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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 receiver and a
digital Fourier spectrometer, was developed by Nagoya Uni-
versity, and the new observing system provides us high sensi-
tivity and stable performance to measure the very weak ClO
lines. The receiver noise temperature of the superconduct-
ing receiver is 170 K in DSB. To reveal the diurnal varia-
tion of ClO, we retrieved the vertical mixing ratio profiles by
the weighted-damped least-squares algorithm applied for the
spectral data at 203 GHz obtained between 5 and 16 Decem-
ber 2009. The total error on the retrieval is estimated to be
20 % to 30 % in an altitude range from 40 km to 50 km. The
amplitude of the diurnal variation is estimated as 33 % of the
daytime average at 40 km. The observed time variation shows
a pattern similar to that of the previous works observed in the
northern mid-latitude region.

1 Introduction

Enforcement of the Montreal Protocol is expected to lead
to the decline of ozone-depleting substances (ODSs) in-
cluding CFCs and thus to an increase in the abundance of
stratospheric ozone. Understanding ClO chemistry is key to

understanding chlorine chemistry and ozone recovery pro-
cesses (Molina and Rowland, 1974). ClO accounts for∼
25 % of the inorganic chlorine in the middle atmosphere;
the remaining∼ 75 % consists mainly of HCl (Zander et al.,
1996). Ground- and satellite-based infrared measurements
indicate that HCl levels in the stratosphere have been de-
creasing since 1997 (e.g.,Rinsland et al., 2003; Mahieu et
al., 2005; WMO, 2011), and stratospheric ClO has been de-
clining at a rate of−0.9 % yr−1 since 1995. Despite these
declines, no significant recovery of stratospheric ozone lev-
els has been observed (WMO, 2011).

To determine the causes of the delay in ozone recovery, ad-
ditional accurate observations of trends not only in ozone lev-
els but also the levels of chlorine-containing species, includ-
ing ClO, are needed. In particular, information about long-
and short-term variations in stratospheric ClO, such as diur-
nal and seasonal variations, is necessary.Ricaud et al.(2000)
andNedoluha et al.(2011) used satellite- and ground-based
millimeter-wave measurements to investigate seasonal varia-
tions in ClO levels. Information about the amplitude and the
shape of the diurnal variation profile is necessary for deriva-
tion of trends and seasonal variations for molecules like ClO,
the levels of which vary substantially between day and night.
Actually, some satellite measurements are carried out for a
limited portion of the day, for example at dusk and dawn. In
such a case, better understanding of the diurnal variation is
essentially important to extrapolate the daytime or nighttime
value (e.g.,Jones et al., 2011). In addition, detailed study of
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the diurnal variation leads to better understanding of photo-
chemical processes, because the diurnal variation tends to re-
flect the short-term photochemical processes rather than the
contamination due to the other longer-term (> 1 day) pro-
cesses such as atmospheric transport (Ko and Sze, 1984).

However, measuring diurnal variations in ClO levels is
difficult because of its weak spectral intensity. The first ob-
servation of the diurnal variation of mid-latitude ClO over
a full 24 h was done at 287 GHz over Mauna Kea, Hawaii
(Solomon et al., 1984). Ricaud et al.(1997) investigated al-
titudinal differences in the diurnal variation of ClO between
25 and 50 km by observing the 278 GHz spectral lines over
the Plateau de Bure, France.Ricaud et al.(2000) improved
the accuracy of their previous measurements by using the
data obtained by the Upper Atmosphere Research Satellite
(UARS) with Microwave Limb Sounder (MLS) from 1991 to
1997 within a latitude band from 40◦ N to 50◦ N. de Zafra et
al. (1994), Raffalski et al.(1998), andEmmons et al.(1995)
investigated the diurnal variation of ClO over the polar re-
gions by means of ground-based observations from Thule
in Greenland, Ny-̊Alesund in Spitsbergen, and McMurdo
Station in Antarctica, respectively, but onlyRaffalski et al.
(1998) presented the variation curve over 24 h.

Because of the difficulty in obtaining spectra of strato-
spheric ClO, our current knowledge about the behavior of
ClO remains insufficient 26 yr after the first clear evidence
of the large diurnal variation was obtained bySolomon et al.
(1984). In summary, additional observational data on the di-
urnal variation of ClO are necessary, and there have been no
ground-based observations from the mid-latitude regions of
the Southern Hemisphere.

This work is aimed at collecting the necessary additional
data and reports the results of the first ground-based obser-
vation of the ClO diurnal variation from the southern mid-
latitude region. We first describe the observing 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 highland (23◦ S, 68◦ W, alt. 4800 m)
in Chile.

