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Abstract

This manuscript introduces the OZORAM ground based millimeter wave radiometer.
The instrument is deployed to the high Arctic (79° N, 12° E) for measurements of O in
the upper stratosphere and lower mesosphere.

The discussion covers measurements taken since late 2006. To investigate instru-
mental biases, the results from September 2008 till spring 2009 are compared to O
profiles derived from measurements of two instruments onboard polar orbiting satel-
lites, MLS onboard EOS-AURA and SABER onboard TIMED. The agreement is within
20% in the stratosphere and 40% in the mesosphere. The deviations show strong
systematic and oscillating features, for which the error discussion of the ground based
instrument/measurement gives possible explanations.

Nonetheless, expected features like the diurnal cycle and O; enhancements due to
stratospheric warmings are readily observed, which could not originally be taken for
granted given the large deviation from the satellite data.

The nature of the oscillatory deviation is further studied. This study points to a
systematic error in the radiative transfer modeling caused by imperfect spectroscopic
data.

1 Introduction

O is an atmospheric component of major interest. The stratosphere, synonymous with
the Oj layer filters most of the UV radiation and thus enables life on Earth outside water.
While the Og layer, and its depletion due to anthropogenically released chemicals, was
a major research topic throughout the 1990s, the focus of O5 research has recently
shifted upwards towards the upper stratosphere and the mesosphere.

The mesosphere/lower thermosphere (MLT-region) forms the interface between at-
mosphere and outer space. Radiation and particles from the sun and outer space
enter the MLT-region and release their energy there or even penetrate into the upper
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stratosphere. They trigger a whole class of chemical reactions, the ion chemistry, which
leads to the formation of hydrogen and nitrogen radicals. While hydrogen radicals are
most effective in the lower mesosphere (Lary, 1997) and decay on a timescale of hours
to days, nitrogen radicals travel deep into the stratosphere by large scale descent of
mesospheric and thermospheric air during polar winter (Randall et al., 2005). Nitro-
gen radicals become effective in O3 destruction in the upper stratosphere (Lary, 1997).
Hence, solar activity can exert strong influence on the stratospheric chemistry and on
the Os-layer.

Oj is involved in much of the atmospheric chemistry. It is sensitive to changes in
irradiation. The information about its distribution in the atmosphere is easily acces-
sible due to its numerous molecular transitions causing strong absorption throughout
the IR-spectrum. Measurements in the far infrared, corresponding to wavelengths in
the mm-range, are particularly suited to mesospheric studies using passive ground-
based measurements because profile information can be accessed well into the lower
mesosphere.

Passive millimeter wave measurements of atmospheric trace gases offer a range of
unique features. They are independent of solar or lunar irradiation and largely insen-
sitive to weather conditions. The measurements have a good time resolution of less
than 1 h and capture a narrow and well defined trace through the atmosphere.

This publication describes mostly instrumental aspects of the Ozone Radiometer
for Atmospheric Measurements (OZORAM), a ground based microwave radiometer
located on the Spitsbergen archipelago. The instrument has been modified to enable
measurements of mesospheric O3. Section 2 describes the instrument and the retrieval
methods for drawing information from the measurements. A retrieval assessment and
an error characterization of the measurements conclude this section.

Section 3 presents the data set obtained since autumn 2006. This includes a char-
acterization of the measurement geometry and a discussion of some outstanding fea-
tures.

The data available from autumn 2008 until spring 2009 are compared to two space
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borne instruments that measure the polar winter atmosphere, i.e. MLS onboard the
AURA-EQOS satellite (Schoeberl et al., 2006) and SABER onboard the TIMED satellite
(Russel et al., 1994) in Sect. 4. This study indicates some instrumental bias in OZO-
RAM. Section 5 investigates the nature of the so-called oscillations in the retrieved O
profiles.

2 The OZORAM instrument
2.1 General

The OZORAM instrument is located at the AWIPEV research base in Ny Alesund
(79.9°N, 11.9°E) on the Spitsbergen archipelago. It is commonly operated by the
Alfred Wegener Institute (AWI) and the Universitat Bremen. It has been committed to
operation in 1994 (Sinnhuber et al., 1998) and has been modified for measurements of
mesospheric emissions in 2006—2008 (for a history of the instrument see Table 1).

