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Abstract

We have performed ground-based measurements of stratospheric chlorine monoxide
(ClO) during the summer in 2009 over the Atacama highland, Chile, a new observing
site in the mid-latitude region in the Southern Hemisphere by using a millimeter-wave
spectroscopic radiometer. The radiometer equipped with a superconducting receiver5

and a digital Fourier spectrometer is developed by Nagoya University, and the new
system provides us high sensitivity and stable performance to measure the very weak
ClO lines. The receiver noise temperature of the superconducting receiver is 170 K
in DSB. To reveal the diurnal variation of ClO, we retrieved the vertical mixing ratio
profiles by the weighted-damped least squares algorithm applied for the spectral data10

at 203 GHz obtained between 5 and 16 December 2009. The total error on the retrieval
is estimated to be 20 % to 30 % in an altitude range from 40 to 50 km. The amplitude
of the diurnal variation is ±33, ±33, and ±36 % at 40, 45, and 50 km, respectively. The
time variation curve is basically similar to the previous diurnal variation observed in the
northern mid-latitude region but there is a tendency that the increasing rate after the15

sunrise becomes smaller as the altitude increases.

1 Introduction

The chlorine chemistry plays an essential role in the ozone depletion induced by large
anthropogenic input of chlorofluorocarbons (CFCs). Chlorine monoxide (ClO) is a key
molecule to understand the chlorines chemistry and the ozone recovery processes20

(Molina and Rowland, 1974). After the enforcement of the Montreal Protocol, it is
expected that the decline of ozone depleting substances (ODSs) including CFCs will
lead to an increase in stratospheric ozone abundances. ClO accounts for ∼25 % of
the inorganic chlorine in the middle atmosphere, and the remaining ∼75 % of chlorine
mainly consists of HCl (Zander et al., 1996). HCl shows a significant downward trend25

after 1997, which is observed by the ground-based and satellite infrared measurements
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(e.g. Rinsland et al., 2003; Mahieu et al., 2005; WMO, 2010). In WMO (2010), it is
reported that the trend of stratospheric ClO has been decline at a rate of -0.9 %/yr since
1995. However, the recovery of the stratospheric ozone is not significantly discernible
yet (WMO, 2010). In order to clarify the causes of the delay of the ozone recovery,
further observational efforts are necessary to elucidate the trend of not only ozone but5

also the chlorine family (e.g., ClO) with sufficient accuracy
The long-term and short-term variations of the stratospheric ClO such as diurnal and

seasonal variations are important to derive the trend of stratospheric ClO more clearly.
The seasonal variations have been shown by Ricaud et al. (2000) and Nedoluha
et al. (2011) based on satellite and ground-based millimeter-wave measurements. The10

amplitude and the shape of the diurnal variation are basic properties to derive the
trend and seasonal variation especially for the molecules showing large day-and-night
change like ClO, but the measurement of the diurnal variation of ClO is not so easy
because of its very small spectral intensity. The first observation of diurnal variation of
mid-latitude ClO over full 24-h frame was done at 287 GHz over Mauna Kea, Hawaii15

(Solomon et al., 1984). In 1997, Ricaud et al. showed the altitudinal difference of the
ClO diurnal variation between 25 and 50 km based on the 278 GHz line observation at
the Plateau de Bure, France. Ricaud et al. (2000) improved the accuracy by using the
data observed AURA/MLS obtained from 1991 to 1997 within a latitude band of 40–
50◦ N. For the polar regions, De Zafra et al. (1994), Raffalski et al. (1998), and Emmons20

et al. (1995) discussed the diurnal variation based on the ground-based observations
from Thule in Greenland, Ny-Ålesund in Spitsbergen, and McMurdo station in Antarc-
tica, respectively, but only Raffalski et al. (1998) presented the variation curve over 24 h.
Because of the difficulty of spectroscopy of the stratospheric ClO, our current knowl-
edge on the behavior of ClO still is not sufficient for 26 yr after the first clear evidence of25

the large diurnal variation obtained by Solomon et al. (1984). As seen above, the num-
ber of the observational data for ClO diurnal variation is not so large, and there was no
ground-based observation from the mid-latitude region in the Southern Hemisphere.
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This paper reports the results of the first ground-based observation of the ClO diurnal
variation from the southern mid-latitude region.

First, we started the observations of vertical profiles of stratospheric minor molecules
such as O3, ClO, N2O by using a millimeter-wave spectroscopic radiometer at Las
Companas Observatory in Chile in 1999 (Mizuno et al., 2002). In August 2004, we5

moved and re-installed the radiometer at the Atacama highland (23◦ S, 68◦ W, alt.
4800 m). In September 2004, we started test observation of H2O at 180 GHz band
(Kuwahara et al., 2008). Then we improved the radiometer system by replacing the
acousto-optical spectrometer by the digital Fourier spectrometer in 2009, and started
ClO spectral observation in 204 GHz band. In this paper, we first describe the ob-10

serving system and methods of observation and data reduction. Then we present the
retrieval results of the vertical profile of ClO and discuss the error analysis. And finally,
we discuss the ClO diurnal variation over Atacama.

