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Abstract

Measurements of mesospheric carbon monoxide, CO, provide important information
about the dynamics in the mesosphere region since CO has a long lifetime at these al-
titudes. Ground-based measurements of mesospheric CO made at the Onsala Space
Observatory, OSO, (57° N, 12° E) are presented. The dataset covers the period 2002—
2008 and is hence uniquely long. The simple and stable 115 GHz frequency-switched
radiometer, calibration method, retrieval procedure and error characterization are de-
scribed. A comparison between our measurements and co-located CO measurements
from the satellite sensors ACE-FTS on Scisat (v2.2), MLS on Aura (v3-3), MIPAS on
Envisat (V30_CO_12+ 13 and V40_C0O_200) and SMR on Odin (v225 and v021) is
done. Our instrument, OSO, and the four satellite instruments show the same general
variation of the vertical distribution of mesospheric CO in both the annual cycle and
in shorter time period events with high CO mixing ratios during winter and very low
amounts during summer in the observed 55-85 km altitude range. During 2004—-2008
the agreement of the OSO instrument and the satellite sensors ACE-FTS, MLS and MI-
PAS(200) is good in the altitude range 55-70 km. Above 70km OSO show up to 25 %
higher CO column values compared to both ACE and MLS. For the time period 2002—
2003 CO from MIPAS(12 + 13) is up to 60 % lower than OSO between 55 and 70 km.
Mesospheric CO from the two versions of SMR deviates up to +65 % when compared
to OSO, but the analysis is based on only a few co-locations.

1 Introduction

Above the tropopause, CO is formed in the upper mesosphere/thermosphere mainly
by photo-dissociation of CO, and the major sink is in the stratosphere by reactions with
hydroxyl, OH. The vertical volume mixing ratio of middle atmospheric CO is character-
ized by low values in the stratosphere and a steep vertical gradient in the mesosphere.
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The dynamic of the mesosphere is characterized by a seasonally varying global cir-
culation driven by the meridional temperature gradient and the breaking of upwelling
gravity waves. This global circulation brings down constituents from the thermosphere
to the mesosphere and further down to the stratosphere at the winter pole region, and
the reverse is seen at the summer pole region. Due to its long lifetime (weeks) in the
mesosphere, CO is an excellent tracer of mesospheric dynamics especially at high lat-
itudes were both horizontal motions (e.g. caused by the meandering polar vortex) and
vertical motion (e.g. caused by the global circulation) can be studied. Lopez-Puertas
et al. (2000) surveyed CO observations and model simulations and showed that the
CO abundance undergoes an annual cycle in the high latitude mesosphere and lower
thermosphere region, with high values in the winter and low values in the summer.
During the last 35yr middle atmospheric CO has periodically been observed from a
variety of ground-based stations. Waters et al. (1976) was the pioneer in observing
the rotational transition of CO at 115 GHz. Clancy et al. (1984) and Bevilacqua et al.
(1985) made ground-based microwave observations of the seasonal variation of meso-
spheric CO. Aellig et al. (1995) made 115 GHz observations and attributed variations
in the CO column density to breaking wave activity in the mesosphere. de Zafra and
Muscari (2004) used 230 GHz observations of CO as a tracer of polar mesospheric
dynamics. Long period CO measurements at both 115 GHz (Forkman et al., 2003b)
and infrared wavelengths (Borsdorff and Sussmann, 2009) have been compared with
data from the Whole Atmosphere Community Climate Model, WACCM. Forkman et al.
(2005) used CO measurements to estimate the vertical motion of the global circula-
tion. Burrows et al. (2007) estimated horizontal mesospheric winds at Antarctica by the
Doppler shift of ground-based microwave CO measurements. Hoffmann et al. (2011)
compared ground-based CO measurements at 230 GHz with different satellite sensors.

The Improved Stratospheric and Mesospheric Sounder (ISAMS) onboard the Up-
per Atmosphere Research Satellite (UARS) made the first global stratospheric and
lower mesospheric CO measurements during 6 months in 1991-1992 (Allen et al.,
1999). The last ten years several different satellite sensors have been observing
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mesospheric CO including the microwave limb sounders SMR/Odin (Dupuy et al.,
2004) and MLS/Aura (Pumphrey et al., 2007), the sun tracking ACE-FTS/Scisat-1 (Cler-
baux et al., 2008) and the infrared limb sounder MIPAS/Envisat (Funke et al., 2009).

The lowest rotational transition of CO is at 115 GHz. The advantage of observing
at 115 GHz compared to higher frequency transitions is both that the troposphere is
optically thinner at lower frequencies and that pressure broadening exceeds Doppler
broadening up to about 85 km altitude making it possible to estimate vertical profiles of
CO up to this altitude.

Dicke-switching, i.e. signal-reference switching of the receiver, is the standard mi-
crowave observation method in order to reduce the effect of gain drift in the receiver
system. The intensities of the signal (the sky) and the reference (normally a blackbody
load) have to balance each other to neutralize system gain nonlinearities. Frequency-
switching, a small shift in the local oscillator frequency between the signal and refer-
ence phases, is a Dicke-switching variant. This method is mainly useful for the study
of narrow lines like mesospheric CO at 115 GHz. One of the advantages of frequency-
switching is that the line is present in both the signal and the reference phases which
doubles the effective observation time compared to “load-switching” where the refer-
ence is a blackbody load. The frequency-switching observing technique is commonly
used in radio astronomy but more seldom used in microwave remote sensing.

In this study we present ground-based, frequency-switched, measurements of meso-
spheric CO made at the Onsala Space Observatory, OSO, (57.4° N, 11.9°E). This is the
longest ground-based measurement series of mesospheric CO and covers the period
2002-2008. The instrument, calibration and inversion methods are described and the
results are compared with data from four satellite instruments. Section 2 introduces our
frequency-switched receiver system, Sect. 3 describes the inversions, Sect. 4 presents
our results, Sect. 5 covers the satellite comparisons, and Sect. 6 gives a summary and
the conclusions.
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2 Measurement
2.1 Instrument and observation technique

Microwave remote sensing permits resolved line measurements of pure rotational tran-
sitions, which are sulfficiently optically thin to allow observations from the ground. These
lines are pressure-broadened in the atmosphere, and therefore the measured shape of
the spectrum contains information on the number density of the emitting constituent as
a function of pressure. Information of the vertical distribution of the emitting constituent
can be estimated using mathematical inversion techniques (see Sect. 3).