2.2 The ground based millimeter wave radiometer OZORAM

This publication does not account for the status of the instrument before 2006. During
summers 2006, 2007 and 2008, several modifications and optimizations were carried
out in order to extend observations into the mesosphere. Between 2006 and 2008
the data have different performance specifications, which are reported separately in

Table 1. Since autumn 2008 the OZORAM is fully operational in the mesosphere mode.
The OZORAM is a heterodyne single side-band receiver tuned to the 142.176 GHz

emission line (104 g — 104 19) of O3. The bandwidth is 800 MHz and the frequency

resolution is approx. 60 kHz. Its main building blocks are (compare also Fig. 1):

Frontend. It consists of a quasi optical system and Schottky mixer followed by a low noise
HEMT amplifier. The quasioptical system selects the radiation source from hot black body,
cold black body or the atmosphere, respectively. A Martin-Puplett-interferometer is used to
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suppress the mirror side band at 126 GHz. The signal is down-converted to 8 GHz intermediate
frequency.

IF chain. It is responsible for filtering, amplification, and further down conversion of the 8 GHz-
signal to be suitable as input to the spectrometer (DC — 1 GHz).

Spectrometer. The Fast-Fourier-transform (FFT) spectrometer Agilent AC240 (Benz et al.,
2005) comprises fast AD converters and an FPGA (field programmable array)-implemented
Fourier transformer. It delivers a bandwidth of 1 GHz and a resolution of approx. 60 kHz. The
Fourier transformation is calculated in real time.

The OZORAM is operated in total power mode, alternately taking spectra from a hot
black body, yy (T4 =293 K), the atmosphere, y,, and a cold black body, y; (T, = 77 K).
The black body spectra, yy and y., are recorded for calibration purposes. The cal-
ibrated spectrum, y, can be calculated using the Planck formula, By, for black body
radiation at temperature T:

Br, -Bg

H [

y=——"(ya-yc)+B (1)
Ya—Ve A—Yc Te

The receiver can be characterized via the receiver-noise-temperature, Trgc, Which

quantifies the noise contribution of the instrument to the measurement (Janssen,

1993). The standard deviation of the noise on the measurement, o,, can be estimated

via the radiometric formula:

Gy = @ where TSYS = TS|G + TREC (2)
Vvt

with the bandwidth, v, the integration time, ¢ and the signal 7. See Fig. 2 for an
example of a calibrated spectrum and Fig. 3 for the profile retrieved from it (refer to
Sect. 2.4 for a description of the retrieval). The night time profile exhibits the typical
enhancement expected in mesospheric O3 in the absence of solar illumination.
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During the winter 2006/07 an acusto-optical-spectrometer (AOS) covered the broad
band portion of the spectrum, in parallel to a chirp-transform-spectrometer (CTS) spec-
trometer resolving the line center. This combination has been used because the res-
olution of the AOS was not sufficient to resolve the mesospheric information at the
line center. Due to permanent failure of the AOS spectrometer, this combination was
replaced later by the FFT spectrometer.

From 2006 through 2008, the spectra were recorded within time intervals of 20 min
alternating with a frontend tuned to the 22.2 GHz emission line of a water vapor tran-
sition. Prior to 2008, only about one third of the available time was used for O; mea-
surements, which significantly reduces the SNR. This explains the difference in the
maximum upper altitude reported in Table 1, 3rd column. Since autumn 2008, the
system is only used for O3 measurements. On-disk spectra are integrated for 10 min.
In order to achieve a sufficient SNR, the spectra are further integrated, so that one
spectrum is available per hour.

2.3 Radiative transfer

Radiative transfer is encoded in the forward model ARTS' (Buhler et al., 2005) and
is only cursorily described in order to make the error analysis understandable. For a
detailed account of the radiative transfer theory the reader is referred to any textbook
dealing with the matter (e.g. Janssen, 1993).

Formally spoken, the forward model denotes a function, y = F(x,b), which yields a
spectrum, y, for a given atmospheric state, x, and a set of auxiliary parameters, b.
The atmospheric state comprises one or several trace gas profiles, usually given on
a pressure grid. The auxiliary parameters include an atmospheric temperature profile,
spectroscopic data of the observed transitions, and parameters of the instrument.

The formulas for the radiative transfer are documented in the ARTS user guide (part
of the ARTS package) version 1.0.216.