2 Instrumentation and observations

2.1 Instruments

The ClO molecule exhibits rotational transition lines in
the millimeter wavelength region, and the rotational lines
are split by3-doubling and hyperfine structure stemming
from magnetic and nuclear quadrupole terms (e.g.,Amano
et al., 1968). In this study,J = 11/2− 9/2 lines around
204.346 GHz were observed with an upgraded millimeter-
wave heterodyne spectroscopic radiometer originally devel-
oped by Nagoya University and ULVAC Inc. (Mizuno et al.,
2002).

Figure1 shows the block diagram of the radiometer. The
radiometer consists of the quasi-optical system, the hetero-
dyne receiver system, and the spectrometer. For the quasi-
optical system, we employed offset-Gregorian telescope op-
tics consisting of a paraboloidal mirror and a ellipsoidal
mirror. The 10.5 cm diameter paraboloidal mirror forms a
beam with a size of 1.0◦ in the full width at half maximum
(FWHM) at 204 GHz, and the beam direction (i.e., the ob-
serving elevation angle) is changed by the flat rotating mir-
ror placed in front of the paraboloidal mirror. A path length
modulator (PLM) is installed around the beam-waist between
the paraboloidal mirror and ellipsoidal mirror. The PLM con-
sists of a pair of roof-top mirrors, and it smooths and reduces
the standing waves that cause an artificial spectral baseline
ripple by periodically changing the path length of the optics
(Gustincic, 1977; Mizuno et al., 2002).

The receiver frontend is a superconductor-insulator-
superconductor (SIS) mixer (see, e.g.,Tucker and Feldman,
1985, for more details) operated in double sideband (DSB)
mode. The SIS mixer and the following high electron mo-
bility transistor (HEMT) amplifier are cryogenically cooled
down to ∼ 4 Kelvin by a closed cycle helium mechanical
refrigerator. The equivalent receiver noise temperature of the
SIS mixer was 170 K in DSB at 204.546 GHz. The frequency
of the local oscillator (LO) was chosen to be 202.446 GHz.
There are no significant spectral lines except for ClO in
both signal- and image-bands confirmed by using the for-
ward model calculation with molecular line parameters listed
in JPL Submillimeter, Millimeter, and Microwave Spectral
Line Catalog (Pickett et al., 1998). Concerning the response
to the continuum emission that we use for intensity cali-
bration, we assume equal response for both sidebands. This
equality has been confirmed by observing ozone spectrum at
203.453 GHz that is close enough to the ClO line frequency
at 204.546 GHz. The 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 had been the acousto-optical
spectrometer (AOS) in the original radiometer system
(Mizuno et al., 2002), but we replaced the spectrometer with
a new digital FFT spectrometer in 2009. Since the atmo-
spheric pressure at Atacama highland is about a half of that at
the sea level, the cooling efficiency for the electronic devices
is reduced by a factor of two. Thus, we put additional cooling
mechanism to the original commercial FFT spectrometer to
secure stability at Atacama. The FFT spectrometer provides
a bandwidth of 1 GHz and a frequency resolution of 70 kHz
by using Hanning window apodization. The stability of spec-
trometer and the whole system is commonly characterized by
Allan minimum time (see, e.g.,Schieder and Karmer, 2001,
for more details), and this value is defined by the minimum
point of Allan variance plot. The Allan minimum time of the
FFT spectrometer was estimated to be∼ 1000 s, improved by
about two orders of magnitude compared with the previous
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Fig. 1. Block diagram of the millimeter-wave spectroscopic ra-
diometer in Atacama, Chile.

AOS (∼ 10 s). The Allan minimum time of the whole system
was estimated to be∼ 60 s, indicating it is mainly limited by
the receiver rather than the spectrometer.

2.2 Observation period and site

We observed the stratospheric ClO from December 2009 to
January 2010 at Nagoya University Atacama Atmospheric
Observing Station (NATAOS) in Chile (23◦ S, 68◦ W). The
altitude of the station is 4800 m above sea level, providing
a very small atmospheric opacity in the millimeter wave-
length due to low water vapor pressure, because the tro-
pospheric water vapor is the major agent of absorption of
millimeter-wave radiation including stratospheric molecular
spectral emission. Atacama highland is one of the best sites
to observe very weak stratospheric molecular lines from the
ground. A typical optical depth around 204 GHz at Atacama
was less than 0.1 during the observing period, as shown later.