2 Instrumentation and observations

2.1 Instruments15

The ClO molecule has rotational transition lines in the millimeter wavelength and the
rotational level splits further by the Λ-doubling and the hyperfine structure of the mag-
netic and the nuclear quadruple terms (e.g. Amano et al., 1985). In this study, we
observed J = 11/2−9/2 lines around 204.346 GHz by upgrading the millimeter-wave
heterodyne spectroscopic radiometer developed by Nagoya University and ULVAC Inc20

(Mizuno et al., 2002).
Figure 1 shows the block diagram of the radiometer. The radiometer consists of the

quasi-optical system, the heterodyne receiver system, and the spectrometer.
For the quasi-optical system, we employed an offset-Gregorian telescope optics

consisting of a paraboloidal mirror and a ellipsoidal mirror. The 10.5 cm diameter25

paraboloidal mirror forms a beam with a size of 1.0◦ in the full width at half maximum
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(FWHM) at 204 GHz, and the beam direction i.e. the observing elevation angle is
changed by the flat rotating mirror placed in front of the paraboloidal mirror. Path
Length Modulator (PLM) is installed around the beam-waist between the parabolic mir-
ror. The PLM consists of a pair of roof-top mirror, and it smooths and reduces the
standing waves that cause an artificial spectral baseline ripple by periodically changing5

the optical path length of the optics.
The receiver frontend is a superconductor-insulator-superconducter (SIS) mixer (see

e.g. Tucker and Feldman, 1985, for more details) operated in double sideband mode
(DSB). The SIS mixer and the following high electron mobility transistor (HEMT) ampli-
fier is cryogenically cooled down to ∼4 K by a closed cycle Helium mechanical refriger-10

ator. The equivalent receiver noise temperature of the SIS mixer was 170 K in DSB at
204.546 GHz. The IF output from the SIS mixer at 2.1 GHz is processed by the room
temperature IF circuits to adjust the frequency and amplitude level appropriate for the
backend spectrometer.

The backend spectrometer was acousto-optical spectrometer (AOS) in the original15

radiometer system (Mizuno et al., 2002), but we replaced the spectrometer with new
digital FFT spectrometer. Since the atmospheric pressure at the Atacama highland
is about a half of that at the sea level, the cooling efficiency for the electronic de-
vices is reduced by factor of two. Thus we put additional cooling mechanism to the
original commercial FFT spectrometer to secure stability even at Atacama. The FFT20

spectrometer provides a bandwidth and a frequency resolution of 1 GHz and 70 kHz,
respectively, and the stability of the spectrometer evaluated by Allan minimum time is
∼1000 s, improved by more than an order of magnitude compared with the previous
AOS.

2.2 Observation period and site25

We observed the stratospheric ClO from December 2009 to January 2010 at Nagoya
University Atacama Atmospheric observing station (NATAOS) in Chile. The altitude of
the station is 4800 m a.s.l. It’s low water vapor pressure condition provides a very small
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atmospheric opacity in the millimeter wavelength because the tropospheric water vapor
is the major agent of absorption of stratospheric molecular spectral emission. Atacama
highland is one of the best sites to observe very weak stratospheric molecular lines
from the ground. Typical optical depth around 204 GHz at Atacama is less than 0.1
during the observing period.5

2.3 Observation method

The ClO spectral lines were obtained by using the elevation switching method (Mizuno
et al., 2002). In the elevation switching method, two different sky directions at high and
low elevations are alternately observed, and the sky opacity and the receiver fluctua-
tions are compensated by subtracting the high-elevation signal from the low-elevation10

signal. The high elevation angle is fixed near the zenith, and we call this angle as the
reference angle. While the low elevation angle is variable along with the sky condition,
and this angle is called as the observing-sky angle.

Since the contributions of the continuum emission from the lower atmosphere are
different between the high and low elevations because of the difference of the air mass15

along the two line of sights, a lossy dielectric plate is inserted in the reference beam to
equalize the continuum signal levels. However, the air mass changes with time by the
sky condition, and fine tuning of the level equalization is done by the adjustment of the
observing-sky angle.

Atmospheric gas or more generally translucent medium like the lossy dielectric plates20

do not only absorb the incident radiation but also radiate the thermal emission simul-
taneously. The absorption coefficient is given by exp(−τ) and the thermal radiation
intensity is expressed as T (1−exp(−τ)) in terms of the temperature (T ) and the optical
depth (τ) of the translucent medium.

In this study, as commonly used in the millimeter-wave spectroscopy, the radiation in-25

tensity is expressed as a brightness temperature or an equivalent temperature of black-
body that emits the same amount of radiation energy at the observing frequency. In the
millimeter wavelength, the intensity is almost proportional to the blackbody temperature
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due to the Rayleigh-Jeans raw of radiation. The output power of the receiver system,
Pout, is proportional to the input signal power of Tin, and it is expressed by using a pro-
portional coefficient, α as,

Pout =αTout =α(Tin+Tsys) (1)

where Tsys is an additional system noise generated in the receiver system. Thus the5

observed intensity for the reference sky, Tref at the reference elevation angle, Elref is
written as