! Available for download at http://www.sat.ltu.se/
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2.3.1 Absorption and emission in a fixed layer

The absorption at a point in the atmosphere, here represented by a given pressure p,
and a given frequency v, corresponds to

a(p.v) =x(p)S(T)L(v.p.T), (3)

where x(p) denotes the amount of the observed trace gas at pressure p, S(T) denotes
the strength of the considered transition, depending on the temperature, and L(v,p,T),
the so called line shape factor which also depends on frequency, v, pressure, p, and
temperature, 7. The data necessary to calculate those contributions are tabulated in
spectral databases, e.g. HITRAN, version 2004 (Rothman et al., 2005) or JPL, ver-
sion 2009 (Pickett et al., 1998), both of which have been used in this work.

The line strength is calculated via

S(T) = S(To)—> (4)

using the Boltzmann factor k. The line strength S(7,), the partition function Q(7T), and
the lower state energy E, are tabulated. Using the frequency of the transition, v, the
upper state energy, £, is given by E, = hvy +E,.

The line shape describes the alteration of the monochromatic radiation due to inter-
actions of the molecule with its environment. Most notable are collisions with molecules
of the same or other species (pressure induced) and movements due to kinetic energy,
i.e. temperature. The line shape can be described using the Voigt function (Janssen,
1993). The pressure induced line shape is defined via a pressure broadening parame-
ter, yair, Which is tabulated for a single temperature, 7, and can be extrapolated to an
arbitrary temperature via

To\ "AIR
Van(T) = Van(To)p (1) ©)

T
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using the tabulated parameter ny .
2.3.2 The modeling of the spectrum
Emission e and absorption a are connected via Kirchhoff’s law:

€
a = BT (6)

with By the Planck function for the temperature 7. The spectrum itself, y, is created by

a sum of the emission and absorption along the line of sight from the sensor location,
Sp, to the top of the atmosphere, s.,. It is calculated via:

y=FX.b)= Yo, exXp(-T(Sp.5c))
Absorption
Soo e
+/ a(s)B(T)exp(—-1(sq.5))ds. (7)
N, o’

So .
Emission

The spectrum measured at s, here the Planck radiation of space, is denoted by y,,.
7(51,85) = [jf a(s)ds is the absorption between s; and s, along the line of sight. x is
the profile of the species under consideration.

2.3.3 Summary of the radiative transfer

These elements of radiative transfer are stated because they are of importance in the
discussion to follow:

1. For the 142 GHz O5 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
between it is determined by a mixture of both effects occurs which is commonly
represented in the Voigt line shape (Janssen, 1993).
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2. Roughly, the height of the emission line corresponds to the volume-mixing-ratio
(VMR) of the trace gas (this is strictly true in the pressure broadening regime
(Janssen, 1993, Sect. 2.4.2)). The area beneath the emission line corresponds
to the number of molecules in a fixed volume.

3. The radiation created in a given altitude is attenuated by the absorption in lower
altitudes.

2.4 The retrieval
2.4.1 Retrieval setup

The spectra are analyzed using the optimal estimation method (Rodgers, 2000). Opti-
mal estimation is a statistically founded method in which the result, X, given the mea-
surement, y, is the largest value of the conditional probability density

p(&ly) ~ exp (~(F(0)- )8, (F(®)-y)") (8a)
x eXp (-(xA - %87 (X - )‘()T) (8b)
Ap‘r?ori

The apriori, Eq. (8b), is necessary as a regularization of this often under-constrained
problem and restricts the results using a Gaussian with mean x,, the apriori profile, and
the apriori covariance matrix, S5. The noise covariance, S, describes the Gaussian
model of the statistical noise, e, on the measurement (with mean € = 0).

The noise covariance, S, is connected to the System-Noise-Temperature, Eq. (2).
The apriori profile, x,, is a mean daytime O profile which has been smoothed in order
to reflect the low altitude resolution of the data. The apriori covariance matrix (Sp-
matrix) has been chosen in order to enable the retrieval to reproduce the spectrum to
the noise level. In particular, the S,-matrix has only diagonal entries, i.e. inter-layer
correlations were not taken into account. The variance is defined to be 20% of the
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O5 apriori VMR up to an altitude of 40 km and rising from 1.2ppm at 40 km to 3 ppm
at 100 km altitude. The analysis is performed using a pressure grid corresponding to
fixed altitude levels from 0.5km to 100.5 km with a spacing of 1 km. The atmospheric
temperature and pressure profile is taken from the ECMWF operational data.