2.3 Observation method

The ClO spectral lines were obtained by using the elevation
switching method (Mizuno et al., 2002). In this method, two
different sky directions, one at high elevation and the other
at low elevation, are alternately observed. The sky opacity
and receiver fluctuations are compensated for by subtracting
the high-elevation signal from the low-elevation signal. The
high-elevation angle is fixed near the zenith and is referred to
as the reference angle. The low-elevation angle varies with
sky conditions and is referred to as the observing-sky angle.

Because the contributions of the continuum emission from
the lower atmosphere differ for the high and low elevations
(owing to the difference in the air mass along the line of
sight), a lossy dielectric plate is inserted in the reference-
angle beam to equalize the continuum signal levels. How-
ever, the air mass changes with time as the sky conditions

change, and the level equalization is fine-tuned by adjustment
of the observing-sky angle.

Atmospheric gases (and, more generally, translucent me-
dia like lossy dielectric plates) not only absorb incident ra-
diation but also emit thermal radiation simultaneously. The
thermal radiation intensity is expressed as a brightness tem-
perature or an equivalent temperature of a black body that
emits the same amount of radiation energy at the observing
frequency. At millimeter wavelengths, thermal radiation in-
tensity is approximated to be proportional to the black-body
temperature, owing to the Rayleigh-Jeans law of radiation.
The transmission coefficient of the translucent medium is
given bye−τ , and the thermal radiation intensity (i.e., bright-
ness temperature) is expressed asT (1− e−τ ) whereτ is the
optical depth of the translucent medium.T corresponds to
the brightness temperature of black body at physical tem-
perature ofT , and is considered to be equal to the physical
temperature of the translucent medium.

The output power of the receiver system,Pout, is propor-
tional to the brightness temperature of the input signal,Tin,
and the equivalent temperature of additional system noise,
Tsys, generated in the radiometer system:

Pout = αTout = α
(
Tin + Tsys

)
, (1)

whereα is the proportionality coefficient. In case of optically
thin, the intensity of the stratospheric molecular emission
line is linearly proportional to the stratospheric path length
or air mass. Thus, the observed intensity for the reference
sky,Tref, is given by

Tref = TlineArefe
−τAref−τplate + Ttrop

(
1− e−τAref

)
e−τplate

+Tplate
(
1− e−τplate

)
+ Tsys, (2)

where Tline is the intensity of the stratospheric molecular
emission line toward the zenith,Ttrop is the equivalent tem-
perature of the troposphere,τ is the optical depth of the tro-
posphere, andTplate and τplate are the physical temperature
and the optical depth of the lossy dielectric plate, respec-
tively. In addition,Aref is the air mass factor at the reference-
sky angle determined by

Aref =
1

sin ELref
. (3)

Similarly, the intensity for the observing sky,Tobs, is given
by

Tobs= TlineAobse
−τAobs + Ttrop

(
1− e−τAobs

)
+ Tsys, (4)

whereAobs is the air mass factors at the observing-sky angle,

Aobs=
1

sinELobs
. (5)

The observing-sky angle, ELobs, is automatically adjusted so
that the continuum levels ofTref andTobs are balanced at the

www.atmos-meas-tech.net/5/2601/2012/ Atmos. Meas. Tech., 5, 2601–2611, 2012



2604 T. Kuwahara et al.: Ground-based ClO measurement in SH

outside of the molecular-line frequency. The balancing con-
dition is obtained as

Ttrop

(
1− e−τAref

)
e−τplate + Tplate

(
1− e−τplate

)
≈ Ttrop

(
1− e−τAobs

)
, (6)

from Eqs. (2) and (4) by setting thatTline is negligibly small.
The proportionality coefficient,α, has to be determined

to obtain the intensity scale of the brightness temperature.
The coefficient is determined by measurements of two refer-
ence black bodies at different physical temperatures,Thot and
Tcold, and is expressed in terms of the output powers from the
hot and cold black bodies,Phot andPcold, respectively:

Phot = α(Thot+ Tsys), (7)

Pcold = α(Tcold+ Tsys), (8)

α =
Phot− Pcold

Thot− Tcold
. (9)

The optical depth of tropospheric absorbing layer,τ , was
measured by “sky tipping” method (Ulich et al., 1980) every
10 min. Finally, from Eqs. (2), (4), and (6), the brightness
temperature of the stratospheric ClO,Tline, is derived from
the observed quantities at observing sky,Pobs, and at refer-
ence sky,Pref, as

Tline =
Pobs− Pref

α
(
Aobse−τAobs − Arefe

−τAref−τplate
) . (10)