Tref =
Tline

sinElref
exp

[
− τ

sinElref
−τplate

]
+Ttrop

[
1−exp

(
− τ

sinElref

)]
exp

(
−τplate

)
+Tplate[1−exp(−τplate)]+Tsys (2)

where Tline is the intensity of the stratospheric molecular emission line toward the10

zenith, Ttrop is the equivalent temperature of atmosphere below the stratosphere, τplate
is the optical depth of the lossy dielectric plate, and τ is the optical depth of atmosphere
below the stratosphere. The intensity for the observing observing-sky, Tobs, is given in
the same manner,

Tobs =
Tline

sinElobs
exp

[
− τ

sinElobs

]
+Ttrop

[
1−exp

(
− τ

sinElobs

)]
+Tsys (3)15

where Elobs is the observing-sky angle. The Elobs is automatically adjusted to meet the
condition that Tref and Tobs are balanced at the outside of the molecular line frequency
where Tline is negligibly small, i.e.

Ttrop

[
1−exp

(
− τ

sinElref

)]
exp

(
−τplate

)
+Tplate[1−exp(−τplate)]

≈ Ttrop

[
1−exp

(
− τ

sinElobs

)]
. (4)20

And eventually, we have to determine the proportional coefficient α empirically to ob-
tain the intensity scale of brightness temperature from the actual measured quantities,
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the receiver output power. The determination of α is made by measurements of two
reference blackbodies at different physical temperatures, Thot and Tcold. α is expressed
in terms of the output powers from the hot and cold blackbodies, Phot and Pcold, as
follows,

Phot = α(Thot+Tsys) (5)5

Pcold = α(Tcold+Tsys) (6)

α =
Phot−Pcold

Thot−Tcold
(7)

The optical depth of tropospheric absorbing layer, τ, is derived by using so-called
“sky tipping” procedure (Ulich et al., 1980). We measured τ every 10 min. Finally,
the brightness temperature of the stratospheric ClO, Tline is derived from the observed10

quantities, Pref and Pref as,

Tline =
[
Thot−Tcold

Phot−Pcold
(Pobs−Pref)+Ttrop

×
(

exp
(
− τ

sinElobs

)
−exp

(
− τ

sinElref
−τplate

))]/
(

1
sinElobs

exp
(
− τ

sinElobs

)
− 1

sinElref
exp

(
− τ

sinElref
−τplate

))
. (8)

The hot reference is the room temperature radio absorber, i.e. Thot = 300 K, and cold15

reference is the absorber soaked in liquid nitrogen, i.e. Tcold ∼ 73 K at an altitude of
4800 m.

On the other hand, the optical depth of the lossy dielectric plate, τplate, is estimated
from the Eqs. (2) and (3) by assuming Ttrop = Tplate as

τplate = τ
(

1
sinElobs

− 1
sinElref

)
. (9)20
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We used acrylic plates with thicknesses of 1 and 5 mm in the present measurements,
and the corresponding τplate are estimated to be 0.04 and 0.3, respectively. These
plates were changed manually along with the sky condition, and the observing-sky
angle was set within a range between 15◦ and 45◦.

3 Data analysis5

3.1 Data selection

To study the diurnal variation of the stratospheric ClO, we divided the dataset into the
3-h bins by the local time (LT) and averaged the spectral data to improve the signal-
to-noise ratio. Although the channel-to-channel random noise can be reduced by the
averaging, artificial features of spectral baseline cannot be reduced and remain some-10

times. Baseline ripples caused by standing waves in the optical system and residuals
due to the incomplete subtraction of the continuum level in the elevation-switching are
considered to be the origins of such artificial features. Such features appear more
significantly when the sky conditions are bad, since the line signal intensity becomes
smaller relative to the features because of the large absorption. Thus first of all, we15

selected the data obtained in good observing condition.
Figure 2 shows the time variation of the sky optical depth over the observed period

from 1 December 2009 to 17 January 2010. Even in the Atacama highland, the water
vapor pressure increases in a part of the summer, that is so-called Bolivian Winter. In
2009, the Bolivian Winter seems to have started around 17 December and after that,20

the sky optical depth abruptly increased. on the other hand, before 5 December the
sky optical depth was a little bad. Thus, we decided to concentrate the analysis for the
data obtained from 5–16 December. In addition, we excluded the data obtained with
an optical depth (τ) larger than 0.15 and a balanced observing-sky angle is smaller
than 15◦ or larger than 25◦ for the average. The lower elevation limit is set to avoid the25

contamination of thermal radiation from the ground coming into through the sidelobe of
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the telescope beam. The upper limit is set to keep enough difference of the air mass
between the reference and observing-sky enough difference of the air mass between
the ref erence and observing-sky.