Using the Jacobian of the forward model F(x, b) with respect to x, called the weight-
ing function matrix K, the maximum of Eq. (8a) is found by (Rodgers, 2000):

k=xpa+(S;' +KS,K)'KTS,(y - Kxp). 9)

-~

D
D is called the contribution function matrix and can be regarded as the inverse of the
weighting function matrix K.

The setup contains the retrieval of three main parameters:

1. the O5 atmospheric profile,

2. the continuum absorption of N,, O, and H,O using the model MPM93 (Liebe
et al., 1993) and

3. spectral artifacts (e.g. standing waves, offsets due to non-linearities).
2.4.2 Performance of the retrieval

The assessment of the retrieval is via the averaging kernel matrix (AVK), A, which is
defined as:
ox
A=—=DK 10
ox (10)
where X denotes the retrieved quantity and x the true quantity of interest. Following
Rodgers (2000) the averaging kernel matrix, A, can be used to rearrange Eq. (9) to

yield an instrument function
X=Xy +A(X-X,) (11)

which describes how the instrument/retrieval “sees” the original quantity of interest.
1942
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2.5 Error discussion

Following Rodgers (2000) the error in the retrieved profile X can be written as

X-=x=(A=1)(x-xa) (12a)
+ DKy (b-b) (12b)
+ DAF(x,b,b) (12¢)
+De (12d)

The vector b holds estimates of the parameters contained in b. K, denotes the Jaco-
bian of the forward model with respect to the parameters b. AF is the difference of the
used forward model to the, unknown, true forward model.

2.5.1 Smoothing error

The smoothing error, Eq. (12a), is caused by the low altitude resolution of the setup
which is equivalent to applying a running weighted average, encoded in the averaging
kernels, to the true profile x. In order to calculate this error, however, knowledge about
the statistics of a true ensemble of the O5 profile is necessary (Rodgers, 2000, p. 49).

For this data set, it has been decided not to attempt to quantify this error. Instead,
the apriori profiles, x,, and the averaging kernel matrices, A, are explicitly included
with the retrieved profiles X, as essential part of the data sets.

2.5.2 Forward model parameters

The error caused by uncertainties in the forward model parameters, Eq. (12b), is es-
timated using the instrument function, Eq. (11). The AVK matrix with respect to the
parameters is calculated via:
ox
A, =— =DK,. 13
b= 35 b (13)
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Using an estimated covariance matrix for the parameters, S,, the covariance matrix,
Sip, of the retrieved profile is calculated by

Sfp =A7[;SbAb‘ (14)

The standard deviation oy, of the profile caused by the error in the forward model
parameter is

i _ [aii
O, = Sfp (15)

The off-diagonal entries have been neglected.
2.5.3 Forward model error

The error caused by a wrong forward model, Eq. (12c), can only be estimated from
comparison with independent data. The forward model ARTS which is used here is
considered state of the art.

2.5.4 Noise error

The noise error is calculated from the measurement noise, S, using Eq. (12d). It is
usually the error contribution which is easiest to calculate:

s, =Ds.D’ (16)

O';I = \/ S;II (1 7)
2.5.5 Summary of error discussion

In Fig. 5 a selection of the errors described above are quantified. This study is restricted
to the errors which are caused by wrong spectroscopic parameters. The error due to
wrong theoretical assumptions on the spectroscopy itself is difficult to estimate without
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proper spectroscopic measurements. The error figures used for the calculation are
summarized in Table 2. The spectroscopic error consists of three parameters, the
errors of line intensity, /,, pressure broadening parameter, y,r(7,), and temperature
dependence of the pressure broadening parameter, n5g. The noise error ¢, has been
calculated for a typical noise value given a measurement time of 1h. For the total error,
O7oT, the error contributions have been summed.

From Fig. 5 the following conclusions can be drawn:

1. The error due to a wrong temperature of the cold calibration load, o1, is negligi-
ble.

2. The error pattern due to spectral uncertainties, Ofp» leads to an oscillation in the
uncertainty of the retrieved profile (compare discussion in Sect. 5).

3. The spectroscopic error mostly supersedes the error due to measurement noise
up to the stratopause. Above the stratopause the measurement error becomes
more influential due to the low signal.

3 The data set since autumn 2006
3.1 Measurement geometry

The direction of the path of view, given by the azimuth angle, 113°, and the polar
angle, 20°, has to be taken into account when comparing with models and/or other
instruments. See Fig. 6 for a plot of the measurement location and the path of view.