In our measurement, the hot reference was a radio absorber at
room temperature (i.e.,Thot ∼ 300 K), and the cold reference
is an absorber soaked in liquid nitrogen (i.e.,Tcold ∼ 73 K) at
an altitude of 4800 m.τplate was estimated from Eq. (6) as

τplate= τ(Aobs− Aref), (11)

on the assumption thatTtrop = Tplate. Two acrylic plates with
thicknesses of 1 and 5 mm were used in our measurements,
and the correspondingτplatevalues were estimated to be 0.04
and 0.3, respectively. These plates were changed manually as
the sky conditions changed, and the observing-sky angle was
set between 15◦ and 45◦.

3 Data analysis

3.1 Data selection

For determination of the diurnal variation of stratospheric
ClO levels, the dataset was divided into the 3-h bins, and the
spectral data were averaged to improve the signal-to-noise
ratio. Although the channel-to-channel random noise was
reduced by the averaging, artificial features of the spectral
baseline could not always be eliminated completely. Base-
line ripples caused by standing waves in the optical system
and residuals due to incomplete subtraction of the continuum

level in the elevation switching were considered to be the ori-
gins of the artificial features. These features were more sig-
nificant when the sky conditions were bad, because the line
intensity became smaller than the features, owing to the large
absorption. Therefore, we selected data obtained under good
observing conditions.

Figure 2 shows the time dependence of the sky optical
depth from 1 December 2009, to 17 January 2010. Even in
the Atacama highland, the water vapor pressure increases
during part of the summer (during what is referred to as
Bolivian winter). In 2009, the Bolivian winter seemed to
start around 17 December, after which the sky optical depth
abruptly increased. Before 5 December, the sky optical depth
was a little bad and the rms noise on the spectra was worse
than that obtained after December 5. Therefore, only data
obtained from 5–16 December were analyzed. Data obtained
at τ > 0.15 and a balanced observing-sky angle (ELobs) of
< 15◦ or > 25◦ were excluded. The lower limit of ELobswas
set to avoid the radiometer beam suppression by a mountain
that is located at the direction of observation. The upper limit
was set to maintain a sufficient difference between the refer-
ence air mass and the observing-sky air mass.

3.2 Retrieval method

The vertical profiles of the ClO volume mixing ratio were re-
trieved by means of a weighted-damped least-squares fitting
algorithm (Nagahama et al., 1999) based on inversion meth-
ods such as the optimal estimation method (Rodgers, 1976).
In Rodgers’s method, the ClO volume mixing ratio,Rret, is
estimated as

Rret = Ra priori+ SRWT
(
WSRWT

+ Ssp

)−1

(Tline − WRa priori), (12)

whereRa priori is an a priori profile (i.e., an initial guess) of
the volume mixing ratio,Tline is the intensity of ClO spectra,
W is the weighting function for the spectrum, andSR and
Ssp are the covariances of the a priori profile and the mea-
sured spectrum, respectively.Nagahama et al.(1999) showed
thatSR = ζ 2U, whereU is the unit matrix andζ is a propor-
tionality constant, becauseSR is independent of altitude. In
addition,Ssp = ε2U whereε is a proportionality constant, be-
cause the root-mean-square (rms) noise of the spectrum is ex-
pected to be the same over the observed frequency range and
the channel-to-channel correlation on the spectrum is negli-
gible in this study (Nagahama et al., 1999). Substituting these
equalities into Eq. (12) gives

Rret = Ra priori+ WT
[
WWT

+ (ε/ζ )2
]−1

(Tline − WRa priori), (13)

where
(
ε
/
ζ
)2 is an adjustable parameter that is empirically

determined to improve the vertical resolution and to sup-
press the artificial oscillation of the retrieval solution. We set
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Fig. 2. Time series of optical depth over Atacama from 1 Decem-
ber 2009 to 17 January 2010. The arrow indicates the period chosen
for data analysis in this study, from 5 to 16 December 2009.