3.2 Retrieval method

The vertical profiles of the ClO volume mixing ratio were retrieved by using the5

weighted-damped least squares fitting algorithm (Nagahama et al., 1999) based on
the optimal estimation method (Rodgers, 1976). In the Rodgers’s original method, the
ClO volume mixing ratio Rret is estimated as

Rret = Ra priori+SRWT
(

WSRWT+Ssp

)−1
(TB−WRa priori) (10)

where Ra priori is the a priori volume mixing ratio profile, W is the weighting function for10

the spectrum, SR and Ssp are the covariances of the a priori mixing ratio profile and
the measured spectrum, respectively. Nagahama et al. (1999) showed that we can
put it SR = ζ2U , where U is the unit matrix and ξ is a proportional constant, since SR is
independent to the altitude. In addition, we can put Ssp =ε2U, where ε is a proportional
constant, since the rms noise of the spectrum is expected to be the same over the15

observed frequency range and there is no significant channel-to-channel correlation in
the spectrum (Nagahama et al., 1999). Then the Eq. (10) becomes

Rret = Ra priori+WT
[
WWT+ (ε/ζ )2

]−1
(TB−WRa priori) (11)

where (ε/ζ )2 is an adjustable parameter, and it is empirically determined to improve
the vertical resolution and to suppress the artificial oscillation of the retrieval solution.20

We set (ε/ζ )2 =0.16 in this study.
The averaging kernel, A, corresponding to the vertical resolution is given as

A=WT[WWT+ (ε/ζ )2]−1W (12)
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By using this algorithm, the vertical resolution no longer depend on rms noise of
each spectrum (Nagahama et al., 1999), and we can compare the diurnal variation
with a fixed vertical resolution for all retrieved profiles. We applied the above algorithm
to the central part of the averaged ClO spectra with a frequency range of 150 MHz. The
averaged spectra were smoothed by taking 7 ch binding up and 5 ch moving average,5

and subtracted an artificial continuum baseline by fitting forth-polynomial for outside of
the frequency range of the ClO emission. The temperature and the pressure vertical
profiles are necessary for the retrieval calculation. The daily temperature and pres-
sure data were obtained from NCEP reanalysis data (Lait et al., 2005) by using NASA
Goddard Space Flight Center (GSFC) Automailer system, but the maximum altitude of10

the NCEP data is 49 km. Thus we extrapolated the vertical temperature and pressure
profiles by using COSPAR International Reference Atmosphere (CIRA86) (Rees et al.,
1990) above 49 km. As a priori profile, i.e. initial guess, of the ClO volume mixing ratio
we used the average value of the daytime and the nighttime MIPAS model atmospheres
(2001) in the mid-latitude region. The molecular l ine parameters were taken from Jet15

Propulsion Laboratory (JPL) Submillimeter, Millimeter, and Microwave Spectral Line
Catalog (Pickett et al., 1992).

4 Results and discussion

4.1 Retrieved vertical profile

Figure 3 shows the typical averaged ClO spectrum. This spectrum was obtained in20

a local time range between 12:00–15:00. In Fig. 4, we show the vertical profile of ClO
volume mixing ratio retrieved from the spectrum shown in Fig. 3. A priori profile for the
retrieval is superposed as the dashed line in Fig. 4.

In order to evaluate the retrieval algorithm, we calculated the expected spectrum by
using so-called forward model calculation. The forward model spectrum is integration25

of the derivative radiative transfer equation along the line of sight by assuming the
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symmetrical Voigt line-profile function for the given vertical profile of molecular mixing
ratio, temperature and pressure. The forward model spectrum is shown in Fig. 3 as
the blue line. The difference between the observed spectrum and the forward model
spectrum is shown in the lower panel of Fig. 3. We can evaluate the retrieval results
by this residual value, and the rms of the residual is smaller than 1.8 mK for all retrieval5

results in this study.
In Fig. 5, we show the averaging kernel of the retrieval. The vertical resolution was

defined as the full width at half maximum (FWFM) of the averaging kernel for each
altitude. As we mentioned in the previous section, we used an adjustable parameter
(ε/ζ )2 instead of the covariance of the vertical profile that is normally used in the10

optimal estimation method. Thus the vertical resolution is fixed and the averaging
kernel is the same for all averaged spectra as discussed in Nagahama et al. (1999).

In the retrieval analysis, we focused the central 150 MHz frequency range to avoid
the contamination of the baseline ripple, and the mixing ratio is not solved appropriately
below 40 km. On the other hand, the vertical resolution is broad above 50 km as seen in15

Fig. 5 due to the limitation of the signal-to-noise of the spectra. Thus the most reliable
values of the mixing ratio in this study are those from 40 to 50 km. Considering the peak
altitude of the ClO mixing ratio in the mid-latitude region is around 40 km according to
the previous studies (e.g. Ricaud et al., 1997; Nedoluha et al., 2011), the altitude range
covers the main part of the ClO mixing ratio. We will focus the mixing ratio from 40 to20

50 km in the discussion of diurnal variation. The vertical resolution are estimated to be
∼12, ∼17, and ∼21 km at 35, 40, and 45 km altitudes, respectively.

4.2 Error analysis

In this sub-section, we will discuss the errors on the derived mixing ratio. Uncertainties
of the input parameters in the retrieval process influence the precision of the results as25

random errors. Such uncertainties are (1) difference between the actual and assumed
temperature vertical profiles, (2) difference in a priori profile of ClO, and (3) random
noise on the spectral data. In addition, we will evaluate (4) the random error caused
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in the measurement of atmospheric optical depth. Other systematic errors due to the
observing system and the measurement procedure are discussed later by comparing
with the previous observations with other instruments.

