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Abstract.  This manuscript introduces the OZORAM The mesosphere/lower thermosphere (MLT-region) forms
ground-based millimeter wave radiometer. The instrument ighe interface between atmosphere and outer space. Radi-
deployed to the high Arctic (PN, 12 E) for measurements ation and particles from the sun and outer space enter the
of Oz in the upper stratosphere and lower mesosphere. MLT-region and release energy there or even penetrate into
The publication describes the status of OZORAM in the the upper stratosphere. They trigger a whole class of chem-
end of 2010. OZORAM is able to provide profile information ical reactions, the ion chemistry, leading to the formation of
between 30 and 70 km altitude in time intervals of 1 h. hydrogen and nitrogen radicals which catalytically destroy
To establish applications of the data and to investigate in-O3. While hydrogen radicals are most effective in the lower
strumental biases, the results from September 2008 till summesosphereL@ary, 1997 and decay on a timescale of hours
mer 2010 are compared tga@rofiles derived from measure- to days, nitrogen radicals travel deep into the stratosphere
ments of two instruments onboard polar orbiting satellites,by large scale descent of mesospheric and thermospheric air
MLS onboard EOS-AURA and SABER onboard TIMED. during polar winter Randall et al.2005. Nitrogen radicals
The agreement is within 10% in the middle and upper strato-become effective in @destruction in the upper stratosphere
sphere and 30% in the lower mesosphere. The deviatiorfLary, 1997). Hence, solar activity can exert strong influence
shows systematic and oscillating features which are, how-on stratospheric chemistry and on thg-layer.
ever, constant during the period of Comparison_ 03 is involved in much of the atmOSphel’iC ChemiStl’y, and
The data set is therefore suitable for studies of mesodits atmospheric content is sensitive to changes in irradiation.
Spheric and Stratospheric response to Changes in dynamiag’]e information about its distribution in the atmosphere is
or due to solar influences on climate. easily accessible due to its numerous molecular transitions,
causing strong absorption throughout the IR and millimeter
wave spectrum. Measurements in the millimeter wave re-
gion using passive ground-based measurements are particu-
larly suited to mesospheric studies because profile informa-

Os is an atmospheric component of major interest. Thelion can be accessed well into the lower mesosphere.
stratosphere, synonymous with the fyer, filters most of Passive millimeter wave radiometry has been used to study
the UV radiation and thus allows life on Earth outside water, Properties of the atmosphere as early as in the 70Aes (
While the Q@ layer, and its depletion due to anthropogeni- ters 1973 Waters et a.197§. Rotational emissions of £
cally released chemicals, was a major research topic througtlave been measured IBenfield et al(1978, but only in

out the 1990s, the focus ofs@esearch has recently shifted the upper stratosphere and mesosphere due to limited spec-

upwards towards the upper stratosphere and the mesosphefl bandwith. ~ After the discovery of the shole (Far-
man et al. 1989 the instruments where successively ex-

tended to measure in the lower stratosph&wenpor et al.
1994 Sinnhuber et al.1998 e.g.). The need for contin-

Correspondence tal. Paim uous monitoring of the stratospheric response to anthro-
BY (mathias@iup.physik.uni-bremen.de)  pogenic trace gas releases, performed by a well defined set
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of mstr.uments, led to th? foundation of thetwork for the Table 1. Summary of OZORAM characteristics. The altitude range
Detection of_$ratospheric @ange (NDSC) (now Btwork  ,ng aftitude resolution depend on integration time. The figures

for the Detection of Amospheric_@mposition_dange —  given here correspond to a measurement interval of 1h. For the
NDACC?) in 1991. The AWIPEV station, including the difference in altitude range refer to Se2t2 Data recorded until

OZORAM instrument, is part of this network. There have 2004 have been used in past publicatioB&huber et al.1998
been a number of comparisons in the past, showing thaKlein et al, 200Q 2002 and are listed here for completeness.
millimeter wave radiometers are a reliable tool to measure

stratospheric and mesospherig @onnor et al.1994 Tsou pre 2004  2006-2007 2007-2008  from 2008
et al, 1995 Hocke et al, 2007 Boyd et al, 2007). Backend AOS AOS +CTS FFTS FFTS
Passive millimeter wave measurements of atmospheric Sys.NT 3500K  1100K 1100K 1100K
; in_ Band width 1.5GHz 1GHz 0.5GHz 0.8GHz
trace gases offer a range of unique features. They are in- .. o' oy 1smiz+ 10kHz - 60kHz 60 kHz
dependent of solar or lunar irradiation and largely insensitive s range  15-40km  15-60km 30-60km  25-70km

to weather conditions. The measurements have a good time
resolution of 1 h and capture a narrow and well defined trace
through the atmosphere. :

This publication describes instrumental aspects of the:
Ozme Radiometer for_Amospheric_Masurements (OZO- |

