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Abstract

During the last decades, ground-based microwave radiometry has matured to an estab-
lished remote sensing technique for measuring vertical profiles of a number of gases
in the stratosphere and the mesosphere. Microwave radiometry is the only ground-
based technique that can provide vertical profiles of gases in the upper stratosphere
and mesosphere both day and night, and even during cloudy conditions. Except for
microwave instruments placed at high altitude sites, or at sites with dry atmospheric
conditions, only molecules with significant emission lines below 150 GHz, such as CO,
H,O and O5 can be observed. Vertical profiles of these molecules can give important
information about chemistry and dynamics in the middle atmosphere.

Today these measurements are performed at relatively few sites, more simple and
reliable instrument solutions are required to make the measurement technique more
widely spread. This need is today urgent as the number of satellite sensors observ-
ing the middle atmosphere is about to decrease drastically. In this study a compact
double-sideband frequency-switched radiometer system for simultaneous observations
of mesospheric CO at 115.27 GHz and O3 at 110.84 GHz is presented

The radiometer, its calibration scheme and observation method are presented. The
retrieval procedure, including compensation of the different tropospheric attenuation at
the two frequencies, and error characterization are also described. The first measure-
ment series from October 2014 until April 2015 taken at the Onsala Space Observatory,
0OSO, (57°N, 12°E) is analysed. The retrieved vertical profiles are compared with co-
located CO and O3 data from the MLS instrument on the Aura satellite. The datasets
from the instruments agree well to each other. The main differences are the higher
OSO volume mixing ratios of O in the upper mesosphere during the winter nights and
the higher OSO volume mixing ratios of CO in the mesosphere during the winter. The
low bias of mesospheric winter values of CO from MLS compared to ground-based
instruments has been reported earlier.
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1 Introduction

Simultaneous measurements of mesospheric gases with different chemical lifetimes,
such as ozone (fraction of hour) and carbon monoxide (order of weeks), can give im-
portant information on both chemical and dynamical processes in this altitude region.
The middle atmospheric distribution of ozone, O, is characterized by a stratospheric
volume mixing ratio (vmr) peak at ~ 35 km altitude, first described by Chapman (1930),
and a diurnally varying secondary mesospheric peak at ~90km altitude (Hays and
Roble, 1973). The secondary peak is formed during night by reactions between atomic
and molecular oxygen and partly destroyed by photo-dissociation during day. Addi-
tionally, a tertiary, also diurnally varying, peak is present at ~ 72km in winter at high
latitudes (Marsh et al., 2001; Hartogh et al., 2011).

The main source of middle atmospheric carbon monoxide, CO, is photo-dissociation
of carbon dioxide, CO,, in the upper mesosphere/thermosphere region. Reactions with
hydroxyl, OH, is the main sink. Low vmr in the stratosphere, significantly increasing
values with altitude up through the mesosphere, and high values in the thermosphere is
the typical vertical distribution of middle atmospheric CO (Lopez-Puertas et al., 2000).

The vertical component of the mesospheric dynamics can at high latitudes be de-
scribed as an annual cycle with air ascending in the summer and descending in the
winter. The horizontal component is weak during summer, while it is controlled by the
polar vortex and stronger during winter (Brasseur and Solomon, 2008).

Microwave radiometry is the only ground-based remote-sensing technique that both
day and night, even during cloud cover, can provide vertical profiles of different trace
gases up to the mesopause region. In microwave radiometry, emission spectra from
rotational transitions within the observed molecular species are measured. Due to
pressure broadening, the measured spectra contain information about the vertical dis-
tribution of the molecule. Except from very dry sites, or sites at high altitudes, only
frequencies up to about 150 GHz can be observed since higher frequencies are effec-
tively attenuated by tropospheric water (Janssen, 1993). The gases CO, H,0, O, and
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Oj all have sufficiently strong emissions at frequencies below 150 GHz. Thus, there is
a need for simple and reliable radiometers operating below 150 GHz, since they can
observe important gases from almost every ground-based site. If such a radiometer
could also observe two of the gases simultaneously (e.g. O3 and CO) it would be even
more useful for the microwave community.