3.2 Results

The outstanding features which occur in each of the observed years in the end of
winter are filaments of Og rich air in the middle stratosphere stretching from the tropics
to the poles (comp. Figs. 7 and 8). These events are signs of stratospheric warmings
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at the end of the polar winter, when the polar vortex demises. The down welling of
air within the polar vortex (Nash et al., 1996) can be read from the winter 2008/09
data until the mid of January. On the 16 January a major stratospheric warming took
place (Labitzke and Kunze, 2009) with a strong enhancement of stratospheric O3. After
the stratospheric warming the down welling resumes for another month and ceases in
a second stratospheric warming in the end of February which marks the end of the
vortex.

During the Arctic twilight periods in late autumn and late winter the mesospheric di-
urnal cycle can clearly be observed (Fig. 9). The O3 VMR is photochemically controlled
at altitudes above 50 km. The O4 production reaction

0+0,+M—-0;+M (R1)
is balanced by photolysis
O3+hv—0+0,. (R2)

The equilibrium defined by the Reactions (R1) and (R2) depends on the pressure and
the illumination of the airmass under consideration. This is reflected by the strong
dependency of the O3 VMR on solar-zenith-angle (SZA) around 60 km altitude. The
O3 VMR is, however, highly variable during the polar night.

3.3 A cautionary note

The retrieved profile does not represent reality, especially not at the altitude limits.
While the retrieved profile (comp. Fig. 3) shows a deviation from the apriori above
70 km, suggesting such a feature in the real atmosphere state, the AVK (comp. Fig. 4)
tell that this is not the case.

This can clearly be seen during the winter 2006/07, where the AVK for retrieval at
70 km altitude is very similar to the AVK kernel for retrieval at 60 km. The retrieval
above 60 km altitude is a mixture of profile and columnar information which is defined
by the instrument function, Eq. (11).
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The AVK matrix and the apriori are therefore essential parts of the data set. Profiles
cannot be interpreted correctly without taking into account the instrument function,
Eq. (11).

4 Intercomparison of the OZORAM data set
41 General

The OZORAM profiles are compared to independent data sets. The comparison itself
is done via “simulated retrieval” (Rodgers and Connor, 2003). Let Xog denote the
profiles retrieved from OZORAM measurements and let X, be the profiles from an
independent source.

The simulated retrieval, Xg)y, is the profile the OZORAM would “see” if the indepen-
dent measurement would represent the true atmosphere (comp. Sect. 4):
Xgim = X35 + Aor(Xim = X5). (18)
The OZORAM retrieval comparing to the simulated retrieval of the independent source
yields a set of difference profiles with mean, 8X, and covariance Sﬁx.

8, = Xgim—Xon (19)
S5, = Aor(1 = An)SorAoR(T —A)"
+ Sor +AorSIMALLOx (20)

where A, are the averaging kernels for the independent data sets and the S,,, are the
error covariance matrices of the independent data.

For the comparison below, the mean difference profile and the standard deviation
are normalized to the mean of the retrieved profiles, x = 1/NZf.V=1)“(,-, in order to yield
error in percent:

Ox
6=2—"——x100% (21)
(Xor +Xm)
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Two satellite instruments have been chosen for the comparison, MLS onboard the
EOS-AURA satellite and SABER onboard the TIMED satellite. While the first is primar-
ily measuring stratospheric O3, the second one is dedicated to mesospheric research.
The instruments use different principles to measure O;. MLS measures the O3 emis-
sion at 240 GHz. The SABER instrument detects the O; emissions in the 9.6 ym band.
Both instruments operate in limb geometry.

The OZORAM data have been retrieved using two different spectroscopic data sets,
the HITRAN line catalog,version 2004 (Rothman et al., 2005), below called OZORAM-
HIT, and the JPL line catalog from 2009 (Pickett et al., 1998), called OZORAM-JPL.

The measurements were compared if the center of ground pixel of the satellite
mesurement was not further away than 500 km from the point at 60 km altitude mea-
sured within 1 h of the OZORAM measurement. A check with a smaller distance be-
tween the points of measurement and a shorter coincidence time did not alter the
results significantly but reduced the number of matches.

Because of the strong diurnal cycle in the upper stratospheric and mesospheric O3,
the comparison has been divided into night and day time measurements.

