0.97. 
with The ratio of the volume emission rates for 

the two data channels as a function of altitude 

•'•' •v'•' •' •, is presented in Figure 5. The measured inten- I• o: N•, •,h• Av S: (2) 
sity ratios R• are compared to the intensity 

where r,,• •'•' is the frequency of radiation re- ratio R• calculated from the theoretical spectra 
sulting from the transition from vibrational integrated with the response of the two data 
state v' to v and rotational state J' to J, A• •' is channels. 
the vibrational transition probability, S/' is the Based on the H q- O• reaction's being the 
rotational line strength, and N•,.,, is the relative sole source of vibrationally excited hydroxyl, 
population in levels v' and J'. The rotational the calculated ratio R• indicates that there 
population was taken as a Boltzmann distribu- should be 0.97 times as much radiation in the 
tion at 200øK to correspond to a midnight- long-wavelength data channel as there is in the 
winter atmosphere [Sivjee et al., 1972]. Ther- short-wavelength data channel if it is assumed 
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Fig. 5. The measured intensity ratios of OH (•v -- 2 sequence) for the two radiometric 
channels as a. function of altitude. The dashed line represents the expected ratio for the 
H + Oa reaction alone with radiative cascade and no quenching. 

that there is no quenching of OH. The measured 
ratios (Figure 5) show that this condition is 
met at approximately 82 km. Relative to the 
long-wavelength data channel, the short-wave- 
length data channel has a larger emission below 
82 km and a smaller emission above 82 km than 

is predicted by the calculated ratio Re. Below 
82 km this is an indication of possible addi- 
tional processes producing excited OH in lower 
vibrational levels [Krassovsky, 1971]. 

At altitudes greater than 82 km, quenching 
of vibrationally excited hydroxyl may be im- 
portant. Quenching of OH by the dominant 
species N,o or O3 may be excluded [Worley et al., 
1971, 1972]. However, chemical reaction with 
atomic oxygen is very fast, the rate constant 
being reported at 5 --+ 2 X 10 -• cm 3 sec -• 
[Kaufman, 1964], but no information is avail- 
able on the rate constant as a function of the 

vibrational state of OH. 

Since the rate constant may be vibrationally 
dependent, an empirical relation for the vibra- 
tional quenching of OH was assumed. 

Qv = k(1 -}-c•v)[O][Nv] (4) 

The linear dependence of the rate constant on 
v must be small, since the reaction rate is very 
near gas kinetic [Kaufman, 1964]. If the reac- 

tion rate is assumed to vary from 5 X 10 -• 
cm • sec -• for the lowest vibrational level to 10 -•ø 

cm '• sec -• for the ninth vibrational level [Kras- 
sovsky, 1973], a value of 0.11 is obtained for a. 

After introducing (4) into the right side of 
(3), vibrational distributions were calculated 
for various atomic oxygen concentrations. These 
populations were incorporated into (2) to gen- 
erate theoretical spectra, which were then inte- 
grated with the response of each data channel. 
These calculated ratios R c of the long-wave- 
length data channel to the short-wavelength 
data channel are determined as a function of 

altitude and are shown in Figure 6. Both curves 
in Figure 6 use the OH production rates based 
on the experiments of Charters et al. [1971], 
corrected by the vibrational transition proba- 
bilities of F. H. Mies (private communication, 
1973). The solid curve was obtained by using 
a = 0.11 in (4) and illustrates the case of 
vibrationally dependent quenching. The dashed 
curve with a - 0 shows the results for a vibra- 

tionally independent quenching rate. 
From the measured intensity ratios R• as a 

function of altitude (Figure 5) and the com- 
puted intensity ratios R, as a function of [0] 
(Figure 6) an atomic oxygen profile was deter- 
mined (Figure 7). The dashed curves show the 
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Fig. 6. The calculated intensity ratios of OH (Av ,= 2 sequence) for the two radiometric 
channels as a function of atomic oxygen concentration. The solid curve represents a vi- 
brationally dependent quenching rate, and the dashed curve represents a vibrationally inde- 
pendent quenching rate. 

limits based on the most probable error. The 
atomic oxygen profile of Henderson [1971], 
measured during the daytime at Wallops Island, 
is shown by the dotted curve. 