Dicke-switching is the generally used observation technique in microwave radiome-
try, meaning that the radiation from the sky is compared to an equally intense reference
source to diminish the effects of gain variations. Three main Dicke-switching variants
can be recognized. In load-switching the reference is a blackbody or other noise source.
The zenith sky is the reference in sky-switching. In frequency-switching the mixer’s lo-
cal oscillator frequency, LO, is changed between the signal and the reference phases.
Parrish (1994) gives an overview of the mentioned observation methods.

Since the pioneering work by Caton et al. (1968) several heterodyne radiometer
systems dedicated for middle atmospheric O5 observations have been developed, pri-
marily for the relatively strong O transitions at 110.8 and 142.2 GHz. Lobsiger (1987)
developed a load-switching technique where the sky, a liquid nitrogen cold load at 80 K,
and an ambient load were measured during each observation cycle; several 142.2 GHz
instruments use variants of this method (Hartogh et al., 1991; Peter et al., 1998; Studer
et al., 2013). Recently the technique has been developed further by implementing
a noise diode and a Peltier cooled load (Fernandez et al., 2015).

Nedoluha et al. (2015) use a sky-switching procedure at 110.8 GHz developed by
Parrish et al. (1988) and Parrish et al. (1992), where the reference zenith beam passes
a “lossy” window at Brewster angle to compensate for the higher intensity in the signal
beam.

The advantage of frequency-switching is that the wanted sky emission is present in
both signal and reference. The drawback is that the frequency dependent impedances
in the frontend components can change the overall gain between the signal and ref-
erence phases if the frequency throw is more than ~ 20 MHz. As the pressure broad-
ening in the stratosphere exceeds the bandwidth limitation of frequency-switching this
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method can only be used for studies of mesospheric and upper stratospheric O5. Na-
gahama et al. (1999) used a frequency throw of 30 MHz and presented vertical O
profiles in the altitude range 30—80 km.

Microwave spectra of CO are much narrower than spectra of O5 due to the different
residence altitudes for the two molecules, which make frequency-switching suitable.
Waters et al. (1976) made the first microwave CO observations, using absorption mea-
surements against the sun and on-source off-source switching (the standard Dicke
method used by radio astronomers). Aellig et al. (1995); Forkman et al. (2003) and
Forkman et al. (2012) made frequency-switched observations of CO at 115.3 GHz.
Hoffmann et al. (2011) and Straub et al. (2013) used load-switching to observe CO at
230.5 GHz.

The mixer is the key component in the heterodyne radiometer. The incoming ra-
dio frequency, RF, is mixed with the LO, and the output intermediate frequency, IF, is
a mix of the upper and lower sidebands. To avoid the unwanted sideband (or image
band) the radiometer can be operated in single sideband mode where the image band
is suppressed before the mixing. If none of the sidebands are suppressed, we have
a double-sideband system which makes it possible to observe signals from the two
bands simultaneously. The disadvantages are that the sideband ratio has to be known
and the tropospheric attenuation has to be corrected individually for the two bands if the
tropospheric opacity differ between the two frequencies. Except for instruments where
the LO is placed on the center of the observed line, e.g. the 183 GHz water vapor ra-
diometer for the ALMA project (Emrich et al., 2009), most ground-based radiometers
today are single sideband instruments. One exception is the 110-116 GHz radiometer
for CO and O5 observations designed and operated by Piddyachiy et al. (2010).

In this study we present the first simultaneous measurements of mesospheric Og
at 110.8 GHz and CO at 115.3 GHz made by a ground-based, double sideband and
frequency-switched radiometer system. The system is operated at the Onsala Space
Observatory, OSO, (57.4°N, 11.9°E). The instrument, its calibration scheme, the re-
trieval procedure and the first results are introduced. Section 2 describes the receiver
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system and the calibration and Sect. 3 presents the inversions. The results are given
in Sect. 4 and the error analyses is described in Sect. 5. Section 6 shows a satellite
comparison, and Sect. 7 gives a summary and the conclusions.