4.2.1 Difference in the temperature profiles

We used the vertical temperature profile derived from NCEP reanalysis data below5

45 km and CIRA86 above 45 km as mentioned in the previous chapter. If the assumed
temperature profile is different from the actual one, the difference causes an error in the
forward model calculation in the retrieval process. We numerically evaluated the error
due this effect as follows. First, we made a virtual temperature profile adding a constant
offset to the original temperature profile. By using this virtual temperature profile, we10

ran the retrieval program and compared the both retrieval results derived from the
original and the virtual temperature profiles. The typical amplitude of diurnal variation
of the stratospheric temperature is estimated about 1 K at 40 km or 4 K at 60 km around
a latitude of 20◦ S according to the previous study by Huang et al. (2010), and we
applied a constant offset of 5 K to the original profile. In Fig. 6, we show the estimated15

error on the mixing ratio at each altitude. As a consequence, the error was estimated
to be smaller than ∼1 % between 40 and 50 km, but the error abruptly increase up to
∼5 % below 35 km.

4.2.2 Error due to the a priori profile of ClO

In the inversion analysis like the optimal estimation method, the influence from a priori20

to the retrieval result is unavoidable. Since large diurnal variation of the ClO mixing
ratio has been presented in the previous works (e.g. Solomon et al., 1984; Ricaud
et al., 1997), and the influence due to a priori is particularly important issue. In this
study, we used a single a priori profile for all the averaged spectra. The a priori is
an average vertical profile of daytime and nighttime MIPAS Model Atmosphere in the25

mid-latitude region.
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We estimated the typical error numerically in a manner similar to the case estimated
for the difference of the temperature profile. We retrieved the mixing ratio for the day-
time spectrum by using two different types of a priori, i.e. the daytime a priori and the
day-and-night average a priori, respectively. Then we compared the retrieved profiles
for the two types of the a priori. For the nighttime spectrum, we made the same com-5

parison by using the nighttime a priori instead of the daytime one. Figure 7 shows the
difference of retrieved profiles for the two different a priori, i.e. numerically estimated
error. Although the absolute error amplitude for daytime spectrum and the nighttime
spectrum are almost the same, the percentile error is larger for the nighttime spectrum,
which reflects the smaller mixing ratio in the nighttime. Between 40 and 50 km, the10

error is smaller than ∼+13 % for daytime spectra and ∼−22 % for nighttime spectra.

4.2.3 Random noise on the spectrum

Next, we estimated the influence due to the noise that is generated mainly by the
receiver system. First, we generated a virtual spectral data by adding random noise on
a forward model spectrum that was calculated from a virtual but realistic vertical ClO15

profile. Then we applied the retrieval algorithm to the virtual spectrum and compared
the retrieved vertical profile with the original input profile. Since the typical value of the
rms noise of the averaged ClO spectra was 1.8 mK, we added random noise of 1.8 mK
to the forward model spectrum. The difference between the retrieved profile and the
input profile is shown in Fig. 8. The error due to random noise is minimum at 40 km,20

∼11 %, and it increases to ∼21 % at 50 km.

4.2.4 Random error related with the atmospheric correction

We estimated the atmospheric optical depth by using the sky tipping method (Ulich
et al., 1980). In this method, the effective sky temperature is assumed to be equal
to the hot load temperature. Then the relationship between the output power for the25

hot-load and the observing-sky is expressed as
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∆P = Phot−Psky (13)

= α
{
Thot−Ttrop

[
1−exp

(
− τ

sinEl

)]}
(14)

= αThotexp
(
− τ

sinEl

)
(∵ Thot = Ttrop) (15)

The temperature of the hot load is stable and equal to the room temperature, 300 K
which is controlled by an air conditioner. Then, the logarithm of the difference of the5

output power, ln(∆P ), becomes a function of sky optical depth τ and the air mass factor,
and the relationship is written as AEl

(
≡ 1

sinEl

)
,

ln(∆P )=−τAEl+ ln(αThot) . (16)

In this relationship, the τ is a proportional constant. We can determine the τ by mea-
suring the values of ∆P for several elevation angles. This is the sky tipping method.10

However, the actual sky temperature changes from hour to hour, and the difference
between the actual effective sky temperature and the hot-load temperature causes the
error of the sky optical depth τ. The effective sky temperature is typically by ∼7 K
smaller than the surface temperature (Parrish et al., 1988). In the observing period in
December 2009, the outside surface temperature was around 300 K in day and around15

275 K in the night at Atacama. Considering such an outside temperature fluctuations,
the optical depth τ varies ∼12 % at most if we change the sky effective temperature
between 270 K and 300 K. In addition, the error of τplate is almost the same because
we estimated τplate from the sky optical depth by using the Eq. (9). We have numerically
estimated the influence of these optical depths and the sky temperature errors on the20

retrieval calculation of the mixing ratio. The results are shown in Fig. 9. The error on
the mixing ratio is estimated within 2–7 % from 40 to 50 km.
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4.2.5 Total of the random errors

We evaluated the random errors caused by four sources. The total of the random errors
can be expressed by root sum square of each error since the four types of errors that
we evaluated above are considered to be independent one another. The total random
error is shown in Fig. 10. Among the four causes, the contributions of the a priori and5

the noise of the spectral data are similar level and account for the major portion of to
the total error.