We present measurements of CO made by a spectral, frequency-switched, hetero-
dyne receiver used for the CO 1—0 transition at 115.27120 GHz based on a cooled
Schottky single-sideband mixer. A block diagram of the receiver is shown in Fig. 1 and
technical specifications are given in Table 1. The spectrometer is a 2-bit autocorrelator
with 20 MHz bandwidth and 800 delay channels giving a nominal resolution of 25 kHz.

In the frequency-switched radiometer the local oscillator is tuned between the signal
and reference measurements. The intensities of the signal and reference phases bal-
ances each other as long as the frequency throw is small (normally <10 MHz). If the
frequency is switched £ Af the observed spectral feature will appear both as a negative
and a positive peak separated by 2Af in the spectra. Since we use Af =4 MHz in the
frequency-switching we have 8 MHz between the peaks as seen in Fig. 2. If the ob-
served spectral feature is more narrow than 2Af it will not be affected by the switching.
Frequency-switching can be performed at high speed (5Hz), which will remove faster
gain variations than traditional load-switching.

2.2 Calibration

The sky emission is increasing with decreasing elevation due to the increasing path
length through the atmosphere. At the same time, however, the tropospheric absorption
is increasing and therefore also the system temperature of the receiver. At 115 GHz
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the troposphere is fairly opaque and model calculations show that elevation angles
larger than 30° give the highest signal to system-temperature ratio (Forkman et al.,
2003a). For practical reasons we have chosen an elevation angle of 90° but the zenith
observation direction also minimizes Doppler shift effects due to horizontal movement
of mesospheric air.

In microwave radiometry the intensity is normally presented as brightness temper-
ature, T,,. The receiver output power is calibrated in units of antenna temperature, T,.
The antenna temperature is the sky brightness temperature distribution weighted with
the antenna radiation pattern. Since the beam is quite narrow and the sky brightness
temperature increases only slowly when the elevation changes from zenith to lower
elevations (Forkman et al., 2003a) the zenith pencil beam T, can be well approximated
with the measured 7.

The net power reaching the spectrometer consists of two components. The first one
is proportional to the sky brightness temperature. The other component is the power
generated internally, which we identify as the receiver temperature, T,,.. The sum of
these components is the system temperature, T s = Ty, + T .

To estimate T, two blackbody loads with brightness temperatures T, (ambient
load) and T4 (77 K load) are observed each month. These hot-cold calibrations indi-
cate that the variability of 7, is less than 5 %.

Before each 15min observation cycle a calibration is performed to estimate the
zenith sky brightness temperature. This is done by observing the zenith sky and an
ambient load

Phot - Psky _ (Thot + 7-rec) - (Tb(zo) + 7-rec)
Psky 7—b (ZO) + 7-rec

: (1)

where £, and Py, are the measured powers observing the hot load and the zenith sky
respectively, 7,(z,) is the zenith sky brightness temperature (observed from the ground,
Zp)- Tp(2p) can be derived from the equation above since Ty,,; and T, are known.
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Then during the observation cycle we record

AP

Phot - Psky

ATy(20) = Ty(20, 1) = Tp(20,f-) (Thot = To(20)), (2)

where AT, (z,) is the difference in brightness temperatures between the two frequen-
cies f + Af and f — Af, AP is the difference between the measured powers at the two
frequencies. Ryqt, Pskys Thot @Nd Ty(2p) are taken from the calibration.

2.3 The tropospheric correction

Assuming a 1-layer model for the troposphere, the microwave radiative transfer equa-
tion for a ground-based, zenith looking observer can be written as

7-b(ZO) = Tb(Ztrop)e_T + 7-trop(‘| -e7), (3)

where Ty,(zyqp) is the brightness temperature as observed from the tropopause, 7 is
the tropospheric zenith opacity and Ty, is the effective brightness temperature of the
troposphere. If T, and 7 are considered constant within the frequency throw we get

ATy(20)
e-T

(4)

ATb(Ztrop) =

In practice 7 is calculated from Eq. (3) as

Tivop — To(20)
T=-In trop b\<0 . (5)
7—trop - Tbg
Since the atmospheric opacity is dominated by the contribution from the troposphere
the cosmic background radiation, 7,4, is used instead of Ty (zy.,) in Eq. (5). The
frequency-switching only yields AT, (z,), which is close to zero except for the line peaks.

Tp(zy) therefore has to be measured separately as done in the calibration.
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To be able to estimate T;,, in Eq. (5) one year of radiosonde data from the
Gothenburg-Landvetter Airport (37 km north-east of the observatory) have been pro-
cessed in forward model calculations (Forkman et al., 2003a). Our estimation of T, is
based on the correlation between T;,,, and the ground temperature, 7, but we include
the sky brightness temperature, T,(zy, V), to improve the estimate.

Ttrop(V) = aTgr + IBTb(ZO’ V), (6)

where @ = 0.89 and 8 = 0.10 for v = 115 GHz are found by applying the method of least
squares to the processed radiosonde data. The error of the Ty, estimate was found
to be 3.5K (10). Commonly T, is expressed as 0.957, but the inclusion of Ty,(z,)
improves the estimate and reduces the error by 10 %.