2 Instrument and observation technique

We present a double-sideband, frequency-switched heterodyne receiver system for
simultaneous spectral measurements of the atmospheric Oz 645 — 64¢ transition at
110.83604 GHz and the CO 1—0 transition at 115.27120 GHz, observed at an eleva-
tion of 80°. A block diagram of the receiver is shown in Fig. 1 and technical specifica-
tions are given in Table 1. A 2 bit autocorrelator is used as backend spectrometer. The
bandwidth is 20 MHz and the nominal resolution is 25 kHz (800 delay channels).

2.1 Frontend description

The receiver frontend includes a four stage Low Noise Amplifier, LNA, a fundamental
resistive mixer, and a x4 LO chain, all integrated onto a single Monolithic Microwave
Integrated Circuit, MMIC, using a 100 nm mHEMT process. The mixer provides a con-
version loss of 8—10dB for LO power of 4 dBm. The LO chain consists of two doublers
followed by a two stage power amplifier. The amplifier delivers about 5dBm of LO sig-
nal to the mixer with an input power of 9 dBm at 29.5 GHz. Vassilev et al. (2010) gives
more details on the performance of the receiver and a breakout of the LNA.

2.2 Calibration

Brightness temperature, 7, derived from the Rayleigh—Jeans approximation of the
Planck law, is often used as a measure of the received radiation in microwave ra-
diometry. The Rayleigh—Jeans approximation can be written:

B(A,T)~ 2KT (1)

12
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where B is the brightness describing the energy emitted by a black body, A the wave-
length, k the Boltzmann constant, and T the physical temperature of the black body.
Equation (1) is valid when hv <« kT, where h is the Planck constant and v is the fre-
quency. The brightness temperature, 7,,, is defined as:
12

To=1(0)5 @)
The proportionality between the received radiation, /, and 7, is the reason why 7 is
used in microwave radiometry. The antenna temperature, T,, is defined as the convo-
lution between the observed brightness temperature distribution and the antenna pat-
tern. In the rest of this section a pencil beam is assumed implying that the measured
antenna temperature, 7,, is equal to the brightness temperature, 7., in the observed
direction.

The system temperature, the radiometer output power measured by the spectrome-
ter, is defined as Tgys = T, + T(ec, Where the receiver temperature, 7o, is @ measure of
the power generated in the components along the radiometer system transmission line
where the first stages as LNA and mixer contribute the most.

In the mixer, the RF input spectrum is folded around the LO to form the IF output
spectrum (see Fig. 2). The IF bandpass filter selects the position and width of both the
lower sideband, LSB, and the upper sideband, USB. If any of the two sidebands are
terminated ahead the mixer the receiver is called single sideband, SSB. We use the
mixer in true double sideband mode, DSB, where LSB is centered at 110.84 GHz and
USB at 115.27 GHz, see simulated spectra in Fig. 3. The contributions from LSB and
USB are weighted with their relative frontend gains and then added to form 7, (Ulich
and Haas, 1976). The system temperature of a calibration blackbody load that fills the
antenna beam, 7 (load), can thus be expressed as:

7-sys(load) =G, <Tload(L) + Trec(L)> +Gy (TIoad(U) + Trec(U)> ()
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where L and U mark the contributions from the LSB and USB frequencies, G, and G,
are the normalized relative frontend power gains (G, + G, = 1) in the two sidebands
(also called sideband responses), and T,,,4 is the temperature of the blackbody load.
The sum of the two contributions to the receiver temperature is denoted 7, i.€. T =
G, Toc(L) + GyT,oc(U). If it is assumed that the load is a blackbody in both sidebands,
Eq. (3) is hence simplified to:

Tsys(load) = 7-Ioad + 7-rec (4)
To estimate T, two blackbody loads with physical temperatures 7, (ambient load)

and 7,4 (77 K load) are observed each month. T, can then be estimated using:

Pcold _ TSYS(COId) _ 7-cold + 7-rec T =P 7-hot B 7-cold
rec —

= = d5 _ p
Phot - Pcold 7-sys.(hOt) - Tsys(COId) 7-hot - 7-cold o Phot - Pcold

- 7-cold’ (5)

where B,; and P,y are the measured powers observing the two loads. The system
temperature when observing the sky, 7 s(sky), is given by:

Tsys(sky) = G/ T4(L) + GyTa(U) + Trec (6)

where T,(L) and T,(U) are the antenna temperatures at 110.84 and 115.27 GHz, re-
spectively.