Martin Puplett interferometer

RAM), a ground-based microwave radiometer located on . Rotating mirror

the Spitsbergen archipelago, and introduces the data set ex}- l
tracted from its measurements since 2008. In order to re-! f
DS NN NN N NN NN i

trieve the Q-profile from the measurements, two spectro- ,
scopic catalogs have been used, the 2004 HITRAN catalog

(Rothman et a).2005 and the 2009 JPL catalodPickett ! R
et al, 2010, appended with spectroscopic parameters by the! Hot and cold calibration load

ARTS package (see Se@4 for further details). The data | v

Horn antenna

sets are called OZORAM-HIT and OZORAM-JPL, respec-

tively. 3 LO | J] ['8 GHz . 0.5 GHz
The instrument has been modified to enable measurements [ 134.17 GHz ] @W
of mesospheric @ Section2 describes the instrument and | Mixer |
the retrieval methods that extract information from the mea- ‘Frontend _____ "~ ! FFTS
surements. A retrieval assessment and an error characteriza- /\
tion of the measurements conclude this section.
In Sect.3, the data available from autumn 2008 until sSum- g0 1. Overview sketch of the OZORAM. Technical details are
mer 2010 are compared to two space borne instruments thfescribed inklein (1993 and have been omitted for clarity. The
measure the polar winter atmosphere, i.e. EOS MLS onboardashed line encloses the front end with the quasi optical system and
the Aura satellite $choeberl et al.2009 and SABER on-  the first mixing stage.
board the TIMED satelliteRussell 11l et al, 1994).

2.2 The ground-based millimeter wave radiometer
2 The OZORAM instrument OZORAM

2.1 General OZORAM is a heterodyne single side-band receiver tuned to

. _ the 142.176 GHz emission line (18— 10p 10) of O3. The
The OZORAM instrument is located at the AWIPEV re- bandwidth is 800 MHz and the frequency resolution is ap-

search base in NjMesund (79.9N, 11.9 E) on the Spits- prox. 60 kHz. Its main building blocks are (see Fiy.
bergen archipelago. It is jointly operated by the Alfred We-
gener Institute (AWI) and the Univerait Bremen. It has , . o e

. . . mixer followed by a low noise HEMT amplifier. The quasiopti-
begnhcomtr)nltted to g.[?.elljat;on n 19£&||(mhubter e]:c al1999 h cal system selects the radiation source from hot black body, cold
an_ gs .een moadinead for mer_;tsuremen S _0 MESOSPNEriG, ok body and the atmosphere, respectively. A Martin-Puplett-
emissions in 2006-2008 (for a history of the instrument Se€erferometer is used to suppress the mirror side band at 126 GHz

Tablel). with at least 20dB attenuation. The signal is down-converted to
8 GHz intermediate frequency.

Front end. This consists of a quasi optical system and Schottky

IF chain. This is responsible for filtering, amplification, and further
down conversion of the 8 GHz-signal to fit the spectrometer input
Lyww.ndace.org (DC - 1GH2).
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SpectrometerThe Fast-Fourier-transform (FFT) spectrometer Ag- was not sufficient to resolve the mesospheric information at
ilent AC240 Benz et al, 2005 comprises fast AD converters and the line center. Due to permanent failure of the AOS, this
an FPGA (field programmable array)-implemented Fourier trans-combination was replaced later by the FFT spectrometer.
former. It deIivers.a bandwidth of 1GHz anda resplution pf approx.  From 2006 through 2008, the spectra were recorded within
60 kHz. The Fourier transformation is calculated in real time. time intervals of 20 min alternating with a front end tuned to
OZORAM is operated in total power mode, alternately tak- the 22.2 GHz emission line of a water vapor transition. Prior
ing measurements from a hot black bodfy, (7T =293K), 0 2008, only about one third of the available time was used
the atmosphere/a, and a cold black body/c (Tc =77K).  for Oz measurements, which significantly reduces the SNR.
The black bodies have an emissivity of better than 99% in thel his explains the difference in the maximum upper altitude
millimeter wave frequency region. The black body measure-reported in Tablel, 3rd column. Since autumn 2008, the
ments,Vi and Ve, are recorded for calibration purposes. The System is only used for Ymeasurements. The spectra are

formula, By, for black body radiation at temperatufe der to achieve a sufficient SNR, the calibrated spectra are

further integrated, so that one spectrum is available per hour.
B, — Bt
Vu—Vc

The receiver can be characterized via the receiver-nois
temperaturé Trec, which quantifies the noise contribution
of the instrument to the measuremedarfssen1993. The
standard deviation of the noise on the measuremsntis
proportional to the system temperatuteys = Trec+ Tsic
with Tsig the temperature of the signal. The standard devi-

y = (VA — Vo) + Br 1)

2.3 Measurement geometry

e'_I'he direction of the viewing path, given by the azimuth an-
gle, 113, and the elevation angle, 20has to be taken into
account when comparing with models and/or other instru-
ments and also for interpreting short time variations. See
Fig. 2 for a plot of the measurement location and the viewing

ation of a measurement can be estimated via the radiometrigath'
formula: 2.4 The radiative transfer
_ Tsys @)
Oy = NoY Radiative transfer is encoded in the forward model ARTS