(
ε
/
ζ
)2 to 0.0016 in this study. The averaging kernel,A, cor-

responding to the vertical resolution is given by

A = WT
[WWT

+ (ε/ζ )2
]
−1W. (14)

When this algorithm is used, the vertical resolution no
longer depends on the rms noise of each spectrum (Naga-
hama et al., 1999), and the diurnal variation at a fixed verti-
cal resolution can be compared for all retrieved profiles. The
algorithm was applied to the central part of the averaged ClO
spectra with a frequency range of 150 MHz to avoid the con-
tamination of the baseline ripple and spurious signal that can-
not be removed by simple sinusoidal functions. The averaged
spectra were smoothed by taking a 5-ch moving average and
a 7-ch by binding up and by subtracting an artificial contin-
uum baseline by fitting a fourth-polynomial for the frequency
range outside of the ClO emission line. Vertical profiles of
temperature and pressure are necessary for the retrieval cal-
culation. Daily temperature and pressure data were obtained
from National Centers for Environmental Prediction (NCEP)
reanalysis data (Lait et al., 2009) by means of the NASA
Goddard Space Flight Center automailer system. However,
because the maximum altitude of the NCEP data is 49 km,
the vertical temperature and pressure profiles were extrapo-
lated above 49 km with the Committee on Space Research
International Reference Atmosphere (CIRA86Rees et al.,
1990). For the a priori profile of the ClO volume mixing ra-
tio, an average of daytime and the nighttime values from the
MIPAS model atmosphere (2001) in the mid-latitude region
was used. The molecular line parameters were taken from
the Jet Propulsion Laboratory Submillimeter, Millimeter,and
Microwave Spectral Line Catalog (Pickett et al., 1998).

4 Results and discussion

4.1 Retrieved vertical profile

Figure 3 shows a typical averaged ClO spectrum over the
Atacama highland, which was obtained between 12:00 and
15:00 local time (LT) and averaged over 12 days. Figure4
shows the vertical profile of the ClO volume mixing ratio
retrieved from the spectrum, along with the a priori profile
used for the retrieval.

The retrieval algorithm was evaluated by comparison of
the observed spectrum with the expected spectrum calculated
by means of a forward model calculation (Fig.3, blue line)
involving integration of the derivative radiative transfer equa-
tion along the line of sight by assuming a symmetrical Voigt
line-profile function for the given vertical profiles of molec-
ular mixing ratio, temperature, and pressure. The rms resid-
ual between the observed and forward model spectra (Fig.3,
lower panel) was<1.8 mK for all the retrieval results in this
study.

The vertical resolution was defined as the full width at half
maximum of the averaging kernel of the retrieval for each
altitude (Fig.5). As mentioned in Sect.3.2, the adjustable
parameter

(
ε
/
ζ
)2 was used instead of the covariance of the

vertical profile, which is normally used in the optimal esti-
mation method. Thus, the vertical resolution was fixed, and
the averaging kernel was the same for all averaged spectra,
as discussed byNagahama et al.(1999). The vertical resolu-
tions were estimated to be∼ 12,∼ 17,∼ 21, and∼ 26 km at
altitudes of 35, 40, 45, and 50 km respectively.

4.2 Error analysis

Uncertainties in the input parameters in the retrieval process
influence the precision of the results in the form of random
errors. Four sources of random error were evaluated: (1) the
difference between the actual and assumed vertical profiles
of temperature, (2) the influence of the choice of the a priori
profile of ClO, (3) random noise in the spectral data, and (4)
random error in the measurement of the atmospheric optical
depth. In addition, systematic errors due to the observing sys-
tem and the measurement procedure were evaluated by com-
parison of the observation data with data obtained in previous
observations with different instruments (see Sect. 4.3).

4.2.1 Difference in the temperature profiles

We used the vertical temperature profile derived from NCEP
reanalysis data below 49 km and from CIRA86 data above
49 km, as mentioned in Sect.3.2. Differences between the
assumed and actual temperature profiles led to error in the
forward model calculation in the retrieval process. This error
was evaluated numerically as follows. A virtual temperature
profile was constructed by the addition of a constant offset to
the actual temperature profile; this virtual temperature profile
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Fig. 3. (Top) Averaged ClO spectrum obtained at 12:00–15:00 LT
from 5 to 16 December 2009 (red) and the fitting curve with the
forward model (blue). (Bottom) Residual of the fitting by the for-
ward model calculation.

was then used to run the retrieval program, and the retrieval
results derived from the original and virtual temperature pro-
files were compared. The typical amplitudes of diurnal vari-
ation of the stratospheric temperature have been estimated
to be∼ 1 K at 40 km and∼ 4 K at 60 km in the vicinity of
latitude 20◦ S (Huang et al., 2010). In this work, a constant
offset of 5 K was added to the original profile to obtain the es-
timated error in the mixing ratio at each altitude (dashed line
in Fig. 6). The error was estimated to be smaller than∼ 1 %
between 40 and 50 km, but the error abruptly increased to
∼ 5 % below 35 km.