The following calibration procedure is performed each 15min to estimate the sky
brightness temperature:

Pload - Psky _ 7-sys(load) - Tsys(Sky) (Tload + 7-rec) - (GL Ta(L) + GUTa(U) + 7-rec)

= , (7
Ps Tsys(Sky) GL Ta(L) + GUTa(U) + 7-rec

ky
where A4 and Py, are the measured powers observing the load and the sky, respec-
tively. The weighted mean of the antenna temperatures at the two sidebands,

Ty = GLTa(L) + GyT,(U) (8)
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can be derived from Eq. (7) since T\,,q and 7, are known. Since a pencil beam is
assumed, T, is denoted as sky brightness temperature (see above). An error in the
estimate of 7. introduces an error in the estimation of 7. The hot-cold calibrations
(Eq. 5) performed so far indicate that the variation in 7, is less than 3 %. Equations (7)
and (8) then gives that the error in T is less than 2 %.

The sky brightness temperature at 115.3 GHz is 35-60K higher than at 110.8 GHz.
This is explained both by the frequency variation of absorption due to tropospheric
water and by the fact that 115.3 GHz is situated higher on the wing of the 118 GHz O,
line, see the broadband spectra in Fig. 4 estimated from one year of radiosonde data
taken at Landvetter Airport, 38 km N.E. of Onsala Space Observatory.

2.3 Frequency-switching

The particular Dicke-switch method used here is frequency-switching. In this method
the frontend mixer LO frequency, f, o, is switched between the phases of the signal, S,
and the reference, A, in the measurement cycle. f o(S) = f, — Af and f o(R) = f, + Af
where f, is the mean of the two local oscillator frequencies. Owing to S — R being a dif-
ference, the spectra will show both a negative and a positive peak in the observed
spectral characteristic, with a separation equal to the frequency throw, 2Af. An aver-
aged spectrum is seen in Fig. 5. The spectrum is a combination of double-sideband
measurement and frequency-switching which explains the positions of the negative
and positive peaks of O5 from the lower and CO from the upper sidebands.
Using frequency-switching during the observation cycle we record

AP
ATy = 55 (Tioad = Tsky) = Tsky(—AF) = Ty (+AF)
Pload - Psky
=G, (Ta(L, =Af)=T,(L, +Af)) +Gy (Ta(U, -Af)-T,(, +Af)) (9)

where AT, is the difference in brightness temperatures (since we assume a pencil
beam) and AP = Ps — Py is the difference in the measured powers between the two
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frequencies 1 o(S) and f o(R). The calibration procedure gives Fyay, Pekys Tioad @Nd
Ty~

2.4 Sideband ratio

The sideband responses G, and G, have to be known accurately to be able to re-
trieve vertical profiles from the measured spectra. The measurement of the sideband
responses relies on inserting a continuous wave (CW) of known amplitude in the RF
path of the instrument and to measure the down converted IF signal. The measurement
is then repeated over several RF/IF frequencies to get the overall sideband response.

Figure 6 shows the setup used for the measurement of the sideband response of
the instrument. A millimeter wave source generates a CW in the 110.5-115.5 GHz fre-
quency band. A mm-wave spectrum analyzer extender measures the amplitude of the
CW signal. The radiometer frontend, and a spectrum analyzer measure the amplitude
of the down converted IF. All the measurement equipments are synchronized to a com-
mon reference clock.