2.4 Calibration errors

An error in the estimate of the receiver temperature, 7., affects the estimation of the
sky brightness temperature, T,,(z,). If T, is within the observed variation the error in
Tp(zo) should be less than 5 %. By comparing the thermal noise, o, in the measured
spectra with theoretical calculations an estimate of the systematic calibration error can
be found. oy, in the spectra can be estimated by fitting a polynomial to the measure-
ment and calculating the standard deviations of the residuals. By using the radiometric
formula a theoretical estimate of oy, is given by

KT,

sys
\/z‘Av’

where t is the integration time, Av is the spectrometer resolution and K depends on the
receiver type and configuration. In our case K reduces to 1.15 which corresponds to the
loss of information due to the digitalization of the signal (van Vleck clipping correction),
see Rohlfs and Wilson (2008) for further details. By comparing these two calculations
of 0, we estimate the systematic error in 7,(z,) to be less than 5 %.
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If the measurement and the tropospheric correction are made in one step (Egs. 2
and 4) it is clearly seen that errors in the T, (z,) estimation almost cancel out.

AP 7-trop - 7-bg
55— Thot = To(20) 77—~
Phot - Psky het b0 7-trop - Tb(ZO)

The error in ATy (2y,,) due to calibration and the tropospheric correction is <2 %.
If Thot @nd Ty in Eq. (8) both are approximated with the ambient temperature, T,
and Tymp > Tpg, We get
AP

AT, =— T
b(ztrop) Phot _ Psky amb> (9)

A7-b(ztrop) = (8)

which describes the “chopper wheel” calibration method, which can be used for a quick
but not so accurate calibration and correction for the tropospheric attenuation in one
step.

In total we believe that the systematic errors from the measurements and the tro-
pospheric corrections, including the effect of the variability of the tropospheric opacity
within the measurement cycles, are within 5 % across the used bandwidth.

3 Retrievals
3.1 Terminology

The inversions were done using the Optimal Estimation Method (OEM) (Rodgers,
2000). The state of the atmosphere and instrument are described by a state vector,
X. A forward model, f, is then employed to map x to a measurement, y = f(x). The
inverse problem consists in finding x given some measurement y. By linearizing the
forward model around the a priori atmosphere the problem can be solved using linear
algebra. Doing this and applying OEM the best estimate of the state vector is

k=x,+(K'S;'K+8.")'K'S; (y - f(x,)) = X, + G, (y — F(Xy)), (10)
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where S, is the covariance matrix describing the uncertainty in the measurement, S,
the covariance matrix for the a priori profile, x,, and K is the Jacobian or weighting
function matrix (8y/6x) and G, the gain matrix. The relation between the true state,
the a priori state and the retrieved state is given by

X -x = (A-1)(x - x,) + G,K,(b - b) + G,Af(x,b) + G €, (11)

where A is denoted the averaging kernel matrix, | is the identity matrix, b and b the
true and estimated value of forward model parameter (i.e. line strength), K, is the
Jacobian matrix of the parameter (8y/ob), Af(x,b) are errors in the forward model
and e, are errors in the measurement. For a complete definition and derivation see
Rodgers (2000). The different terms will be discussed further in Sect. 4.1.

The AVK matrix is defined as A = 8x/0x. It describes the sensitivity of the retrieval
to the true state, each element A, gives the change in the retrieved profile ;, resulting
from a perturbation in the true profile x;. A row in the AVK matrix can be regarded as a
smoothing function (averaging kernel) describing the vertical resolution of the retrievals.
The area of this smoothing function is called the measurement response and gives a
rough indication of contribution of the measurement to the retrieved value (Baron et al.,
2002).

As mentioned in Hoffmann et al. (2011) the AVK will differ in shape depending on
whether x is representing the volume mixing ratio (VMR AVKSs) or the relative change
compared to the a priori concentration (fractional AVKs). Both type of AVKs will be
presented in this paper for easier comparison with other studies, however we will mainly
use the VMR AVKs to characterize the instrument.

3.2 Retrieval setup

For the OSO inversions the forward model was provided by ARTS (v2.0.0) (Eriksson

et al., 2011), and the retrieval software is a new version of Qpack (v2.0.0) (Eriksson

et al., 2005). The retrieved quantities are CO volume mixing ratios, temperature, instru-

mental baselines and a frequency shift in the instrument. To ensure that the frequency
3918
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shift is compensated for, the inversions were performed in an iterative leap using a
Marquardt-Levenberg algorithm (Marks and Rodgers, 1993).

The spectroscopic line strength and position were taken from the JPL 2001 database
(Pickett et al., 1998), whereas the pressure- and self-broadening parameters as well
as their temperature dependence coefficients were taken from the HITRAN 2000
database (Rothman et al., 2003). Some of the used CO spectroscopic data are given
in Table 2. The lines included in the forward model calculations were the CO line
at 115.3GHz the O, line at 118.75GHz and O; lines at 110.7, 110.8, 111.1 and
115.0 GHz. The retrieval was performed on a grid with a 2 km vertical spacing ranging
from 10 to 130 km. The temperature and pressure data were taken from the MSIS90
climatology (Hedin, 1991), and the temperature a priori covariance matrix was given as
a matrix with diagonal entries S;; = 25K (i.e. standard deviation of 5K). Furthermore,
since the temperature in the real atmosphere is correlated in altitude the non-diagonal
elements S;; = 6;0,0;; were constructed so that the correlation (o) would decline lin-
early with a correlation of 0.37 when the altitude difference (correlation length) between
i and j was 8 km.

The abundance of CO is highly variable over the year and OEM requires using the
best estimate atmosphere as a priori. Therefore a monthly mean from the WACCM
model run was created and used as the a priori profile for the center day in each
month. The value for other days were found by linearly interpolating on to each day. To
simplify the error analysis however the covariance matrix for the a priori data was kept
constant (in VMR) throughout the year.

Following Eriksson (2000) the covariance matrix for CO consists of two parts. The
first represents the uncertainty of the mean a priori profile for each month. As with tem-
perature, the covariance matrix must also represent correlation in altitude for this error.
This was modeled to decline linearly with a correlation length of 8 km. The standard
deviation was set to 50 % of the yearly mean of the a priori profiles. The second part
represents the natural variability of CO on shorter timescales which was set to 0.5 ppm
for all altitudes and with no correlation between the layers.
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The OSO instrument had problems with baseline features before an upgrade on
7 January 2004. After this upgrade the baseline variation was reduced significantly. To
account for this an instrumental baseline was retrieved by fitting a 5th order polynomial
with a diagonal a priori covariance matrix with entries from 20 K (0th order) to 5K (5th
order) for dates before this upgrade, and entries from 20K (Oth order) to 0.05K (5th
order) for dates after this upgrade. This leads to a different measurement response for
the different dates.