42 MLS

The OZORAM profiles are compared to the O3 profiles, xy g, version v2.2, derived
from MLS measurements, (Waters et al., 2006).

The independent variable given in the MLS data set is the pressure. Therefore the
OZORAM measurements have been interpolated to the pressure grid of the MLS data
set. The winter 2008/09 results, mean difference profile 8, and standard deviation o,
(comp. Eq. 17) are shown in Fig. 10 for OZORAM-HIT (panels a and c), and OZORAM-
JPL (panels b and d). The Oj data derived from the MLS measurements become
unreliable above 0.1 hPa (Froidevaux et al., 2008). In comparison to the MLS data, the
OZORAM-HIT Og profiles show a distinct oscillatory deviation which is a systematic
deviation. A similar structure has been reported for ground based microwave data by
Boyd et al. (2007) who record the (6, 5 — 64 4) emission of O3 at 110.836 GHz and
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also compared to MLS data. Boyd et al. (2007) attribute the oscillatory structure to
the ground based measurements because the same structure is seen for comparisons
with different instruments.

The maxima of the oscillatory structure on the OZORAM measurements are at 1
and 10 hPa and show up in both data sets, OZORAM-HIT and OZORAM-JPL. It can
therefore be assumed that the oscillatory structure is inherent to the OZORAM O,
profiles.

4.3 SABER

The independent data comprises O profiles (version 1.07), xgager, derived from the
emissions at 9.6 um. The independent variable for xggeg is altitude. Since the SABER
altitude grid is finer than the OZORAM one, the data are compared on the altitude grid
of the OZORAM.

The SABER profile errors are interpolated from the values given in Table 3. The
comparison with SABER profiles, xgagegr, Yields similar results as the comparison to
MLS. The general shape of the oscillatory deviation on the retrieved profiles is the
same for both instruments, but there is a distinct slope in the difference profiles for the
daytime comparison of SABER and OZORAM, Fig. 10g and h. This slope cannot be
seen in the other comparisons, especially not in the comparison to the MLS profiles
regardless of the spectroscopic data set used.

There is a notable difference between the night time profile comparisons for
OZORAM-HIT and OZORAM-JPL, Fig. 10e and f, respectively. The systematic de-
viation becomes smaller and disappears for altitudes above 60 km for the comparison
with OZORAM-JPL.

4.4 Intercomparison summary

For the night time measurements, Fig. 10 the comparisons of the satellite are very sim-
ilar for the OZORAM-JPL data set except for the mesosphere where the performance
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of the SABER instrument is better the EOS-MLS instrument. This is however to be
expected, because of the upper limit if 0.1 hPa for the EOS-MLS measurements.

The similiarity in the comparison to the MLS data supports the notion that the reason
of the oscillatory deviation should be sought in the OZORAM profiles. Again, the cause
of this deviation remains unclear, but the constant deviation above 65 km strongly hint
at an error in the forward modeling as is explained further down in Sect. 5.

Based on the comparison described here, the OZORAM retrievals using the JPL
spectroscopic data better match the satellite data than OZORAM retrievals using the
HITRAN data base in this study.

5 On the oscillation in the retrieved profiles

In this section, the oscillatory systematic deviation detected in Sects. 4.2 and 4.3 is
investigated.

The regularization by the apriori, which makes similar spectra distinguishable for
the retrieval by putting a penalty on unwanted contributions to the retrieved profile, has
been checked for effectiveness and compared to systematic spectral errors for the data
presented here.

For the check, two typical profiles, a day and a night profile, have been chosen from
the SABER data set (Fig. 11, upper row, thin green line). An artificial spectrum has
been calculated, using ARTS. These calculations are carried out on a different atmo-
spheric grid than for the retrieval has been used in order to exclude systematic errors
due to interpolation. The spectrum has been retrieved 1000 times after degrading
it with Gaussian white noise in the range of the measurement noise. The Gaussian
noise has been recalculated separately for each retrieval.

The result in Fig. 11, lower row, shows that the regularization works satisfactorily, i.e.
no systematic deviation is introduced. The mean difference (black lines) between the
artificial profile is Gaussian with zero mean within a 95% confidence interval (the black
dashed lines).
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In a second step, three spectral parameters (compare Table 4) have been changed
for the calculation of the artificial spectra. The artificial spectra have then been retrieved
using the same setup as in the retrievals for the OZORAM-HIT data set.