) . . L (Buhler et al, 2005 and is only cursorily described in this
with the b_andW|dthp, and the integration t_|me, publication. For a detailed account of the radiative trans-

See F|g.3 _for an example-_ of callbrgted_ spectrum ¢o theory the reader is referred to any textbook dealing
recprded In wmter 2009 and_ Fig.for the profile (in bl"?‘Ck) with the matter (e.gJanssen1993. The formulae for the
rgtneved_from 't, (_for the retrieval see $e2t5). The n!ght radiative transfer are documented in the ARTS user guide
time profile exhibits an enhancement in mesospheg@e) (part of the ARTS package and also available for download).

is expected in the absence of solar illumination. A day timeMeIsheimer et al(2005 investigated the ARTS radiative
profile is plotted (in blue) for comparison, retrieved from a ransfer and compared it to other models
spectrum taken 12 h later. The shaded areas are standard c}e— '

e fth ioved profil di din 26 Formally, the forward model denotes a function—=
viations of the retrieved profiles as discussed In Se0i. F (x,b), which yields a spectruny, for a given atmospheric
This publication accounts for the status of the instrument

; 2008 10 2010, Duri 2006. 2007 and 20085tate,x, and a set of auxiliary parameters, The atmo-
rom | E;)'f' - ungg SUmMmMers ' ‘fmd .'spheric state comprises one or several trace gas profiles, usu-
several modifications and optimizations were carried out '”ally given on a pressure grid. The auxiliary parameters in-

order to extend observations into the mesosphere (8. | ,4q an atmospheric temperature profile, spectroscopic data
Betvv_gen ,2006 a“?’ 2008 the data have dn‘fergnt performancgf the observed transitions, and parameters of the instrument.
specifications, which are reported separately in Tablehey
can only be used with care. Since autumn 2008 the OZ02 4.1 Absorption and emission in a fixed layer
RAM is fully operational in the mesosphere mode.

The details of calculating the absorption coefficient) are
Modifications between 2006-2008 omitted here as it has been investigated in great detail by sev-
. . . eral authors (e.glanssen1993.
During  the —winter  2006/2007 an acousto—optlca}I- Nevertheless, notable are a few facts: The absorption co-
spectrometer (AOS? covered th_e broad . band por'['Onefﬁcient consists of two parts: the strength of the absorption
of the spectrum, in parallel with a chirp-transform- due to the absorption by the molecules and the shape of the

Epec?romr:aterb(CTS) redsot:vmg the rl]lne cer|1te_r. T?'Sh cz\n(w)— bsorption strengths versus energy (=frequency) due to the
ination has been used because the resolution of the hite lifetime of the excited states.

2The quantities’, which is a power and in millimeterwave radiometry given in
the unitk andV which is the readout of the spectrometer, usually a voltage or a count 3
number. T andV are related by a scalar calibration factorwhich depends on the For the retrievals presented here, ARTS version 1.0.216 is used, which is available
instrument. for download ahttp://www.sat.ltu.se/
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Table 2. Spectroscopic parameters for the retrieval of the data sets presented in this work.

Quantity Unit OZORAM-HIT OZORAM-JPL
Line center Vo GHz 142.17657 142.17504
Line intensity Io m2Hz 7.0834x 10717  7.0746x 10~17
Pressure broadening yaIR (To) Hz/Pa 24 498 25000
Self broadening yseLr(To) Hz/Pa 31184 25000
Temperature dependance

of yar (Tp) NAIR 0.71 0.75
Temperature dependance

of yseLr(To) NSELF 0.71 0.75

yseLF ONn the temperature is parametrized by two parameters,
denoted byiair andnsglF, respectively. The spectrometric
parameters used for the retrieval of the data sets are summa-
rized in Table2.

The absorptivity at a well defined place in the atmosphere
furthermore depends on the chemical composition, pressure
and temperature.

2.4.2 The modeling of the spectrum

In neglect of scattering, which is justified for millimeter wave
radiation in absence of precipitation, the locally generated
radiation at frequency, S(v), and absorptivityx(v) of the
same volume are connected via Kirchhoff’'s law of thermal
radiation Janssenl993:

S(v)
a(v)
with B(T,v) the Planck function for the temperatufe The
spectrum itselfy, is the integral of all emission and absorp-
tion along the line of sight from the sensor locatieg,to the
top of the atmospheray,. In the following the frequency
dependence af andy is disregarded for clarity(s) is the

.21,18.87)

50r 833.17.77) ] absorptivity at position of the line of sight. Hence (s) in-

78.46,16.64)

Casonian 49 corporates the dependency of the absorptivity on the species

Altitude [km]

(78.80,13.12)
| ]

‘ ‘ ‘ ‘ under consideration, given by the abundance prafikend
0 50 100 150 200 250 300 350