Due to the performed Hanning windowing the thermal noise in neighboring channels
is correlated. The average channel correlation of the thermal noise was measured
to be 1.6 nominal channel widths, so S, was given as a covariance matrix with a
correlation length of 1.6 nominal channel widths. The magnitude of the thermal noise
was estimated in each measurement independently by fitting a polynomial of order 3
to the measurement and calculating the RMS of the residuals at the wings.

4 Results of the OSO measurements

Figure 2 shows a sample spectrum, the corresponding retrieved spectrum and the
residuals for a typical winter and summer measurement. The CO line is much fainter
during the summer than the winter line due to the strong seasonal cycle of CO (Sect. 1).
The residuals are of equal strength both summer and winter showing that the system
temperature, is more or less constant during the year. Example profiles for each season
are plotted in Fig. 3.

The corresponding averaging kernels (the rows of AVK matrix) can be seen in Figs. 4
and 5. The shapes of the VMR averaging kernels are quite similar for both winter and
summer. The negative overshoots for the VMR AVKs above 70 km are usual for CO
retrievals (Hoffmann et al., 2011), and since we only present the column above 70 km
these are of minor importance.

Since CO has a very strong vertical gradient, relative changes at altitudes above
the target altitude will give a larger effect than relative changes beneath. This changes
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the shape and area of the fractional AVKs especially around 70 km during the summer
where the fractional AVKs becomes extremely wide. Here strong vertical gradients
combined with poor vertical resolution even results in the measurement response of the
fractional AVKs to become greater then one. This means that a concentration change
of 10 % at one altitude could give a responding change of 20 % at a lower altitude.

This complication is less prominent when using the VMR AVKs, rather than the frac-
tional AVKs, to define the measurement response of the instrument. Note that the
measurement response then describes the instruments sensitivity to changes in vmr
rather than changes relative to the a priori. The use of VMR AVKs is motivated by the
fact that the strong vertical gradient of CO combined with a meandering vortex can
lead to extremely large changes in the true atmosphere relative to the a priori. This
variation is easier to describe in VMR rather than relative units, and the sensitive range
is therefore given as such.

To further address the issue of the poor vertical resolution above 70km only the
column (rather than individual layers) will be used above this altitude.

The retrievals have an average degree of freedom (trace of the AVK matrix) of 1.8
before 2004 and 2.2 after 2004. The measurement response (VMR) is above 80 %
approximately between 55 and 85 km. The vertical resolution within this altitude range
is about 15-20 km (see Figs. 4 and 5). The horizontal resolution of the OSO instrument
is about 4 km in the mesosphere.

The results presented in this paper will be given as the mixing ratios at 36 Pa (55 km),
12 Pa (63 km) and columns above 4 Pa (71 km) where Doppler broadening dominates.
The column values are calculated by summing up the number densities from the air
pressures below 4 Pa. The number densities are calculated from the retrieved profiles
using the a priori temperature profiles.
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4.1 Errors

The error of the retrieval is the difference between the true state x and the retrieved
state X. The error can be divided into several parts corresponding to each term in
Eq. (11).

The first term is known as the smoothing error and represents the error at each
altitude which arises from the limited vertical resolution of the retrieval. When analyzing
a profile from a given instrument this has to be taken into account, either by saying that
the value at each altitude is the average represented by the AVK or by stating the
smoothing error. In this study the different averaging kernels of the instruments are
taken into account by Eq. (12) and the smoothing error is ignored. The second term
is the model parameter error which describes the error in the retrieval arising from the
difference between the true value of a forward model parameter b and the estimated
value b. This will be discussed further in Sect. 4.2. The third term is the forward model
error, which comes from direct errors in the forward model from either approximations
or not modeled processes. This last term will not be discussed in this paper and is
negligible. A thorough validation of ARTS is presented in Melsheimer et al. (2005).

The last term is the retrieval noise which is the error coming from noise in the mea-
sured spectra, it is described by the covariance matrix S, = GySEG;. This error is
random and will introduce noise into the retrieved profiles. An estimate of this noise is
shown as the blue lines in Fig. 6. The dashed (dashed-dot) line shows the value for
winter (summer) retrievals and the solid line the mean retrieval noise. The big differ-
ence between summer and winter values is due to the low concentration of CO during
summer.

4.2 Forward model parameter errors

In addition to the errors accounted for in the retrieval there will be systematic errors from
the forward model as well as instrumental errors which might influence the retrievals.
To estimate the influence of errors in different retrieval parameters on the results, the
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retrievals from year 2006 were used. The summer values (JJA) were removed result-
ing in 177 remaining spectra which were rerun with the different parameters perturbed
with their estimated 2c-error. The differences between the standard and the perturbed
inversions show that errors in forward model parameters can lead to a systematic error
(bias) as well a decreased precision in each measurement. The systematic error can
be described by X, = k- Xg4 at each altitude, where x., is the value of the perturbed
inversion, Xgqy the retrieved value using the standard parameter values and k a coef-
ficient which can be found by linear regression. The estimated relative error can then
be expressed as [100-(k — 1)|% (Pumphrey et al., 2007). The decreased precision is
estimated by the standard deviation of the relative difference between the standard and
perturbed inversions (i.e. scaled with the a priori).

The different forward model parameters tested include the line strength of the CO
transition, the pressure broadening parameter and the instrument backend channel
response. In addition the a priori temperature profile, a priori CO profile, a priori un-
certainty and size of the polynomial baseline fit were perturbed to test the possible
systematic errors arising from different retrieval parameters.