4.2.6 Systematic errors

Systematic errors influence the accuracy of the results. They are mainly caused by
some biases related with the characteristics of the observation system or the calibration10

methods of the signal intensity. In our measurement system in Atacama, we used two
blackbodies at different physical temperatures as the references of intensity. The cold
load is a radio absorber soaked in liquid nitrogen, and the cold-load temperature is
expected to be very stable. But the cooled radio absorber is seen through the vessel
made by styrene foam, and the opacity of the styrene foam effectively increases the15

brightness temperature of the cold load by less than ∼3 %. On the other hand, the
hot load is in equilibrium with the room temperature. The room temperature roughly
changes within ±5 K between day and night, so the intensity scale of the spectra varies
at most ∼±2 % between day and night.

Other systematic error related intensity calibration is due to the imbalance of the20

sideband ratio of the heterodyne mixer receiver. We used a superconductive double
sideband mixer that is sensitive both upper and lower input frequency band, and we
assume that the gains of the upper and lower sidebands are equal. The calibration sig-
nals from the hot- and cold-loads come in the both sidebands, while the spectral signal
comes from only one sideband. If the actual gains of the two sidebands are not equal,25

it causes a systematic error in the intensity scale. However, it is practically difficult to
measure the side band ratio precisely for a double side band superconductive mixer,
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and final evaluation of the accuracy of the intensity calibration is made by comparisons
with data obtained by other instruments.

4.3 Comparison with the satellite measurements

To evaluate the total systematic error, we will compare the retrieval results for Atacama
with other satellite measurements. First, we use AURA/MLS v2.2 data for this purpose.5

We selected the ClO profiles from AURA/MLS database by criteria of the positional co-
incidence within ±2◦ in latitude and ±30◦ N longitude from the position of the Atacama
station and the time coincidence in 12:00–15:00 LT between 5 and 16 December 2011.
Finally, 35 profiles were selected. We averaged them and convolved by the Atacama
averaging kernel in order to equalize the vertical resolution and response, because10

the vertical resolution of AURA/MLS is higher than that of Atacama retrieval. The con-
volved and the original profiles of MLS and Atacama retrieved profile are shown in
Fig. 11. The error bar for the MLS mixing ratio in Fig. 11 is derived from the preci-
sion value attached to the individual profiles. In the original MLS profile, the mixing
ratio at 50 km looks unrealistically large, since the mixing ratio peak appears around15

35–40 km in the previous studies such as Nedoluha et al. (2011) over Mauna Kea and
other ground-based data in Ricaud et al. (1997) over Plateau de Bure. In addition,
Santee et al. (2008) mentioned that the MLS mixing ratio below 1.0 hPa corresponding
above ∼50 km is unsuitable for scientific use. On the other hand, Atacama profile is
not reliable below 40 km as we mentioned in the Sect. 4.1. Thus, we can make fruitful20

comparison only at 40 and 45 km.
The mixing ratios of Atacama measurements show slightly positive biases to those

of MLS, which are ∼13 % and ∼18 % at 40 and 45 km, respectively, but both mea-
surements agree with each other within the errors. The mixing ratio at 40 km in other
previous studies in Nedoluha et al. (2011) and Ricaud et al. (1997) are ∼0.5 ppbv. Thus25

the positive bias to the MLS mixing ratio is likely, although we cannot directly compare
them because of the difference of the observing site location and observing time.
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Next, we will compare with the JEM/SMILES data. SMILES has three observing fre-
quency bands, but two of the three frequency bands can be operated simultaneously.
Unfortunately, SMILES did not observe band C which covers the ClO line frequency
during the observational period in Atacama. Therefore, it is difficult to directly com-
pare with the SMILES data, we can roughly evaluate the Atacama results by using the5

SMILES data obtained November 2009 and January 2010.
Figure 12 shows the time series of the ClO mixing ratio at 40 and 50 km obtained by

SMILES. The plotted data are selected from the version 1.3 (test release) dataset by
applying the same positional criteria used for AURA/MLS. On Fig. 12, we plotted the
mixing ratio of Atacama measurements as well. The mixing ratio of Atacama measure-10

ments at 40 km looks reasonable, roughly on the line linearly interpolated the values
in November and January of the SMILES mixing ratio. At 50 km, the mixing ratio of
SMILES is slightly decreasing but can be regarded almost constant compared with
that at 40 km. Atacama mixing ratio at 50 km looks larger by about 80 % than the av-
erage value of the SMILES, but the large discrepancy is interpreted in terms of the15

averaging kernel of Atacama measurements. If we make convolution of the SMILES
profile with the Atacama averaging kernel at 50 km, the discrepancy is reduced to ∼7 %.
Therefore, it is likely that Atacama ground-based meas urements are consistent with
the SMILES measurements within the error, although the exact coincident datasets for
the direct comparison do not exist.20

4.4 Diurnal variation of stratospheric ClO observed over Atacama

Photochemistry of the chlorine reservoir species such as ClONO2, HOCl, and HCl
play an important role to regulate the diurnal variation of ClO (e.g. Ko and Sze, 1984;
Froidevaux et al., 1985). Among the reservoir species, HCl is the most abundant one,
but its chemical life time is long enough, more than 1 day (Brasseur and Solomon,25