In the current measurement setup, the mm-wave source is first connected to the
extenders to measure the amplitude of the CW signal while sweeping the source fre-
quency fgg = 110.5 — 115.5 GHz. After taking the RF power sweep, the CW source is
connected to radiometer, and the amplitude of the down converted IF is recorded while
sweeping the RF frequency as before. The local oscillator frequency of the radiometer
is held constant at f 5 = 113.055 GHz (28.26375 x 4). The two sidebands after the IF
amplifier bandpass response are,

fLsg = 113.055 — (1.5 — 2.5) = 110.555 — 111.5655 GHz
fusg = 113.055 + (1.5 — 2.5) = 114.555 — 115.555 GHz (10)
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The sideband gains of the instrument can then be estimated by taking the ratios of
the measured power at RF frequencies and IF frequencies as,

pLsB puUsB
_"F _"F

9us8 = 58 and gysg = SUSB (11)
RF RF

The measured sideband ratio, g, sg/gusg; is close to unity. However, standing-wave
patterns are seen in both the measured RF and IF powers, which introduce an error
in our estimation of the sideband ratio. These standing waves have to be minimized in
order to improve the quality of the measurements. Nevertheless, the results obtained
so far with the current setup are promising. The linear normalized relative frontend
power gains, G, and G, are estimated at 0.5+ 0.05 and 0.5 ¥ 0.05 respectively.

2.5 Water vapor radiometer for tropospheric measurements

Due to the nature of DSB mixers, the measured sky brightness temperature is the mean
of the brightness temperatures at the lower and upper sideband frequencies, weighted
with their respectively sideband gains G, and G,,. To be able to correct for the tro-
pospheric attenuation an estimation of the sky brightness temperatures at these two
frequency regimes are needed. The OSO site operates two dual-frequency radiome-
ters, ASTRID and KONRAD, that continuously measure the sky brightness temperature
in different directions at 21.0/31.4 and 20.6/31.6 GHz respectively, see Table 2. The
data is used to provide independent corrections for the water vapor induced time delay
which affect the accuracy of the geodetic VLBI observations performed at the obser-
vatory (Elgered and Jarlemark, 1998). In Sect. 3.3 the use of the calibrated zenith sky
brightness temperatures, from these instruments, to estimate the tropospheric opacity
at 110.84 and 115.27 GHz, is discussed.
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3 Retrievals
3.1 Forward model

For the retrievals presented in this paper, the Atmospheric Radiative Transfer Simula-
tor (ARTS v.2.3.145) is used as a forward model (Buehler et al., 2005; Eriksson et al.,
2011). It is a general radiative transfer model that can provide Jacobians for a large
number of different measurement geometries and systems. A 1-D simulation setup is
applied using a pressure grid ranging from 1.3x10° Pa (O m) to 7.5x107*Pa (~ 130 km)
with a spacing of ~250m. Line-by-line simulations of frequencies in two bands be-
tween 110.816—110.856 and 115.251-115.291 GHz are run with a monochromatic fre-
quency grid having a spacing of 4.2 MHz at the far end of each band, decreasing to
14.13kHz in the center of each band. The instrument is modeled as a dual sideband
receiver with a flat 50 % sideband response in each band. Each channel of the autocor-
relator is modeled to have a channels response corresponding to an ideal Hanning filter
with a FWHM of 50 kHz. The antenna is modeled as a pencil beam antenna looking at
a zenith angle of 10°, and the instrument is positioned at ground level.

The spectroscopic lines included in the forward model are CO at 115.27 GHz, O4 at
110.5, 110.7, 110.8 and 115 GHz as well as complete absorption models for molecular
oxygen, molecular nitrogen, water vapor and liquid water. A summary of the spectro-
scopic parameters is given in Tables 3 and 4. For the emission lines the line position
and strength is taken from JPL-catalog (Pickett et al., 1998) while the broadening pa-
rameters are taken from HITRANO4 (Rothman et al., 2005).

Comparing the measurements to a forward model simulation with the line positions
from the JPL-catalogue (as well as HITRAN04 Rothman et al., 2005) the simulated CO
emission occurs at the same frequency in both the simulation and our measurements,
while the simulated O line emission at 110.8360400 GHz shows a clear frequency off-
set compared to the measurements. Since the CO line is positioned correctly a shift in
the LO frequency cannot explain the frequency offset of the O line. This thus indicates
that the databases have the wrong frequency for this spectral line. Best agreement be-
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tween the forward model and measurement was found if the line was shifted 117 kHz
(specified uncertainty is 50 kHz) to 110.8359230 GHz. Note that for the purpose of this
study, the exact reason for this shift is not relevant, since a pure shift in frequency does
not affect the retrieved concentrations as long as the modeled and measured spectra
are consistent.