Horizontal distance from Ny Alesund [km] the atmospheric pressure and temperature profiles.
=F (x,b) = exp(—1 (so, 4
Fig. 2. OZORAM measurement geometry. The upper panel showsy ( ) Yoo XN b (Stp So0)) “)
the ground track of the viewing path. The dots denote the viewing Soo absorphion -
path in 10km steps. The diamond is the measured region of the+ a(s)B(T (s)) exp (—t (so, 5)) ds.

at 60 km altitude. The lower panel denotes the viewing path in the V/so

plane given by azimuth and zenith directions. emission

The spectrum measured g, here the Planck radiation of
space, is denoted by, T(s1,52) = [sza(s)ds is the opacity

) o . betweens; ands; along the line of sight.
In spectral catalogues, the absorption coefficient is

parametrized by a number of valueg — the frequencylo  2.4.3 Summary of the radiative transfer

— the intensityyair — the broadening of the line due to col-

lisions with air molecules except the one under considera-The following elements of radiative transfer are stated for
tion, yseLr — the broadening of the line due to collision with their importance in the discussion to follow. For instruments
molecules of the same kind. The latter three values are dewith a zenith looking measurement geometry the following
fined at a specified temperature. The dependengygfand  statements hold:

Atmos. Meas. Tech., 3, 1533545 2010 www.atmos-meas-tech.net/3/1533/2010/
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Fig. 3. A spectrum measured on the 25 February 2009, mid night
(UTC). The lower figure shows the residuum after profile retrieval
(See Fig4). A running mean has been applied to the residuum.

1. For the 142 GHz @emission, the pressure determines
the line-width up to an altitude of about 55 km. Above
65 km it is governed by temperature. In the range in
between, it is determined by a mixture of temperature
and pressure effects commonly represented in the Voig
line shape Janssenl993.

. Roughly, the line center of the absorption coefficient of
Og is proportional to the volume-mixing-ratio (VMR)
(this is strictly true in the pressure broadening regime;
Janssenl993 Sect. 2.4.2).

the absorption in lower altitudes. If there is an error in
the absorptivity calculation at a certain altitude it will
not only affect the result for this altitude but also the
results for all altitudes above.

2.5 The retrieval

2.5.1 Retrieval setup

ts above Spitsbergen 1537

100

——retrieved (night)
retrieved (day)
— apriori profile

90
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Fig. 4. Og3 profiles retrieved during night (black) and day (green)
and the a priori profile (red). The spectrum shown in Bgor-
responds to the night time spectrum. The shaded regions (green,
black) are the uncertainties caused by the total error as derived in
Sect.2.6. The red shaded region is the a priori standard deviation
used in the retrieval.

t
a priori covariance matriXga . The noise covarianc&, de-
scribes the Gaussian model of the statistical n@isen the
measurement (with mean=0).

The noise covariance matri, is calculated from the
system noise temperature, Eg8) (ith an error propagation
calculation following Eq. I). The a priori profilexa, is a

. The radiation created in a given altitude is attenuated bymean daytime @ profile (adapted from the FASCOD sub-

arctic winter climatology) that has been smoothed in order
to reflect the low altitude resolution of the data. TBg
matrix has only diagonal entries, i.e. inter-layer correlations
were not taken into account. The standard deviation is de-
fined to be 20% (0.1 to 0.9 ppmv) of the@ priori VMR up

to an altitude of 40 km and rising to 3 ppmv at 100 km alti-
tude (see Fig4, for the a priori profile and the square root of
the a priori variance in red). The analysis is performed using
a pressure grid corresponding to fixed altitude levels from

The spectra are analyzed using the optimal estimatiorP-5km to 100.5km with a spacing of 1km. The atmospheric

method Rodgers2000. Optimal estimation is a statistically

founded method in which the resuit, given the measure-

ment, y, is the largest value of the conditional probability
density

pEly) ~ exp (~(FG) — »S7 (FG) - »7)

X exp (—(xA —Xx) S;l (xA - fc)T)

(5)
(6)

a priori

The a priori, Eq. §), is necessary as a regularization of this

often under-constrained problem and restricts the results us;:

ing a Gaussian with meana, the a priori profile, and the

www.atmos-meas-tech.net/3/1533/2010/

temperature and geopotential height profiles are taken from
ECMWF Operational Analysis data. The ECMWF data are
availabel every 6 h starting from 0 h on a x3.5° grid and
91 altitude layers. The data have been interpolated to the geo-
metrical location, exact time and altitude grid. The ECMWF
data are extended to 100 km altitude using a default tempera-
ture profile (FASCOD, subarctic winter scenario)and the hy-
drostatic equation.