1984). Thus, ClONO2 and HOCl are considered to make a major contribution to the
diurnal variation of ClO.
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Observationally, the first full-time frame, i.e. over 24 h diurnal variation of strato-
spheric ClO was presented by Solomon et al. (1984). They revealed the variation
of total intensity of ClO spectra that were obtained at every two hours in October and
December, 1982 over Mauna Kea, Hawaii (19.5◦ N). The total intensity traces the col-
umn density of ClO above 30 km. They found significant increase and decrease after5

the sunrise and the sunset, respectively, but the observed increasing rate was slower
than that expected from the model predictions (Ko and Sze, 1984). The next dataset
concerning the diurnal variation was presented by Ricaud et al. (1997). They studied
the altitudinal dependence of the ClO diurnal variation based on the retrieved vertical
profiles derived every hour from the ground-based millimeter-wave spectroscopy in 3–10

5 January 1995 over Plateau de Bure, France (45◦ N). The time variation curve has
shown good agreement with the model calculations within 0.1 ppbv. They mentioned
that the mixing ratio at one hour after noon was upshifted at all height between 25 and
50 km, although such an abrupt increase has not been predicted by model calcula-
tions. After that, Ricaud et al. (2000) used the satellite data obtained by UARS/MLS15

from 1991 to 1997 to improve the signal-to-noise ratio. They selected and averaged the
ClO data within a latitude band from 40 to 50◦ N irrespective of the year, and they also
calculated photochemical time evolution based on the observed data of various related
molecules such as O3, HCl, ClONO2, NO2, H2O, and CH4 by using the instruments
aboard the UARS satellite. The MLS data over the 7 yr provided firmer values of the20

ClO mixing ratio with small scatter and errors, and the observed diurnal variations have
shown good agreement with their photochemical calculations. They revealed that the
partitioning within the ClOx (=Cl+ClO) that is proportional to O/O3 plays a major role
in the diurnal variation above 50 km rather than the photochemistry of ClONO2 and
HOCl.25

The present study shows the ClO diurnal variation in the Southern Hemisphere ob-
tained by the ground-based millimeter-wave measurements over Atacama, Chile. Fig-
ure 13 shows the diurnal variation of ClO at 40, 45 and 50 km, averaged over 5–16 De-
cember 2009 over Atacama (23◦ S). The horizontal axis is the local time, LT, in Chile.

1925

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/1907/2012/amtd-5-1907-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/1907/2012/amtd-5-1907-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
5, 1907–1945, 2012

Ground-based ClO
measurement in SH

T. Kuwahara et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

The vertical profiles are derived from the averaged spectra for every 3-h bin from 00:00
to 24:00 over the 12 days. During this period, the sunrise time and the sunset time
were 05:30 and 19:30, respectively, and the culmination time was 12:30 at Aacama. At
40 km, the mixing ratio of ClO quickly increases after the sunrise and reaches up to the
daytime plateau level at the time slot of 06–09 LT, while the increasing rate at 45 km is5

slower than that at 40 km, taking more than 3 h to increase up to the daytime plateau
level. On the other hand, the mixing ratio at the time slot of 18–21 LT corresponding
to the sunset still keeps the daytime plateau level, suggesting that the day time mixing
ratio persists for about two hours after the sunset (19:30) both at 40 km and 45 km.
After 21:00, the mixing ratio of ClO decreases monotonically throughout the nighttime10

before the sunrise. During the day time from 9 to 21 LT, the daytime plateau level is
almost constant at all altitudes between 40 and 50 km. There is no significant increase
after noon that mentioned in Ricaud et al. (2000), but it is not conclusive taking the
error and the coarse time resolution of the present measurement. The amplitude of the
diurnal variation of ClO is 0.17, 0.17 and 0.14 ppbv at 40, 45 and 50 km, respectively.15

In Fig. 14, we show the summer time diurnal variation of ClO presented in Ricaud
et al. (2000) superposing on the variation curve of Atacama measurements. For com-
parison, we have we have convolved the Ricauds’s data by the Atacama averaging
kernel of in order to equalize the vertical resolution and averaged over every 3 h. The
reference level in the vertical axis is normalized to the average value over 24 h for both20

datasets. The horizontal axis for the Ricauds’s data is local solar time, while that for
Atacama data is local time in Chile. There is about 30 min difference between them
based on the culmination time. The sunrise time for the Ricauds’s data, i.e. at 45◦ N in
July, is ∼04:30 that is one hour prior to Atacama, and the sunset time is ∼19:30 that
is almost same as Atacama. The nominal altitude of the three panels in Fig. 14 are25

40, 45, and 50 km for Atacama measurements and the corresponding altitudes for the
Ricauds’s measurements are 41, 47, and 53 km, respectively.