4.2.2 Error due to the a priori profile of ClO

In the inversion analysis, as in the optimal estimation
method, the choice of the a priori profile inevitably affects the
retrieval results. Large diurnal variation of ClO mixing ratios
has been reported previously (e.g.,Solomon et al., 1984; Ri-
caud et al., 1997), and it is important that the effect of diur-
nal variation is considered assuming the a priori profiles. In
this study, a single a priori profile was used for all the aver-
aged spectra; the a priori profile used was a vertical profile

Al
tit
ud
e 
(k
m
)

Mixing Ratio (ppbv)

Fig. 4. Vertical profile of ClO mixing ratio retrieved from the av-
eraged spectrum obtained at 12:00–15:00 LT from 5 to 16 Decem-
ber 2009 (red solid line) and a priori profile (blue dashed line).

of average daytime and nighttime values from the MIPAS
model atmosphere in the mid-latitude region. The typical er-
ror was estimated numerically in a manner similar to that
used to estimate the error due to the difference between the
actual and assumed temperature profiles. The mixing ratio
for the daytime spectrum was retrieved by using two differ-
ent types of a priori profiles: the daytime a priori profile and
the day-and-night average a priori profile. Then the retrieved
profiles for the two types of a priori profiles were compared.
For the nighttime spectrum, the same comparison was made,
but the nighttime a priori profile was used instead of the day-
time profile. The difference between the retrieved profiles
obtained with the two different a priori profiles represents
the numerically estimated error (dashed-dotted and dashed-
two-dotted lines in Fig.6). Although the absolute error am-
plitudes for daytime and nighttime spectra were almost the
same, the percentile error was larger for the nighttime spec-
trum, which reflected the smaller mixing ratio at nighttime.
Between 40 and 50 km, the error was less than∼ +13 % for
daytime spectra and less than∼ −22 % for nighttime spectra.

4.2.3 Random noise on the spectrum

The influence of noise, which is generated mainly by the
receiver system, was estimated. Virtual spectral data were
generated by the addition of random noise to a forward
model spectrum calculated from a virtual but realistic vertical
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Fig. 5. Averaging kernels for the retrieval calculation between
30 km and 60 km.

profile of ClO. Then the retrieval algorithm was applied to
the virtual spectrum, and the retrieved vertical profile was
compared with the original input profile (solid line in Fig.6).
Because the typical value of the rms noise in the averaged
ClO spectra was 1.8 mK, random noise of 1.8 mK was added
to the forward model spectrum. The error due to random
noise was lowest at 40 km (∼ 11 %), and the error increased
to ∼ 21 % at 50 km.

4.2.4 Random error related with the atmospheric
correction

The atmospheric optical depth was estimated by the sky-
tipping method. In this method,Ttrop is assumed to be equal
to the hot reference temperature,Thot. Then the difference,
1P , between the output power for the hot reference,Phot,
and the output power for the observing sky,Psky, at an eleva-
tion angle of EL, is given by

1P = Phot− Psky

= αThote
(−τAEL), (15)

whereAEL is the air mass factor. The temperature of the hot
reference is stable and equal to room temperature (300 K),
which was well controlled by an air conditioner. Then,
ln(1P ) becomes a function ofτ andAEL as shown below:

ln(1P ) = −τAEL + ln(αThot) . (16)

In this equation,τ is expressed like a proportionality con-
stant. We can determineτ by measuring the values of1P for
several elevation angles (that is, by the sky-tipping method).
However, the actual sky temperature changes from hour to

Fig. 6. Estimated random errors due to temperature profile (dash),
a priori profile (day: dash-dot, night: dash-dot-dot), random noise
on the spectrum (solid), and atmospheric correction (dot). Total of
the random errors (i.e., root sum square of the individual errors)
are indicated by colored solid lines (red for daytime and blue for
nighttime).

hour, and the difference between the actual effective sky tem-
perature and the hot reference temperature leads to error inτ .
The effective sky temperature is typically∼ 7 K lower than
the surface temperature (Parrish et al., 1988). At the observa-
tion site in December 2009, the outside surface temperature
was∼ 300 K during the day and∼ 275 K during the night.
Variation of the effective sky temperature between 270 and
300 K leads to a maximum variation of∼ 12 % in the optical
depthτ . The error inτplate is almost the same as the error in
τ , becauseτplate was estimated fromτ by means of Eq. (11).
The influence of the optical depth and the sky temperature
errors on the retrieval calculation of the mixing ratio was es-
timated to be 2–7 % at 40 to 50 km (dotted line in Fig.6).