For the spectral parameters the error estimates were done by comparing the val-
ues for HITRAN 2000, HITRAN 2008 and JPL 2001. If the discrepancies between the
databases were bigger than the given error estimate in the database the discrepancy
was used, if not the error estimate from the database was used. This gives a line
strength /, uncertainty of 1% (JPL-database), a pressure broadening parameter yp
uncertainty of 10 % (HITRAN 2000 uncertainty) and an uncertainty in the temperature
coefficient ap of the pressure broadening parameter of 10 % (difference between HI-
TRAN 2000 and HITRAN 2008). Error in the self-broadening parameters were found
to be insignificant to the retrieval and will not be presented in this paper. In total, the
spectroscopic parameters together give errors of less than 5 % in the retrievals.

To investigate the influence of the calibration errors, the spectra were simply multi-
plied with 1 £0.05 to simulate the 2¢ calibration error (see Sect. 2.4). For the a pri-
ori CO the profile was perturbed by 50 % and the standard deviation for the a priori
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uncertainty covariance matrix was changed with 50 %. The temperature profile was
perturbed by 5K (1o error for MSIS90 is 3K) to take errors in temperature into ac-
count. The polynomial baseline fit in the retrieval had its a priori variance multiplied
and divided by 4.

Figure 6a shows the estimated systematic error for the different parameters and
their root-sum-square (solid black). This estimate indicates the total systematic error
expected in the measurements. The solid black line shows the sum of all the errors, this
represents a worst case scenario for systematic errors which we will use before 2004.

In addition the systematic error in the forward model and in retrieval parameters
uncertainties leads to a decreased precision. Figure 6b shows the standard deviation
from each parameter and their root-sum-square (solid black). Combined (root-sum-
square) with the average retrieval noise (blue solid) an estimate of the precision of the
measurements is obtained and shown as the black dashed line in Fig. 6b.

The total estimated averaged systematic error between 55-85km is in the order of
15 % for profiles and 10 % for column values. The worst case error, the sum of the
different errors, is of the order of 25 % for profiles and 20 % for the column values.
Estimated average precision between 55-85km is around 30 %, but is significantly
worse when the concentration of CO is low when the random errors mainly comes
from the retrieval noise. The retrieval noise from one such date (2 September 2006) is
shown as the dashed-blue line in Fig. 6b.

5 Comparison
5.1 Satellite instruments

The four satellite instruments which observed mesospheric CO during the time period
2002—-2008 are the sun tracking ACE-FTS on Scisat-1 (Clerbaux et al., 2008), the mi-
crowave limb sounder MLS on Aura (Pumphrey et al., 2007), the infrared limb sounder
MIPAS on Envisat (Funke et al., 2009) and the microwave limb sounder SMR on Odin
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(Dupuy et al., 2004). The temporal and mesospheric vertical coverage are different
for the four satellites. Table 3 gives the characteristics of the four satellite sensors. As
seen in Table 3, we use two different CO datasets for MIPAS and SMR. For MIPAS
we use version V30_CO_12 and V30_CO_13 obtained from high spectral resolution
measurements during 2003—-2004 and version V40_CO_200 in the period 2005-2008
when the MIPAS spectral resolution was reduced as consequence of an instrumental
failure. All MIPAS observations used here were taken in the nominal observation mode
covering tangent heights within 6-70km. For SMR we use both the older v225 and
the newer v021. V021 is an extended dataset compared to v225 using all the available
observation modes. V225 has been used in previous comparisons (e.g. Clerbaux et al.,
2008).

5.2 Comparison procedure

Side looking satellites and a zenith looking ground-based instrument do not observe the
same air volume. Comparisons between satellite- and ground-based instruments are
therefore complicated. All the satellites report data from a 100 times longer horizontal
path than OSO but their vertical resolution are up to four times better. Differences
in vertical resolution can be compensated for by using the averaging kernels of the
instruments but differences in horizontal resolution are harder to adjust for. A second
issue is the co-location criterion to apply. At periods when small horizontal variations
of CO are expected in the mesosphere (as in the summer) the air above OSO should
be rather similar to air inside a radius of e.g. 1500 km. A higher variability is expected
in the wintertime when the movement of the polar vortex brings in or out CO rich air
above the OSO instrument and the concentration can vary substantially both within
1500 km radius from OSO and along the horizontal paths of the satellite beams. These
deviations can partly be compensated for by using observed potential vorticity as a
supplementary co-location criteria.

The polar vortex builds up in the autumn and breaks down in the spring. The potential
vorticity (PV) of an air parcel is a measure of the position of the air parcel relatively the
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polar vortex. Figure 7 shows the OSO CO volume mixing ratio at 55 km together with
the modified Ertel's PV (Lait, 1994) calculated from the ECMWF operational dataset
at 55 km during the time period 2002—2008. Figure 7 shows both a time series for the
different years and the data for the different years stacked together to clearly see the
seasonal variation. Both the CO mixing ratio and the PV have a steep and distinct
increase in the autumn. The winter is characterized by the meandering of the polar
vortex which brings in or out CO rich air from the polar region and this causes fast
variations of both CO mixing ratio and PV. The decrease in CO and PV in the spring
is both less steep and less distinct than the increase in the autumn. The PV is low
and stable in the summer and the CO mixing ratio is close to zero but show a high
variability in the measurements. The high variability is explained by the faint CO signal
in the summer which gives a low signal to noise ratio. The overall correlation between
the CO mixing ratio and PV is 0.63.

The co-location criteria was chosen as follows: the temporal co-location criteria was
set to the same date for satellite and OSO. The air volume measured by the satellite
had to be within a radius of 1500 km from OSO. The potential vorticity (PV) of the air
volume measured by the satellite had to be within 20 % of the PV above OSO (Hoff-
mann et al., 2011 used a similar co-location procedure). The PV data were taken from
the ECMWF operational data set at the potential temperature level of 2000 K (~50 km
altitude) and the modified Ertel's PV (Lait, 1994) was calculated for both satellites and
OSO. Figure 8 show the co-located positions for the four satellites.

For the comparison, the satellite data were interpolated onto the OSO retrieval grid.
For grid points outside the valid data points for the satellite the OSO a priori CO data
were used. To take into account the different vertical resolution of the instruments the
satellite data was convolved with the averaging kernels, A, of the OSO instrument
(Rodgers and Connor, 2003)

Xs =Xa+A(Xsat_Xa), (12)
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where x, is the smoothed version of the satellite profile x,;, and x, is the OSO a priori
profile.