From a nighttime auroral zone rocket mea- 
surement of the 5577 O(•S) emission, Dandekar 
[1972] has derived an atomic oxygen profile. 

He concludes that the peak atomic oxygen con- 
ceNtration occurs at a significantly lower alti- 
tude in the auroral zone than indicated by 
the lower latitude observations and theoretical 

profiles. Two values are quoted by Dandekar 
depending on the model origin of the O(•S) 
emission. Although the absolute atomic oxygen 
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Fig. 7. Derived atomic oxygen concentrations from the OH volume emission profiles 
using a vibrationally dependent quenching rate. The dashed curves show the limits based on 
the most probable error. The dotted (•urve is a measurement by Henderson [1971] obtained 
during the daytime at Wallops Island. 
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concentration varies depending on the model 
origin, the peak of both profiles occurs around 
86 km, which is consistent with the present 
measurement. 

In view of the altitude conclusions of Da•de- 

/car [1972] and subject to the uncertainties in 
the vibrational production rates of OH from 
Il q- O3 and the vibrational quenching rate for 
OHS q- O, the agreement of the atomic oxygen 
profile with current models [Shimazaki and 
Laird, 1970] is satisfying. 

Evarts an.d Llewelyn [1971] have indicafed 
that measurements from a balloon-borne instru- 

ment [Bunn and Gt•sh, 1972] show no indica- 
tion of atomic oxygen quenching. It appears 
that the small degree of quenching observed on 
this rocket flight would make the effects of 
quenching very difficult to detect b• an •n_ 
tegrated measurement of the emission from 
balloon altitudes. In an integrated measure- 
ment from a balloon (or ground) the effects 
on vibranttonal population from atomic oxygen 
quenching and a secondary source such as 
H02 q- 0 act in opposition; that is, quenching 
by atomic oxygen tends to reduce the emission 
from the lower vibrational levels, whereas 
q- 0 tends to cause an increase. On the basis 
of the assumption of no atomic oxygen quench- 
ing and on the basis of rocket measurements 
with a single spectral band pass covering 1.65- 
1.89 /•m and a radiometric measurement of 02 
(•Ag), Evarts and Llewelyn [1973] further con- 
clude that the H concentration is 3 X 107 cm -3 

at 90 km. As they point out, this appears to be 
a value much lower than that predicted by 
number of other investigators. If OH were 
quenched by atomic oxygen at higher altitudes, 
as is suggested by our measurements, then the 
H concentration could b• adjusted upward by 
an order of magnitude, giving good agreement 
with theoretical models. 

CONCLUSIONS 

Simultaneous emission measurements of the 

upper and lower vibrational levels of OH have 
shown the OH emission to be concentrated in a 

layer at 83.5 km approximately 8 km in depth. 
It is reason.ably established that the upper 

vibrational levels (v -- 7, 8, 9) of atmospheric 
Oil are principally populated by the H q- 03 
reaction. On the basis of this assumption a 
theoretical spectrum of the vibrational-rot a- 

tional bands of the first overtone of OH in- 

eluding complete cascading and no quenching 
was generated to predict the intensity of radia- 
tion due to the ozon. e reaction. A predicted 
intensity ratio between the two radiometers was 
derived by integrating this theoretical spectrum 
with the response of each data channel. 

The predicted ratio was coincident with the 
measured ratio at approximately 82 km. Rela- 
tive to the long-wavelength data channel the 
short-wavelength data channel had a larger 
emission below 82 km and a smaller emission 

above 82 km than was predicted. The relative 
decreased emission of the short-wavelength 
channel above 82 km is interpreted to indicate 
that the upper levels of OH are being quenched 
by atomic oxygen before they are able to cas- 
cade to the lower vibrational levels. 

An atomic oxygen profile was determined by 
calculating the [0] necessary for quenching to 
be consistent with the measured OH volume 

emission rates. The derived oxygen concentra- 
tion varies from 10" cm -3 at 83 km to 8 X 10 • 
cm -3 at 88 km. 

The atomic oxygen concen, tration agrees in 
magnitude and shape with the measurement of 
Henderson [1971] but is at an altitude approxi- 
mately 7 km lower. The observed lowering of 
the atomic oxygen profile in the auroral zone 
is in accord with the conclusions of Dandekar 
[1972]. 
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