Using the Jacobian of the forward modeélx, ) with
respect tax, also called the weighting function matrix, x
is found byRodgerg2000:

X =xa + (S3E+ KSKD)TIKT 5 (y — Kxp). (7)

Atmos. Meas. Tech., 3, 15332010
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Fig. 6. A retrieval of the spectrum 25 February 2009 (same spec-
Fig. 5. Averaging kernels for the periods 2006/2007 (left panel) t_rum asin Figs3 and4)_W|thout the retrieval of thg sinusoidal bgse-
and 2008 onwards (right panel). Thick blue lines indicate averag-in€ features. A running mean has been applied to the residuum
ing kernels (AVK) for the values at 30, 40, 50, 60, and 70km al- (green line).
titude. Green solid lines denote sums of the AVKs, divided by 10.

Solid red lines correspond to altitude resolution, given as FWHM . ) ] )
of the Gaussian approximation to the AVKs, at the respective alti-Wherex denotes the retrieved quantity anthe true quantity

tudes (axis at figure tops). The differences in the AVKs reflect theOf interest. FollowingRodgers(2000 the averaging kernel
hardware changes as described in S2é. matrix, A, can be used to rearrange Ef). 1o yield an instru-
ment function

D is called the contribution function matrix and can be re-* = xa + A (x — xa), 9

garded as the inverse of the weighting function maltrix . . . . B ., .
The setup contains the retrieval of three main parameterswh'Ch describes how the instrument/retrieval “sees” the orig-
inal quantity of interest.
1. The G; atmospheric profile. Two sets of OZORAM AVKs are plotted in Fidh, both

) ] ) corresponding to measurements integrated one hour.
2. The continuum absorption of NNO, and HO using the

model MPM93 Liebe et al, 1993 Those models are Retrieval of baseline features

used to calculate the opacity of the atmosphere due to

those three species. The opacity is also used to calculatBaseline features of the spectrum are part of the retrieved
the emission of the troposphere. The fitted variables arestate. That means, that they do not create a random or sys-
the absorption coefficients at different altitudes. tematic error on the retrieveds&profile, but influence the

. . . 3-profile via the regularization. This can be observed in the
3. Spectral artifacts (i.e. standing waves) on the measure reakoff of the AVK (see Fig5) for 2008 onwards

§pectrum. Such are creatgd by mismatches .and NON" | order to show the influences of the retrieval of those
ideal reflectors m_the quasi optical system W.h'Ch Can-auxiliary parameters the night spectrum of 25 February (see
not be totally aqued. I.f a reflector can be identified Fig. 3) has been retrieved without the fitting of the baseline
t(.) cause a certain _standmg wave component, thg aSSOp'arameters (see Fi@). While the retrieval still converges,
ciated wavelgn.gth is explicitly included in the retrieval. i.e. some VMR profile is returned, this profile does not look
For the remaining components, the wavelengths are deéensible and artifacts are clearly visible in the residuum.
termined empirically from the spectra. Two features in the retrieved profile without the retrieval of

The set of parameters (a priori profile, covariance matricesWvaves are striking. The strong negative VMR at 20 km. This
standing wave wavelengths) used for the retrievals is kepgan be ruled out for physical reasons. The night enhance-

constant for the whole dataset. ment of G in the mesosphere vanishes almost completely.
Comparison with independent data (in S&tdoes however

2.5.2 Performance of the retrieval show, that this enhancement is also present in other measure-
ments.

Retrieval assessment is done via the averaging kernel (AVK) Because the baseline features or parts thereof may be

matrix, A, which is defined as used to construct the emission line (baseline and atmospheric

9% spectrum are not necessarily linearly independent), it can-
A= Pl DK, (8)  not be said from the measurement alone where the sinusoidal

Atmos. Meas. Tech., 3, 1533545 2010 www.atmos-meas-tech.net/3/1533/2010/
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features come originally from, i.e. error in the forward mod- 2.6.3 Forward model error

eling or true baseline features of the instrument. In order

to evaluate the effectiveness of the baseline retrieval indeThe error caused by a wrong forward model, EXR){ can
pendent information is used (e.g. independent measurement8nly be estimated by comparison with independent data. The

physical reasoning). forward model ARTS which is used here has been investi-
gated and compared to other forward modeldmtsheimer
2.6 Error discussion et al.(2005.

Following Rodgers(2000, the error in the retrieved profile 2.6.4 Noise error

* can be written as _ _ _
The noise errow, is calculated from the measurement noise,

r—x=(A-1@x—xa) (10) s using Eq. 13). It is usually the error contribution which
+DKp (b — b) (11)  is easiest to calculate:
+ De. 13 . =
N T 18)

The vectorb holds estimates of the parametebs, K, de-

notes the Jacobian of the forward model with respect to the2.6.5 Summary of error discussion

parameter$. AF is the difference of the forward model im-

plementation to the (unknown) true or perfect forward model. Figure 7 presents a selection of the errors described above.
This study is restricted to the errors which are caused by

2.6.1 Smoothing error wrong spectroscopic parameters, a wrong temperature pro-
file, wrong temperature of the cold calibration load, and mea-