4.2.5 Total of the random errors

The sum of the random errors due to the four sources de-
scribed above can be expressed in terms of the root sum
square of each error, because the four sources of error were
considered to be independent of one another (red and blue
solid lines in Fig.6). Among the four sources of error, the
a priori profile and the spectral noise were similar to each
other and accounted for most of the total error. In addition,
the error bar in Fig.4 shows the total of the random error.
Because the information content has vanished, the retrieved
profile approaches the a priori profile, and the error bars get
smaller the further away from the altitude region, which is
from 40 to 50 km.
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Fig. 7. (Left) Comparison of the vertical ClO profiles measured
by NATAOS radiometer and AURA/MLS averaged for correspond-
ing location (longitude:±30◦ and latitude±2◦ from Atacama) and
time (12:00–15:00 LT at the position of the AURA satellite between
5 and 16 December 2009). For the MLS profiles, blue and green
dashed lines correspond to unconvolved and convolved profiles by
the NATAOS averaging kernel, respectively. (Right) Percentage dif-
ference between NATAOS radiometer and convolved MLS profiles.

4.2.6 Systematic errors

Systematic errors were due mainly to biases related to the
characteristics of the observation system, the methods used
to calibrate the signal intensity, and molecular spectral line
parameters.

In the measurement system in Atacama, two black bod-
ies at different physical temperatures were used as inten-
sity references. The temperature of the cold reference was
expected to be stable. However, the cold reference was ob-
served through a vessel made of styrene foam, the opacity of
which effectively increased the brightness temperature of the
cold reference by less than∼ 3 %. The hot load was at room
temperature, which varied roughly within 5 K between day
and night; therefore, the intensity scale of the spectra varied
at most by∼ ±2 % between day and night.

Another systematic error was related to the intensity cali-
bration and was due to the imbalance of the sideband ratio of
the heterodyne mixer receiver. The SIS mixer was operated in
DSB mode in this study. We assumed the gains of both side-
bands are equal based on the observation of ozone spectrum
at nearby frequency, but, if the gains of the two sidebands
were not exactly equal, the inequality would result in a small
systematic error in the intensity scale. However, precise mea-
surement of the side-band ratio for a SIS mixer is difficult
in practice, and the accuracy of the intensity calibration was

Fig. 8.Time series of daily average of the selected MLS ClO mixing
ratio (within 12:00–15:00 LT) over Atacama at 40 km (top panel)
and 45 km (bottom panel), respectively. ClO mixing ratio derived
from the averaged spectrum obtained by NATAOS radiometer is su-
perposed. The arrow indicates the averaging period of the NATAOS
measurement, from December 5 to 16, 2009.

evaluated by comparisons with data obtained with other in-
struments.

For the spectral line parameters, we cannot evaluate quali-
tatively in this study, because no error information is found in
JPL Submillimeter, Millimeter, and Microwave Spectral Line
Catalog (Pickett et al., 1998). But they are potential causes of
systematic error.

4.3 Comparison with the satellite measurements

To evaluate the total systematic error, the retrieval results
for Atacama were compared with the results for other satel-
lite measurements. First, ClO profiles were selected from the
AURA/MLS data (ver. 2.2) collected within±2◦ in latitude
and±30◦ in longitude from the position of the Atacama sta-
tion (NATAOS) and at times between 12:00 and 15:00 LT
from 5 to 16 December 2009 for each observation point of
MLS. A total of 35 profiles were selected by means of these
criteria, and the profiles were averaged and convolved by the
NATAOS averaging kernel to equalize the vertical resolu-
tion and response; the vertical resolution of the MLS data is
higher than that of NATAOS retrieval results. The convolved
and the original MLS and NATAOS profiles are shown in
Fig. 7. The error bars for the MLS mixing ratios in the figure
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Fig. 9. The ClO mixing ratio at 40 km and 50 km obtained by
JEM/SMILES (ver. 1.3) and NATAOS radiometer between Novem-
ber 2009 and February 2011. The SMILES data were selected
within ±2◦ in latitude and±30◦ in longitude from Atacama and
with an observational time of 12:00–15:00 LT. Pink and light blue
open circles show the ClO mixing ratio obtained by SMILES at
40 km and 50 km, respectively. Red and blue circles show daily av-
erage of ClO mixing ratio obtained by SMILES at 40 km and 50 km,
respectively. Orange and purple circles show the ClO mixing ratio
obtained by NATAOS radiometer at 40 km and 50 km, respectively.
The arrow shows the period of averaging NATAOS data, from 5 to
16 December 2009.

were derived from the precision values attached to the indi-
vidual MLS data profiles.Santee et al.(2008) mentioned that
the MLS mixing ratio below 1.0 hPa, corresponding to above
∼ 50 km, is unsuitable for scientific use. On the other hand,
the NATAOS profile is not reliable below 40 km as mentioned
in Sect. 4.2.5. Thus, we can make fruitful comparison only at
40 and 45 km.