3.2 Retrieval model

To retrieve CO and O3 concentrations from the measured spectra, the maximum a pos-
teriori method, also called optimal estimation method, OEM, (Rodgers, 2000) is used
as implemented in the updated version of the Qpack software (Eriksson et al., 2005).
Given the spectra with assumed errors and a statistical distribution of the measured at-
mosphere, the method returns the maximum a posteriori estimate combining these two
pieces of information. If the atmosphere and possible instrument parameters are de-
scribed by a state vector x, the measured spectrum by y, and the a priori atmosphere
as x,, the estimated atmosphere is

X =x,+(K'S;'K+S;)K'S ' (y - Kx,), (12)

where S, S, are the covariance matrices describing the uncertainty (assuming normal
distribution) in the measurements and a priori atmosphere respectively. The Jacobian-
or Weighting function matrix, K= 0y /0x, is the linearized derivative of the forward
model and describes how a change in any of the state vector elements influences the
measured spectrum.

To save computational resources, the inverse problem (Eq. 12) is solved on a coarser
grid than the forward model. The state vector is specified to contain the concentration
(vmr) of CO and Og4 at pressure levels between 1 x 10° and 1 x 1072 Pa with a spacing
of 2km. In addition to CO and O; the state vector includes the concentration (in units
relative to the a priori concentration) of water vapor and liquid water between 1 x 10°
and 1.3 x 10° Pa with a spacing of 1 km. These species are included to correct for tro-
pospheric influence on the mesospheric emission (see Sect. 3.3). The elements of the
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state vector containing these species are referred to as x"P. To account for baseline
ripple in the instrument a 3rd order polynomial fit is performed, and its coefficients are
stored in the four last elements of the state vector.

Each of these state vectors variables needs a priori values stored in x,. The a priori
profile for CO and Og is based on a climatology containing the monthly zonal mean
values from ACE-FTS at 57.5° N. It is based on the method described in Jones et al.
(2012) but with an updated data quality classification (Sheese et al., 2015). The cli-
matology covers pressure levels from 1 x 10° to 1 x 107* Pa, but lacks data for cer-
tain months and altitudes. A linear interpolation between months is used if values are
missing. Above 1 x 107 Pa the climatology is extrapolated using the vmr value from
1x10™* Pa. The temperature, altitude and pressure relationship is, above 100 Pa, taken
from a climatology based on the MSISE-90 model (Hedin, 1991), while below 5000 Pa
it is based on the database for used tropospheric correction (see Sect. 3.3). Between
5000 and 100 Pa the temperatures are obtained by a linear interpolation between the
two datasets.

To solve Eq. (12), S, and S, must be specified. We describe these covariances with
a standard deviation and a correlation function (see e.g. Christensen and Eriksson,
2013). For S, the standard deviation is equal to the thermal noise estimated from the
measurements (~ 0.07 K) and correlation between channels is modeled as a Gaussian
correlation function with a correlation length equal to 1.6 channels. The specification
of S, depends on which state vector variable the elements describe. The covariance
of CO is described with a standard deviation equal to 1 ppmv plus 100 % of the annual
mean CO profile (ppmv) from the a priori. This large uncertainty is needed to ensure
a reasonable sensitivity despite the low signal to noise ratio of the CO measurements.
For O3 the standard deviation is described simply as 4 ppmv for all altitudes, and for
temperature it is set to 5K for all altitudes. The correlation between altitudes is set to
follow a linear correlation function with a correlation length of 8 km for both species
and the temperature. Tropospheric water vapor has a standard deviation equal to 10 %
of the a priori value and a linear correlation function with a correlation length of 8 km,
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while the liquid water has a standard deviation equal to 100 % of the a priori value, and
no correlation between altitudes. The baseline fit has a standard deviation of 4 K for all
coefficients.