The systematic deviation introduced by wrong spectral parameters is severe and
shows oscillatory patterns. Note in particular the constant deviation in the night time
profiles, Fig. 11, lower left plot. The deviation above 65km that is caused by the
change in spectral parameters bears close similarities to the comparison with night
time SABER profiles in Fig. 10. The profile information at these altitudes is determined
by the Doppler line broadening, which depends on temperature only. The effect is
caused by the change of the absorption coefficients in the lower altitudes.

This result calls for a detailed spectroscopic investigation of the 142.176 GHz transi-
tion in order to produce high quality spectral data. It has not been attempted to infer
the proper line parameters from the satellite measurements because the uncertainties
and ad hoc assumptions would make this inferior to laboratory measurements.

6 Conclusions

The ground based millimeterwave radiometer OZORAM instrument monitors the
O3 emission line at 142 GHz from the AWIPEV research base on the Spitsbergen
archipelago in the high Arctic (79° N) have been described. This work describes the
modifications that enable the instrument to measure stratomesospheric O profiles with
a time resolution of about 1h and a moderate altitude resolution of about 10—20 km
(FWHM).

The radiative transfer and the retrieval setup have been summarized and the error
budget has been discussed. The error discussion reveals that spectroscopic errors
contribute up to 50% to the overall error budget throughout the measurement range.

The data set obtained for Arctic winters 2006/07, 2007/08 and 2008/09 is described
and cursorily investigated. This includes a discussion of the measurement geometry;,
which is important for investigation of processes on short time scales and/or dependent
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on solar illumination.

Comparisons with the MLS and the SABER instruments, presented in Sects. 4.2 and
4.3, respectively, show general agreement with at most 20% deviation in the strato-
sphere and up to 40% deviation in the mesosphere. The comparison yields a distinct
systematic oscillatory structure on the OZORAM measurements, which accounts for
more than 50% of the discrepancy. This applies for the use of both spectroscopic cat-
alogs, HITRAN and JPL, although the using the JPL catalog produces results closer
to satellite measurements in this study. The comparison of OZORAM daytime profiles
from with SABER exhibits a distinct mismatch. The SABER instrument detects higher
daytime abundance of O3 than the OZORAM. The difference increases with altitude.
Since such a deviation is neither observed in comparison with MLS nor in the night
time profile comparison between OZORAM and SABER this may hint at a bias of the
daytime profiles derived from SABER. Due to the small number of compared profiles a
closer inspection would be desirable.

A further investigation into the oscillatory deviation presents evidence that up to 50
% of the deviation between the satellite instruments and OZORAM may be caused
caused by spectroscopic error. The quality of the ground based measurements could
thus be considerably improved by finding a better set of spectroscopic parameters, this
is, however, out of the scope of this work.
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Table 1. Summary of the characteristics of the OZORAM. The altitude range and the altitude
resolution depend on integration time. The numbers given correspond to an measurement
interval of 1h. For the difference in altitude range refer to Sect. 2.2. The data recorded until
2004 have been used in past publications (Sinnhuber et al., 1998; Klein et al., 2000, 2002) and
are listed here for completeness.

pre 2004 2006-2007 2007-2008 from 2008

Backend AOS AOS + CTS FFTS FFTS
Sys. NT 3500K 1100K 1100K 1100K
Band width  1.5GHz 1GHz 0.5GHz 0.8GHz
Resolution  1.5MHz  1.5MHz + 10kHz 60 kHz 60 kHz
Alt. range 15—40km 15-60km 30-60km  25-70km
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Table 2. Input for error calculation plotted in Fig. 5 for the O line at 142.176 GHz line.
Quantity Symbol used Error reported Reference Error assumed Title Page ‘
in reference in this work
Line intensity Iy unavailable HITRAN 5%
iressuretbroacl’dening Yar(To) 5%< OypR(To) < 10% HITRAN 5%
emperature dependency
of yair(To) . NaR 10%< 0, p <20% HITRAN 10%
Temperature profile T none none 5%
Temperature of cold
calibration load Te 1% Manual of sensor 1% — “
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Table 3. Errors defined for the SABER data set. The error figures follow Huang et al. (2008). Abstract Introduction
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Table 4. Change of spectral parameter in study of the oscillatory error pattern in Sect. 5. The
range of the disturbances is in the mid of the error ranges given in the HITRAN database
(compare Table 2). The line intensity is assumed to be known to a high precision (M. Birk, oral
communication).