Figure8 shows the time series of daily average of the se-
lected MLS ClO mixing ratio convolved by the NATAOS av-
eraging kernels at 40 km and 45 km. The 12-day averages
of the NATAOS mixing ratios are superposed in Fig.8 as
well. Both measurements of MLS and NATAOS show good
agreement within errors, but the mixing ratios obtained by
NATAOS show slightly positive trend relative to those of
MLS (∼ 13 % and∼ 18 % at 40 and 45 km, respectively).

In another attempt to evaluate the systematic error, the
NATAOS retrieval results were compared with the Japanese
Experiment Module (JEM) Superconducting Submillimeter-
Wave Limb-Emission Sounder (SMILES) data. SMILES
has three observing frequency bands, and two of the three
bands can be operated simultaneously. Unfortunately, band
C, which covers the ClO line frequency, was not observed
during our observational period in Atacama. Therefore, di-
rect comparison of the NATAOS data with the SMILES data
is difficult, but the NATAOS results could be roughly eval-
uated against the SMILES data obtained in November 2009
and January 2010. Figure9shows the time series of ClO mix-
ing ratios at 40 and 50 km obtained by SMILES, along with
the mixing ratios determined at Atacama. The plotted data

Fig. 10. Diurnal variation of ClO mixing ratio at 40 km measured
by NATAOS radiometer for a period of 5–16 December 2009.

were selected from the version 1.3 (test release) dataset by
application of the same positional criteria used for selecting
the MLS data. The mixing ratio determined from NATAOS
measurements at 40 km looks reasonable, roughly on the line
between the November and January SMILES mixing ratios.
The SMILES mixing ratios at 50 km show a slightly decreas-
ing trend but can be regarded as almost constant compared
with the ratios at 40 km. The NATAOS mixing ratio at 50 km
appears to be∼ 80 % higher than the average SMILES value,
but, when the JEM/SMILES profile was convoluted with the
NATAOS averaging kernel at 50 km, the discrepancy was re-
duced to∼ 7 %. Therefore, it is likely that the ground-based
measurements at NATAOS were consistent with the SMILES
measurements within the errors, although the exactly coinci-
dent datasets required for a definitive direct comparison do
not exist.

In the results of comparison with NATAOS and satellites,
the most reliable mixing ratio values in this study were those
between 40 km and 50 km. This range includes the altitude
where the stratospheric ClO mixing ratio peaks.

4.4 Diurnal variation of stratospheric ClO observed
over Atacama

The photochemistry of chlorine reservoir species such as
ClONO2, HOCl, and HCl play an important role in regulating
the diurnal variation of ClO levels (e.g.,Ko and Sze, 1984;
Froidevaux et al., 1985).

Figure10 shows the diurnal variation of ClO at 40 km av-
eraged over 5–16 December 2009 over Atacama (23◦ S). The
horizontal axis is the local time, LT, in Chile. The vertical
profiles are derived from the averaged spectra for every 3-h
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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 Atacama.
The mixing ratio of ClO quickly increases after the sunrise
and reaches up to the daytime plateau level at the time slot
of 06:00–09:00 LT. The amplitude of the diurnal variation is
∼ 33 % of the daytime average at 40 km. The time variation
of the NATAOS data shows a pattern similar to that of the
previous satellite data observed in the northern mid-latitude
region (Ricaud et al., 2000) after making convolution of the
satellite data by the NATAOS averaging kernel.

We plan 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.

5 Summary

This paper has presented the vertical profiles and the diur-
nal variation of ClO in the summertime in the southern mid-
latitude region, based on the new millimeter-wave spectro-
scopic measurements made in the Atacama highland, Chile.
We have described the specification of the new measurement
system, the observing method, and 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 km to 50 km. We have presented the diurnal
variation of the ClO over 24 h at 40 km during 5–16 Decem-
ber 2009. The variation amplitude and variation pattern at
40 km are consistent with the previous study in the north-
ern mid-latitude presented byRicaud et al.(2000). We in-
tend to continue further observations to reveal the seasonal
variations as well as the diurnal variation and intend to make
model calculations to compare the observational results.
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