The smoothing error, Eq.10), is caused by the low alti-  syrement noise. The error due to wrong theoretical assump-

tude resolution of the data retrieved from the measuremenfjons on the spectroscopy itself is difficult to estimate without

which is equivalent to applying a running weighted average,proper spectroscopic measurements. The error figures used

encoded in the averaging kernels, to the true prafilen or-  for the calculation are summarized in TaBleThe spectro-

der to calculate this error, however, detailed knowledge abOUgcopiC error consists of three parameters, the errors of line

the statistics of a true ensemble of thg@ofile is necessary intensity, /o, pressure broadening parametetr (7o), and

(Rodgers200Q p. 49). temperature dependence of the pressure broadening param-

For this data set, it has been decided not attempt to quareter, nar. The noise errob, has been calculated for the
tify this error. Instead, the a priori profilesa, and the av-  typical noise figure of a 1 h measurement.

eraging kernel matrice#), are explicitly included with the From Fig.7 the following conclusions can be drawn:
retrieved profilesy, as essential part of the data sets.
1. The error due to a wrong temperature of the cold cali-

2.6.2 Forward model parameters bration loadgTe, is negligible.

The error caused by uncertainties in the forward model pa- 2. The error pattern due to spectroscopic uncertaintigs,
rameters, Eq.1(1), is estimated using the instrument func- leads to an oscillation in the uncertainty of the retrieved
tion, Eq. ©). The AVK matrix with respect to the parameters, profile.

b, is calculated via: : .
3. The spectroscopic error dominates the error due to

A X DK 14 measurement noise up to the stratopause. Above the
b= 95 = b- (14) stratopause the measurement error becomes more influ-

~ 9b
Using an estimated covariance matrix for the parameSgrs, ential due to the low signal.

the covariance matrixGyp, of the retrieved profile is calcu-

lated by
_ T The retrieved profile may deviate from the true profile con-
Sp = A S A, (15) siderably, especially at the altitude limits. For example the

The standard deviatiomy, of the profile caused by the error Night time profile in Fig4 shows a significant enhancement

2.7 A cautionary note

in the forward model parameter is compared to the a priori at 70 km, suggesting that such a fea-
ture exists in the real atmospheric state. However, the AVK
o']!p = sﬁl) (16) (see Fig5) indicate that OZORAM would not be able to re-

solve such a feature.
neglecting off-diagonal entries.
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Table 3. Individual error figures contributing to the error budget foy @trievals from the 142.176 GHz line as plotted in Hig.

Quantity Symbol used Error reported Reference Error assumed
in reference

Line intensity Iy 1% HITRAN 1%

Pressure broadening yaIR (To) 5% <oy r(1p) <10% HITRAN 5%

Temperature dependency

of yair (To) NAIR 10%< oupr <20% HITRAN 10%

Temperature profile T none none 5%

Temperature of cold

calibration load Tc 1% Manual of sensor 1%

3 Intercomparison of the OZORAM data set with
independent data sets

1 3.1 General

The OZORAM profiles are compared to two independent
data sets. The spectra measured by OZORAM have been
analysed using two different spectroscopic data sets (see Ta-
§ ble 2 for details):

Altitude [km]

— the HITRAN database as of 200Rd¢thman et al.

’ 2009, and
— line intensities from the JPL catalogoue as of 2009
% 10 20 30 40 50 60 70 (Pickett et al. 2010, appended with empirically deter-
Standard deviation [%)] mined line shape parameters found in the spectroscopic

database of the ARTS package.
Fig. 7. Uncertainty in the profile due to errors in the instrumental
parameters and spectroscopy. The plot covers random error due ®he comparison itself is carried out in terms of “simulated
noise on the spectra;,, and systematic error due to deviations in retrieval” (Rodgers and Connp2003: Let Xor denote the
the temperature of the cold calibration loag,, in the atmospheric  profiles retrieved from OZORAM measurements dnd be
temperature profiley7, and in spectroscopic parameters, namely yqfiles from an independent source. The simulated retrieval,
pressure broadening, its temperature coefficient, and the line |nten£SIM’ is the profile the OZORAM would “see” if the inde-

. . _ 2 2 2
Sity, oy Onar @Ndor,, respectivelyop =, /07, o +0iar T} pendent measurement would represent the true atmosphere,
andoToT = \/O’%C +O‘72~ —|—of% +0,72.

Fsim = xBg + Aor (X|M — X'SR)- (19)

Comparing OZORAM retrievals to simulated retrievals of

The retrieval above 70 km altitude (for the configuration . : ) X
the independent source yields a difference profile

from 2008) is a mixture of profile and columnar information
as determined by the instrument function, E3). (

Therefore, the AVK matrix and the a priori are essential
parts of the data set. Profiles cannot be interpreted correctlyq covariance matrix
without taking into account the instrument function, E9). (

8, = Esim — ¥oRr, (20)

Ss, =Aor (1 — Am) Sor (1 — AT Alg
+ Sor + Aor Sim Alg, (21)

whereA v are the averaging kernels for the independent data
sets and th&y,, are the error covariance matrices of the in-
dependent data.