Quantity Change by
[%]

Pressure broadening +7.5

Temperature dependency _15

of pressure broadening

Line intensity +1
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Fig. 1. Overview sketch of the OZORAM. Technical details are described in Klein (1993) and
have been omitted for clarity. The dashed line encloses the frontend with the quasi optical Back
system and the first mixing stage.
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Fig. 2. A spectrum measured on the 14 December 2008, 08:30 a.m.—09:30 a.m. The lower
figure shows the residuum after profile retrieval (comp. Fig. 3).
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Fig. 3. O profiles retrieved during night (black) and day (green). The spectrum shown in Fig. 2
corresponds to the night time spectrum. The grey shaded region is the uncertainty caused by

the total error as derived in Sect. 2.5. e
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Fig. 4. Averaging kernels for the periods 2006/07 (a) and 2008 (b) onwards. The thick blue
lines are the averaging kernels for the values at 30, 40, 50, 60, 70 km altitude. The solid green
line is the sum of the AVK, divided by 10 for visualization. The solid red line is the altitude
resolution (FWHM of the Gaussian approximation to the AVK) for the corresponding altitude
with the axis at the top of the figures. The differences in the AVKs reflect the hardware changes
as described in Sect. 2.2.
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Fig. 5. Uncertainty in the profile due to errors in the instrumental parameters and spectroscopy.
The plot covers random error due to noise on the specitra, Op» and systematic error due to
deviations in the temperature of the cold calibration load, o7, in the atmospheric temperature
profile, o7, the pressure broadening, its temperature coefficient, and the line intensity, o,. The
sum of those errors is orgr = | /OTC + 07 + Ot + 0.
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Fig. 6. OZORAM measurement geometry. The upper panel shows the ground track of the path
of view. The dots denote the path of view in 10 km steps. The lower panel denotes the path of Printer-friendly Version
view in the plane given by azimuth and zenith directions.
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Fig. 7. Measurements of three winters, 2006/07 2007/08 and 2008/09. The dates are centered
solstice each winter in order to make features comparable. Data gaps of more then one day
have been blackened. For the actual altitude range and the altitude resolution refer to text
Sect. 3.
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VMR O3 [ppm]

Fig. 8. The O; field at about 30 km from ECMWF operational analysis on the 1 March 2008,
00:00:00 UTC. It can clearly be seen that a filament of O rich air stretches from the tropics
over the pol. The position of Ny-AIesund is marked with a black disk. The filament can also be
seen in the OZORAM measurements (compare Fig. 7).
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Fig. 9. The dependency on solar zenith angle (SZA) of mesospheric O; at 60 km altitude
above Spitsbergen. For 90° SZA the sun is leveled with the horizon, 0° is equivalent with the
sun directly above the observer. Compare text for a more detailed discussion. The negative
values for SZA<95° are caused by the uncertainty in the retrieval (values below zero are not
suppressed).
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Fig. 10. Intercomparison of the OZORAM data set, using HITRAN 2004 (left column) or JPL
2009 spectroscopy (right column), respectively, to the measurements of EOS-MLS (IM = MLS;
lower two rows) and SABER (IM = SABER; upper two rows). The plots show the mean differ-
ence & =200- (X, — XoRr)/(Xim + XoR) (solid blue; comp. Sect. 4.1). The standard deviation of
the difference of the measurements is denoted by the solid black lines, the dashed black lines
denote the theoretical error of the difference. This error is caused by the standard deviation of Printer-friendly Version
the measurements themselves, Eq. (20). The dashed green lines mark the 10% range.
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Fig. 11. Influence of systematic errors on the profile using selected spectral data. The figures
in the upper row show the profiles taken as typical profiles (solid green) for night (right side)
and day (left side). Solid red lines denote the same profiles after convolving with OZORAM av-

eraging kernels. The thin black lines represent retrieved profiles with unchanged spectroscopy. Back Close

These vary due to statistical noise used to degrade the artificial spectrum. The figures in the
lower row show statistical properties of the retrievals. The solid lines denote the mean of the
difference artificial profile, x,, minus retrieved artificial profile, x,,. The dashed lines denote
the confidence interval of the zero difference (95%). The deviation caused by wrong spectral Printer-friendly Version ‘

parameters is plotted in blue lines.
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