5.3 Results of the satellite comparison

The satellite comparison is divided in the time periods: 2002—2003 and 2004—-2008.
As mentioned in Sect. 3.2 there were baseline features in the OSO spectra 2002—2003
that may have affected the retrieved vertical profiles. These features disappeared when
the local oscillator chain of the instrument was rebuilt in the beginning of 2004. Figure 9
shows time series of CO from OSO, MIPAS(12 + 13) and SMR(021 + 225) for the time
period 2002—2003 and Fig. 10 show time series from OSO, ACE, MIPAS(200), MLS
and SMR(225) for the time period 2004—-2008. Both figures show CO volume mixing
ratios at 55 and 63km and column values above 71 km. No column values are pre-
sented for MIPAS and MLS since the nominal MIPAS CO observations are not vertically
resolved above 70 km and the upper limit for MLS is about 80 km. Figure 11 shows the
WACCM mean CO volume mixing ratio and the mean CO number densities. The main
contribution for the column values is from altitudes <100 km even if the volume mixing
ratio is increasing with altitude. This is explained by the exponential decrease in air
pressure, and hence in air density, with altitude.

As seen in Figs. 9—10 all instruments show the same general features in both the
annual cycle and in sporadic events. The noticeable difference between OSO and
the satellites in these figures is mainly the higher values of OSO compared to MI-
PAS(12 + 13) at 63 km (Fig. 9).

Figures 12—13 and Table 4 give a more detailed view of the comparison. Figure 12
shows the mean relative differences between the satellites and OSO for the time pe-
riods 2002—2003 and 2004—-2008. The differences are discussed for each satellite in-
strument later in this section.

Figure 13 shows the mean absolute and relative standard deviations between OSO
and the satellites. These deviations origin from noise in the different instruments,
from fluctuations due to insufficient co-location and forward model/retrieval parameters.
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Below 65 km the OSO measurement response gradually decreases which explain the
increase of the deviations below this altitude.

Table 4 gives a supplement to Figs. 12—13 showing the mean relative differences, the
mean standard deviations and the mean correlation between OSO and the satellites.
The correlation of the data from OSO and the satellite instruments is high.

The OSO summer CO spectra have a very low signal to noise ratio leading to a higher
relative noise (Figs. 2b and 6). This gives a high variability in the retrieved summer
mixing ratios (Fig. 10). The summer values are therefore excluded in Figs. 12-13 and
Table 4 to avoid the noisy OSO summer measurements to interfere in the satellite
comparison.

Taken into account the systematics errors of OSO (<15 %) and the satellites (20—
30 %, see Table 3) OSO overlaps the satellites in the time period 2004—2008 when
OSO is compared to ACE, MIPAS(200) and MLS.

5.3.1 ACE and MLS

The CO mixing ratios from OSO and the satellites MLS and ACE agree well and have a
high correlation at all altitudes. Between 55 and 70 km OSO show <20 % higher mixing
ratios compared to MLS and <20 % lower mixing ratios compared to ACE. A similar
deviation between ACE and MLS has been reported earlier by Pumphrey et al. (2007)
and Clerbaux et al. (2008).

As seen in both Fig. 12 and Table 4 OSO has higher CO mixing ratios above 70 km
compared to ACE and MLS leading to 25 % higher CO column values (>71km). The
MLS column values are close to the OSO a priori since the upper limit of MLS is about
80 km and we use the a priori CO data for grid points outside the vertical range of the
satellite (see Sect. 5.2).
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5.3.2 MIPAS

MIPAS(200) shows only a small deviation in CO mixing ratios compared to OSO. MI-
PAS(12 + 13) does not show the same good agreement when compared to OSO, it has
up to 50 % lower values than OSO above 55 km. MIPAS(12 + 13) and MIPAS(200) have
the same vertical coverage though MIPAS(200) is slightly better vertically sampled (due
to shorter integration time). Resulting vertical resolutions of retrieved profiles, however,
are quite similar.

Up to March 2004 only MIPAS(12 + 13) data are available and after March 2004 only
MIPAS(200) data. In this comparison we have no overlap between MIPAS(12 + 13)
and the other satellites except a few collocations with SMR(021 + 225). Clerbaux et al.
(2008) compared CO data from the beginning of 2004 from MIPAS(9 + 10) and ACE
and found that the CO mixing ratios from MIPAS(9 + 10) is within 26 % of the ACE
mixing ratios in the altitude range 55-70 km. The most probable reason for the devia-
tion between OSO and MIPAS(12 + 13) can be the baseline features seen in the OSO
spectra before 2004.

5.3.3 SMR

The two CO datasets of SMR deviate in different ways compared to the OSO data at
55-85 km. SMR(225) shows down to 65 % lower mixing ratios than OSO and SMR(021)
shows up to 50 % higher mixing ratios (Fig. 12). A reason for the general discrepancy
between SMR and OSO can be the few co-locations with OSO but this does not ex-
plain the difference between the two SMR versions. V021 is regarded to be the more
accurate than v225. Comparisons between SMR(021 + 225) and ACE shows the same
general discrepancy between v225 and v021 (not shown).
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6 Summary and conclusions

Ground-based, frequency-switched measurements of mesospheric CO at 115GHz
from Onsala Space Observatory (57° N, 12° E) during the time period 2002—2008 are
presented.

Signal-reference switching is the standard microwave observation method in order to
reduce the effect of gain drift in the receiver system. A frequency-switched radiometer
is an especially simple instrument since almost no moving parts are needed (except
a hot load flag). The advantages with frequency-switching include also that both gain
nonlinearity and gain variations are almost canceled out and that no time is spent
observing a reference load. Frequency-switching is very well suited for the observation
of narrow transition lines as in the case of mesospheric CO at 115 GHz.