3.3 Tropospheric correction

In order to accurately estimate the CO and O3 concentrations in the mesosphere, the
tropospheric attenuation needs to be accounted for. A common way of to achieve this
is to model the troposphere as a single layer, with an effective temperature and opacity,
and performing a correction of the observed spectra prior to performing the retrieval.
For the DSB receiver the difference in the opacity between the two sidebands is too
large for such an approach to work, and as such the troposphere needs to be included
directly into the forward model. This is done in two steps. First an atmosphere is se-
lected from a database of tropospheric scenarios. The atmosphere selected is the one
minimizing the following cost function

)(2 _ (ytrop _ f(xtrop))TStSrOP (ytrop _ f(xtrop)) , (13)

where y"" is the measurements used for the tropospheric correction, f(x"") the ra-
diance from the modeled troposphere and Sterop the covariance matrix describing the
measurement noise for the measurements used for the tropospheric retrieval. For the

DSB instrument y"* consists of two elements, the mean T, measured across all

channels, Tsrﬂia”, and the ground temperature at OSO at the time of the measurement,

Tqroungs Measured by the weather station at the site. Both these values are averaged
over the same time period as the spectral measurements. The second step is to expand
y in Eq. (12) to include y"P and retrieve x"P with the OEM method, using the selected
troposphere as the a priori. The effect of tropospheric attenuation on the mesospheric
spectra are thus also added to K.

The tropospheric states considered in Eq. (13) are taken from a database con-
structed on data from the ERA-Interim project (Dee et al., 2011), covering years 2009,
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2010 and 2011. Data were extracted for the OSO site, at 00:00 and 12:00 UTH each
day of the 3year long period. In total, the database contains 2190 atmospheric states.
Temperature and humidity data were used as provided by ERA-Interim. In a first step,
LWC was set to zero if r > f, where f is the ERA-interim cloud fraction and r a random
number with flat probability between 0 and 1. If r < f, LWC was set to LWC,/f, where
LWC, is the ERA-Interim grid box mean LWC. However, in comparison with ASTRID
and KONRAD retrievals, this was found to underestimate both the amount of cloudy
situations and maximum integrated liquid water (LWP). A better agreement was cre-
ated artificially by instead selecting r between 0 and 0.5, and increasing LWC, with
a random factor, uniformly distributed between 1 and 2.

Fitting the troposphere using just Ts”k‘yean and Tyoung is @ grossly under-determined
problem, and thus to test the accuracy of this method the tropospheric attenuation
was also simultaneously estimated by including measurements from the water vapor
radiometer ASTRID into y"™P (averaged over the same timeperiod as the double side-
band receiver). The two channels are simulated as described in Sect. 2.5 using the
same settings as described in Sect. 3.1. Simulations were also run for KONRAD, and
comparing the simulated brightness temperatures from the two water vapor radiome-
ters and brightness temperature measured, an offset was seen. For clear sky days (i.e.
no clouds) ASTRID systematically measured brightness temperatures 3 and 5K lower
than the simulations predicted for the lower and upper frequency channels respectively,
while KONRAD had a bias of —2 and +1 K for the two channels. Since both radiometers
differ in their bias, we assume that this discrepancy comes from instrumental errors.
For this study, the ASTRID instrument alone is used to characterize possible errors
in the tropospheric correction described by Eq. (13) (see Sect. 5). Thus, in order to
ensure consistency between the simulations and the measurements, the ASTRID was
bias corrected to match the simulated data before it is used.
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4 Results of the OSO measurements

Figure 7 shows retrieved profiles from two example cases, one captured during a winter
night and one during a autumn day. The winter spectrum shows stronger emission
and less noise than the summer spectrum. The different noise levels mainly come
from the higher tropospheric humidity in the autumn leading to more attenuation of the
mesospheric signal. Figure 8 shows all retrieved CO and O; from the measurement
period. From the retrieved profiles, it is clear that stronger emission in the winter come
from an increase in CO and O4 at altitudes above 10 Pa. The general structure of the
CO distribution is seen in Fig. 8 with a sharp increase in volume mixing in the upper
mesosphere.