Two satellite instruments have been chosen for the com-
parison, MLS onboard the EOS Aura satellite and SABER
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Table 4. Number of collocations for OZORAM comparison Table 5. Errors defined for the SABER data set. The error figures
with the satellite instruments MLS and SABER. Both datasets, follow Huang et al(2008.
OZORAM-HITRAN and OZORAM-JPL, yield the same number

of collocations. Alitude [km] 10 50 60 100
Error [%] 10 10 20 40

MLS SABER

night day night day

OZORAM 155 204 124 18

The error on the retrieved profile is part of the EOS MLS
dataset that has been used in this publication. The MLS AVK
matrix, involved in the calculation &;_in Eq. 1), is mod-
onboard the TIMED satellite. While the EOS MLS; @ri- elled using the data description that is part of the MLS data
marily covers the stratosphere, SABER is investigating theSet:
mesosphere and above.

The satellite measurements were considered for compar3-2.2 SABER onboard TIMED
ison if their ground pixel center was no more than 500 km
away from the intersection of the OZORAM line of sight The SABER instrument onboard the TIMED satellite is ded-
with the 60km altitude layer, and if there was an OZO- icated to mesospheric and lower thermospheric research.
RAM measurement within 1 h of the satellite measurement.The data used in this publication comprise; @rofiles
Stronger limitations on coincidence distance and time did(version 1.07)xsager, derived from emissions at 9.6 pm.
not alter the results significantly but reduced the number ofSABER is also operating in limb scanning mode. SABER
matches. This is in agreement with the findingsHufcke profile errors are interpolated from the values given in Ta-
et al.(2007 who studied the dependence of the comparisonble5. The AVK matrix is assumed to be unity for the SABER
on different matching criteria in space and time. Tablists ~ data interpolated to OZORAM altitude resolution.
the number of OZORAM collocations with either satellite
instrument, separated for day and night. 3.3 Results of the intercomparison

Because of the strong diurnal cycle in upper stratospheric
and mesospheric £the comparison has been divided into Figure 8 displays the time series of collocations of the
night and day time measurements. At 60 km altitude the dayOZORAM-JPL dataset with MLS (lower rows) and SABER
night terminator is given by a solar zenith angle (SzZA) of data (upper rows). Generally the correlation of the time se-
about 95. Hence a satellite measurement is defined to be dies is very good when taking into account the altitude ranges
daytime measurement if the SZA of the ground pixel centerof the instruments. This is also reflected in the correlation
is less than 99 and a night measurement is defined by a SZA coefficients plotted in Figd.
larger than 100 There is significant correlation over the whole altitude

The measurements of both instruments have been interrange between the SABER and OZORAM-JPL night time
polated to the OZORAM altitude grid (0.5 ... 100.5km in results. The MLS night time data are significantly correlated
1km intervals). Outside the sensitive altitude ranges of theto OZORAM-JPL up to 70 km altitude, although the absolute
satellite instruments, profile information was replaced with levels differ considerably.
the OZORAM a priori. The interpolated data have been de- The comparison of day time measurements shows also a
graded to the OZORAM altitude resolution using simulated significant correlation between MLS and the two OZORAM

retrieval, Eq. 19). data sets up to 55km. The lower maximum altitude may
o be explained by the much weaker signal, which renders the
3.2 The satellite instruments noise on the data more influencial. The SABER day time

results hardly correlate to the OZORAM data sets, except
around at 60 km altitude. However, the number of colloca-

EOS MLS (Earth Observing System Microwave Limb tions (see Tablel fqr details) is too sm_all for a definitive
Sounder) is a millimeterwave radiometer onboard the AuraStatement about this part of the comparison.
satellite {Vaters et al. 200§ operating in limb geometry. ~ The mean of the difference profilds (blue solid lines)
Among others it observes thezQotational emission at and standard deviatioss, (black solid lines; see EdL8)
240 GHz. Because Aura is a polar orbiting satellite there are2r€ shown in Fig10 for OZORAM-HIT (left column), and
frequent measurements above ﬁ\lkesund. The @ profiles, OZORAM-JPL (right column). Because the deviation from

version v2.2, derived from MLS measurememgaters eta.  2€rointhe difference profilek is not correlated to the VMR
2009, are denoted byws. values in the profiles up to the stratopause, the differences in

VMR are plotted. Above the stratopause the VMR levels of

3.2.1 EOS MLS onboard Aura
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OZORAM-JPL (blue); MLS (green) OZORAM-JPL (blue); SABER (green)
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Fig. 8. Time series of the OZORAM-JPL data set versus MLS data (left panels) and SABER data (right panel). Plotted are matching pairs,
the satellite data have been smoothed according to9rqSee Fig9 for details on the correlation of the values retrieved in each altitude.
The comparison shows (in conjunction with Fatp), that measurements up to 70 km altitude can be used to observe changesgvVii&O