The Optimal Estimation Method, OEM, has been used to retrieve vertical CO profiles
from the measured spectra. A thorough error analysis has been performed to investi-
gate the systematic effects due to the uncertainties in the different parameters used
in the measurement and retrieval process to give an as accurate error estimation as
possible.

The OSO instrument has provided the longest time series of ground-based meso-
spheric CO measurements so far. The OSO data show the same general features as
data from satellite instruments both in the annual cycle, characterized by high CO mix-
ing ratios during winter and very low mixing ratios during summer, and in shorter time
period events.

The OSO CO data have been compared to CO datasets from four satellite instru-
ments; ACE-FTS (v2.2) on Scisat, MIPAS (V30_CO_12 + 13 and V40_C0O_200) on En-
visat, MLS (v3-3) on Aura and SMR (v225 and v021) on Odin.

A satellite measurement is assumed to be co-located with OSO if the measurement
is done the same day and if the air at the tangent point of the satellite both is within
a radius of 1500 km from OSO and deviates less than 20 % in PV (potential vorticity)
compared to the air above OSO.
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During the time period 2004—2008 the averaged CO datasets retrieved by OSO and
ACE, MLS and MIPAS(200) do not differ by more than 20 % in the altitude range 55—
70 km, which is within the combined systematic errors of the different instruments (see
Fig. 12b).

The time period 2002—2003 MIPAS(12 + 13) shows up to 60 % smaller mixing ratios
compared to OSO. One reason for the observed difference between the OSO and
MIPAS(12 + 13) mesospheric CO datasets can be due to baseline features seen in the
OSO spectra before February 2004.

SMR(021 + 225) have very few co-located CO measurements with OSO. V225
shows up to 65 % lower mixing ratios than OSO and the v021 measurements show
up to 50 % higher mixing ratios than OSO.

Above 70 km we compare the CO column values from OSO and the satellite sensors
ACE, MLS and SMR. The OSO column values are about 25 % higher than the values
from both ACE and MLS. SMR(021) shows up to 65 % higher column values than
OSO. The MLS column values are close to the OSO a priori values since we use a
priori information outside the vertical range of the satellite (the upper vertical limit for
MLS is 80 km). SMR has very few co-located measurements with OSO.

The systematic error above 70km is £25 % for ACE and +£10 % for OSO. If the sys-
tematic errors for ACE and OSO are correctly estimated the mean true profile has to
be in the range where the mean profiles of OSO and ACE (inclusive their systematic
errors) overlaps. Since ACE show 25 % lower column values than OSO this indicates
that OSO has a positive bias of less than 10 % above 70 km and that ACE has a nega-
tive bias of about 15-25 % above 70 km (see Fig. 12b). Hoffmann et al. (2011) reports
an offset pattern, when their ground-based instrument is compared to ACE and MLS,
which is similar to the offset pattern we report when OSO is compared to the same
satellites.

Observation of mesospheric CO provides important information of the mesospheric
dynamics. The satellite sensors which measure mesospheric CO today are not, to
our knowledge, planned to be replaced when they stop functioning. Therefore, in a
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few years, ground-based instruments will be even more important than today. The CO
transition at 115 GHz is suitable for ground-based studies of the upper atmosphere
due to both the fairly transparency of the lower atmosphere, at this frequency, and that
pressure broadening exceeds Doppler broadening as high as 85 km making it possible
to estimate vertical profiles up to this altitude.

The exact CO abundance in the upper mesosphere is still an open question. Further
ground-based measurements at 115GHz can be used as a low cost alternative to
clarify this issue.
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Table 1. Receiver specifications.

AMTD
5, 3909-3952, 2012

Radio frequency

115.261-115.281 GHz, SSB

Ground-based
measurements of CO

P. Forkman et al.

Mirror edge taper -35dB

Elevation 90°, fixed

Cryostat window Teflon lens

Horn Aluminium, corrugated
Beam width, FWHM 3°

First stage Cooled Schottky mixer, 20 K

Image sideband rejection
Image sideband suppression

Mechanical back short
>20 dB

Local oscillator (LO)

Gunn oscillator

LO frequency 111.27 GHz

Frequency throw (2Af) 8 MHz

Mixer IF 4.0+ 0.3GHz

Total receiver temperature ~325 K

Backend spectrometer 800 channel autocorrelator
Bandwidth 20 MHz

Nominal resolution 25kHz
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Table 3. Satellite and data characteristics.

Satellite instrument

ACE-FTS

Aura-MLS

AMTD
5, 3909-3952, 2012

Reference

CO data version

Measurement principle
Wavelength or frequency
Launch

Orbit inclination

Vertical range

Vertical resolution (mesosphere)
Horizontal resolution (mesosphere)
Systematic errors (above 60 km)
Co-location range satellite-OSO
Co-located measurement days

(Clerbaux et al., 2008)
V22

Sun tracking, absorption
2.3&4.7um

12 August 2003

74

6-100 km

4km

500 km

Better than +£25 %
<1500 km & <+20% PV
126

(Pumphrey et al., 2007)
V-3-3

Limb sounding, emission
230 GHz

15 July 2004

90°

16-80 km

7-8km

200 km

+20%

<1500km & <+£20 % PV
618

Ground-based
measurements of CO

P. Forkman et al.

Satellite instrument

Envisat-MIPAS

Odin-SMR

Reference

CO data version

CO data version

Measurement principle
Wavelength or frequency
Launch

Orbit inclination

Vertical range

Vertical resolution (mesosphere)
Horizontal resolution (mesosphere)
Systematic error (50-70km)
Co-location range satellite-OSO
Co-located measurement days

(Funke et al., 2009)
V30(12 + 13) 2003-2004
V40(200) 2005-2008
Limb sounding, emission
4.7 pm

1 March 2002

98.6°

6—-70km

10km

500 km

+10%

<1500km & < £20% PV
418

(Dupuy et al., 2004)
V021 (new version)
V225 (old version)

Limb sounding, emission
576.4 GHz

20 February 2001

97.8°

17-110km

3km

500 km

Not available

<1500 km & <+20% PV
22

3938

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/3909/2012/amtd-5-3909-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/3909/2012/amtd-5-3909-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 4. Statistics for 55km, 63 km and for total columns >71km. Mn (%) the mean relative
difference of CO between satellite and OSO (>0 if the satellite reports more CO than OSO),
Std (%) the mean standard deviations, Corr the mean correlation of CO between satellite and
OSO, total the total number of co-located measurements, days the number of days with co-
located measurements. The summer values are excluded.