At 40 km, the amplitude of the diurnal variation is almost the same between the
two measurements. At 45 and 50 km, the amplitudes are almost the same within the
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error, but there is a tendency that the daytime plateau level is slightly larger in the
present measurements in Atacama. In addition, a slight increase around the sunset
time can be seen in the Ricauds’s measurement, but there is no significant feature
over Atacama. The slight upshift around the sunset above 45 km is due to the change
of ClOx partitioning that related with the fast catalytic depletion cycle of ozone. This5

ClOx partitioning does not influence significantly at 40 km or lower. Another difference
between the two measurements is seen in the increasing rate around the sunrise. The
increasing rate becomes slower with altitude in the Atacama data. Although the sunrise
time is one hour delayed in the Ricauds’s measurements, the difference of increasing
rates is significant even if we consider the delay of the sunrise time of the Ricauds’10

data. It may be related with the difference of solar irradiance between Atacama (23◦ S)
and Plateau de Bure (45◦ N). The shape of the averaging kernel may influence as
well. For further discussion, it is necessary to run a model calculation that is fitted for
the Atacama site to compare with the observational results. We intend to make such
a comparison with model calculation in the next paper.15

5 Summary

This paper has presented the vertical profiles and the diurnal variation of ClO in the
summer time in the southern mid-latitude region, based on the new millimeter-wave
spectroscopic measurements made in the Atacama highland, Chile. We have de-
scribed the specification of the new measurement system, the observing method, and20

the retrieval method of vertical mixing ratio profiles. The measurement errors have
been evaluated numerically, and the precision of the ClO mixing ratio is estimated from
20 to 30 % in an altitude range from 40 to 50 km. We have presented the diurnal varia-
tion of the ClO over 24 h from 40 to 50 km during 5–16 December, 2009. The variation
amplitude and variation pattern at 40 km is consistent with the previous study in the25

northern mid-latitude presented by Ricaud et al. (2000). At 45 and 50 km, the ampli-
tudes are slightly larger than those of Ricaud et al. (2000), and the increasing rates
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after the sunrise are smaller than those of Ricaud et al. (2000). We intend to continue
further observations to reveal the seasonal variations as well as the diurnal variation
and intend to make model calculation to compare the observational results.
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Fig. 1. The block diagram of the millimeter-wave spectroscopic radiometer in Atacama, Chile.
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Fig. 2. Time series of optical depth from 1 December 2009 to 17 January 2010. The left-right
arrow shows the period of analysis data from 5 to 16 December 2009.
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Fig. 3. Upper panel: Close up view at the center of the ClO spectrum observed at 12:00–
15:00 LT from 5 to 16 December 2009. A red line shows the ClO spectrum with the Atacama
radiometer. A blue line shows fitting curve with forward model. Lower panel: The residual of
fitting by the forward model calculation.
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Fig. 4. The retrieved vertical profile of ClO mixing ratio (red line) with the a priori profile (blue
line). The retrieved vertical profile was observed 12:00–15:00 LT from 5 to 16 December 2009.
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Fig. 5. The averaging kernel for retrieval calculation between 30 and 60 km by 5 km steps.
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Fig. 6. Estimated random errors on the retrieval due to the temperature difference.
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Fig. 7. Estimated random error on the retrieval due to errors in the a priori profiles of ClO. The
red line are the case that the error is estimated for daytime spectrrum. The bule line are the
case that the error is estimated for nighttime spectrum.
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Fig. 8. Estimated random error on the retrieval due to random noise on the spectra.
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Fig. 9. Estimated random error related with the atmospheric correction.
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Fig. 10. Total of the random errors on the retrieval.
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Fig. 11. Comparison of the vertical profile measured by Atacama radiometer and AURA/MLS.
(Left) The red line shows the vertical profile of ClO measured by Atacama radiometer. The
Aura/MLS v2.2 data within the area over Atacama (longitude: ±30◦, latitude ±2◦) is shown both
for unconvolved (blue) and convolved (green) data. (Right) The percentage difference between
Atacama radiometer and convolved AURA/MLS data.
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Fig. 12. The ClO mixing ratio at 40 and 50 km were obtained by JEM/SMILES and Atacama
radiometer from November 2009 to February 2011. The ClO mixing ratio from JEM/SMILES
v1.3 data within ±2◦ in latitude and ±30◦ in longitude and with an observational time of 12:00–
15:00 LT. The pink and light blue open circle show the ClO mixing ratio obtained JEM/SMILES at
40 and 50 km, respectively. The red and blue circles show the day average of ClO mixing ratio
obtained JEM/SMILES at 40 and 50 km, respectively. The orange and purple circles show the
ClO mixing ratio obtained by Atacama radiometer at 40 and 50 km, respectively. The light-left
arrow shows the period of analysis data from 5 to 16 December 2009.
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Fig. 13. Diurnal variations of ClO mixing ratio measured in from 5 to 16 December 2009. The
red, blue and green line shows the diurnal variation at 40, 45 and 50 km, respectively.

1944

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/1907/2012/amtd-5-1907-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/1907/2012/amtd-5-1907-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
5, 1907–1945, 2012

Ground-based ClO
measurement in SH

T. Kuwahara et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 14. The diurnal variations at (top) 40 km, (middle) 45 km and (bottom) 50 km as measured
by out radiometer (red line). The blue line shows the diurnal variations estimated by the con-
volved UARS/MLS data measured from 1991 to 1997 within the band 40–50◦ N in July reported
by Ricaud et al. (2000).
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