Correlation MLS — OZORAM  Correlation SABER — OZORAM dataset. The black dashed lines display the standard devia-
8 ‘ ‘ ‘ T tionos, = \/STSL of the difference profiles,.
. ' 70 Within the error bars, the measurements largely agree. The
disagreement is comparable to the disagreement shown by
Boyd et al.(2007) if one takes into account the higheg @v-
60} 160 ) . .
= = els at subtropical latitudes. Nevertheless the disagreements
< = are larger than those shown bijocke et al.(2007) for the
g %0 13 SOMORA millimeter wave radiometer, both in relative and
< < absolute units.
407 140 The comparison in FiglO shows a distinct oscillatory de-
viation. Because the pattern of this oscillation is similar in
30¢ 4130 all comparisons, it is most likely a characteristic of the OZO-
o RAM data sets. The oscillatory deviation is constant for the
20! 5 Of: _C ‘\1 ey 20 time of the comparis.on. A similar structure has been reported
"~ Correlation coefficient Correlation coefficient for ground-based microwave data Bpyd et al.(2007) who

record the (g5 — 6p,6) emission of Q at 110.836 GHz and
Fig. 9. Correlation of the OZORAM-JPL (solid lines) and the also compare to MLS datdBoyd et al.(2007) also attribute
OZORAM-HIT (dashed lines) datasets to the satellite instrumentsthe oscillatory structure to the ground-based measurements
MLS (left panel) and SABER (right panel). The correlation has pecause the same structure is seen for comparisons with dif-
bgen (.:alculated separately for the day time (green lines) and th?erent instrumentsHocke et al.(2007) record the same ©
night time measurements (black lines). transition but use different spectroscopic parameters. They
also find an oscillatory structure in comparison to MLg O
but considerably smaller than the one presented here. A more
O3 are influenced by the results (and the errors therein) indetailed analysis would require detailed knowledge of the in-
lower altitudes (see Se@.4.3for further details). struments and the retrieval software and parameters used by
For orientation, the contours for three percentages, 10%Boyd et al.(2007) andHocke et al.(2007. Simply adopt-
20%, and 30%, have been plotted using green dashed linefg the spectroscopic parameters from the SOMORA set-up
They have been calculated using the mean profiles ove(Calisesj 2000 for OZORAM did not improve the compari-
all profiles which are compared with the particular satellite son considerably.
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Fig. 10. Intercomparison of the OZORAM data set, using HITRAN 2004 (left column) and JPL 2009 spectroscopy (right column), respec-
tively, to the measurements of EOS MLS (IM =MLS; lower two rows) and SABER (IM=SABER; upper two rows). The plots show the
mean differencésy) = (X —XoR) and the standard deviation of the differences of the difference préfiléslid black). (solid blue; See

Sect.3.1for further details). The standard deviation of tfdg), Séi = /S(’;i, is denoted by black solid lines, the black dashed lines denote
the error of the differenc Sg’v The green dashed lines mark the 10%, 20% and 30% (starting from the innermost line) ranges of the mean
OZORAM profile (YN SN ;&8 0).

The comparison with SABER profiles;sager, Yields and the error budget is discussed. OZORAM spectra have
similar results as the comparison to EOS MLS profiles. Thebeen analysed using two different spectroscopic data sets,
general shape of the oscillatory deviation on the retrievedHITRAN 2004 and a combined catalogue using the JPL 2009
profiles is the same for both instruments. There is a no-catalogue appended with empirically determined line shape
table difference between the night time profile comparisonsparameters from the ARTS package.
for OZORAM-HIT and OZORAM-JPL in the mesosphere, = Comparisons with the MLS and the SABER instruments
Fig. 10e and f, respectively. While the night time compari- show general agreement with at most 20% deviation in the
son of the OZORAM-HIT and the SABER data shows a de- stratosphere and up to 30% deviation in the mesosphere. The
viation almost as large as the comparison to the EOS MLScomparison yields a distinct systematic oscillatory structure
data, the deviation drops below 0.5 ppm or 20% when theon the OZORAM measurements. This applies for the use of
OZORAM-JPL dataset is used. both spectroscopic catalogs, HITRAN 2004 and JPL/ARTS,

although JPL/ARTS catalog produces results closer to satel-
lite measurements in this study.
4 Conclusions Compared to similar studies ofzQOmillimeter wave ra-
diometer performance it can be said that OZORAM performs
This work introduces the ground-based millimeter wave ra-within the precision already known for millimeter wave ra-
diometer OZORAM monitoring the 142 GHzzCemission  diometers while the accuracy is not as good as presented in
line from the AWIPEV research base on the Spitsbergenother works.
archipelago in the high Arctic (?N). It describes the mod- Because the oscillatory deviation is systematic and con-
ifications that enable the instrument to measure stratomesastant over the studied period of time, the measurements are
spheric Q profiles with a time resolution of about 1 h and nonetheless well suited to the study of variations on shorter
a moderate altitude resolution of about 10-20 km (FWHM). and larger time scales.
The radiative transfer and the retrieval setup are summarized
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