55km 63 km > 71km co-locations

Mn Std Corr Mn Std Corr Mn Std Corr total days

FTS -1 169 082 4 82 089 -22 18 096 148 108

MIPAS(12+13) -10 88 0.72 -30 63 0.73 - - - 1424 194

MIPAS(200) -3 152 076 9 71 077 - - - 1842 180

MLS 14 136 081 13 68 086 -24 28 0.89 19250 506
SMR(v021)<04 13 62 078 4 76 074 42 66 0.85 22 8
SMR(v225)<04 -13 51 0.76 -55 45 0.72 -47 15 0.73 11 6

SMR(v225)>04 O 33 082 -40 39 075 -68 32 0.35 14 8
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Fig. 1. Block diagram of the 115 GHz CO receiver system. The cold load is regularly mounted
and used.
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Fig. 2. To the left: measured spectra with retrieval fits. To the right: residuals (measured spec-
trum — fit). The frequencies are given relative the CO line center. The negative and positive

peaks are the result of the frequency throw in the frequency-switching method. The spectra are
corrected for baseline features. Note the weak CO signal in the summer (bottom figures).
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Fig. 3. Retrieved profiles 2002—2008 (every 20th profile is plotted for each season). CO volume
mixing ratios are plotted against pressure (and altitude). The red line shows the average a
priori profile for the season, and the dashed line the standard deviation of the a priori profile.
Green lines are retrieved profiles 2002-2003 and the blue lines are profiles 2004—2008. The
mean measurement response, of the OSO instrument, is higher than 0.8 between the black
horizontal lines.
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Fig. 4. Solid lines show the averaging kernels from 27 December 2005 in vmr (a) and fractional
(b) units for different altitudes. The blue dash-dotted line is the measurement response divided
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(b) Fractional averaging kernels

by 5. The red dashed line shows the FWHM of the averaging kernels.
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Fig. 5. Solid lines show the averaging kernels from 26 June 2006 in vmr (a) and fractional (b)
units for different altitudes. The blue dash-dotted line is the measurement response divided by
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5. The red dashed line shows the FWHM of the averaging kernels.
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Fig. 6. In (a) the estimated systematic errors and in (b) the random errors. The colored (ex-
cept blue) lines show the mean relative change (a) and standard deviation (b) in the retrieved
value at each altitude as the different forward model parameters are perturbed. The forward
model parameters are: line-strength, /,, (green-dashed), temperature profile, 7, (cyan-dashed),
pressure-broadening parameter, y,, (yellow-dashed), temperature coefficient for the broaden-
ing parameter, ap, (yellow-dashed-dot), a priori profile, x,, (red-dashed-dot), a priori uncer-
tainty, S,, (green-dashed-dot), a priori uncertainty for the polynomial fit (cyan-dashed-dot),
calibration errors (magenta-dashed-dot) and backend channel broadening error (cyan). The
black line in both figures is the root-sum-square of the parameter errors. In (a) the black-
dashed is the sum of the errors. The dark blue lines in (b) shows the retrieval noise from
1 January 2005(dashed), 2 September 2005(dashed-dot) scaled with the a priori profile for the
respective day as well as the average retrieval noise(solid). The black dashed line in (b) is
the root-sum of the average retrieval noise(blue-solid) and the total parameter variability(black-
solid).
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Fig. 7. CO volume mixing ratio and PV above OSO at 55 km altitude. To the left: the time series
2002-2008. To the right: the data from the different years stacked together. The modified Ertel’s
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Fig. 9. Time series of CO mixing ratio at 55 km and 63 km and columns above 71 km for the time
period 2002—2003 are shown: OSO(black), MIPAS(12 + 13, green plus), SMR(V021, brown
cross; V225, brown stars) and a priori(cyan).
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Fig. 10. Time series of CO mixing ratio at 55km and 63km and columns above 71km for Interactive Discussion

the time period 2004—2008 are shown: OSO(black), FTS(blue cross), MIPAS(200, green plus),
MLS(red dots), SMR(V225, brown stars) and a priori(cyan dashed).
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Fig. 11. The number density of CO (black) and the volume mixing ratio of CO (red) versus
altitude. The data shown are the mean summer (solid) and mean winter (dashed) OSO a pri-
ori from WACCM. The main contribution to the column above 70 km originates from altitudes
<100 km altitude.
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Fig. 12. Mean relative differences between satellites and OSO; (Left): the time period 2002—
2003, MIPAS(12 + 13, green), SMR(V021, dashed brown) and SMR(V225, solid brown).
(Right): the time period 2004-2008, FTS(blue), MIPAS(200, green), MLS(red) and SMR(V225,
brown). The deviating lengths of the satellite profiles is explained by the different vertical cov-
erage of the satellites. The shaded areas show the estimated systematic error of the different
satellites. The vertical black lines are the estimated systematic errors of the OSO instrument,
2002-2003 the worst case systematic error is used due to baseline problems (see Sect. 4.2).
The horizontal black dashed lines show the vertical limits of the OSO observations. The sum-
mer values are excluded.
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Fig. 13. The mean standard deviation between OSO and the satellites; absolute(left) and rel-
ative(right). MIPAS(12 + 13), SMR(v021), and the dotted SMR(v225) are from the time period
2002—-2004. The vertical coverage of the satellites explains the deviating extension of the pro-
files. The horizontal black dashed lines show the vertical limits of the OSO observations. The
dashed line at 60 km is the lower limit 2002—2003 and the dash-dotted line at 55 km is the lower
limit 2004—-2008. The black line is the root-sum of the average retrieval noise and the total
forward model parameter variability of the OSO instrument. The summer values are excluded.
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