This initial time series mainly cover the winter period. During the winter the gen-
eral circulation brings down air from the thermosphere into the mesosphere which
increases the mesospheric CO abundance. This down-welling is strongest inside the
polar vortex, and the variation of CO seen from day to day is mainly explained by move-
ment of the polar vortex. OSO is sometimes located within and sometimes outside the
vortex during the winter. During summer the general circulation is reversed and hence
is characterized by up-welling air which decrease the mesospheric CO abundance,
which can be seen in the end of the measurement series.

The time series of O3 both show the upper part of the stratospheric peak and a night-
time peak at altitudes above 10 Pa during the winter. Due to the poor resolution of the
instrument the observed mesospheric diurnal peak can be a mixture of both “the sec-
ondary ozone peak” at ~ 90 km and “the tertiary ozone peak”, located at 72km, see
Sect. 1.

Example averaging kernels are shown in Fig. 9. The large negative values for the
higher altitude CO averaging kernels with respect to changes in vmr at lower altitudes
are common in ground based microwave radiometers retrieving CO (Hoffmann et al.,
2011; Forkman et al., 2012; Straub et al., 2013). However, since the probability of
a large change in volume mixing ratio at lower altitudes is small, these negative values
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are not problematic. The retrievals have a measurement response above 0.8 between
100 and 0.2 Pa for CO and 200 to 0.6 Pa for O5. Calculating the degrees of freedom of
the retrievals (trace of averaging kernel matrix) CO is retrieved with 1.5-2.5° of freedom
(depending on season) and O3 with 3.5-5° of freedom. Resulting to an average vertical
resolution of 20 and 10 km for CO and Og respectively. For the highest altitudes (e.g.
0.1 Pa), the peak of the averaging kernel also deviates from the altitude which the
averaging kernel represents.

5 Sensitivity to errors in forward model and retrieval parameters

Errors are introduced from uncertainties in the forward model and the retrieval parame-
ters. These include uncertainties in the modeling of the instrument, uncertainties in the
spectroscopic parameters used, uncertainties in the tropospheric correction as well as
a dependence on the a priori assumptions used in the retrievals. To estimate these er-
rors the retrievals are rerun with each parameter perturbed with its 10 uncertainty (see
Table 5). For the tropospheric correction the error was estimated by comparing the
nominal correction method (using only T3#*" and Tgo.ng) to the extended tropospheric
correction including ASTRID. The error estimation was carried out over the sub-set of
measurements where simultaneous data from the OSO instrument and ASTRID was
available.

The mean difference and the standard deviation between each of the perturbed re-
trievals and the standard retrievals are shown in Fig. 10, together with the total root-
sum-square error from all the parameters. For CO the estimated accuracy is better than
0.3 ppmv for altitudes below 10 Pa, while degrading at altitudes above this, to 2 ppmv
at 1 Pa. The largest source of systematic uncertainty is the characterization of the side-
band response, followed by uncertainties in the temperature profile. The total estimated
random errors for CO from the retrieval parameters are of the same size as the random
error from thermal noise in the measurements (< 0.3 ppmv below 10 Pa and 1 ppmv at
1 Pa). For O, the estimated systematic and random uncertainties from the simulated
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error sources, are better than 0.5 ppmv between 100 and 1 Pa, with the largest source
of systematic errors being the uncertainties in the sideband response and the a priori
variability. Errors due to thermal noise in the measurements are 0.5 ppmv across all
altitudes where the measurement response is greater than 0.8. A summary estimated
precision and accuracy for the retrieved data at three example pressure levels is given
in Table 6. For the precision estimate, the maximum error from either thermal noise or
forward model parameters is used.

6 Satellite comparisons

The vertical profiles from the OSO instruments have been compared to version V-
3-3 of CO and O3 data from the microwave limb sounder MLS on the Aura satellite
(Pumphrey et al., 2007) and (Froidevaux et al., 2008), see Table 7. The comparison
covers the time period October 2014 until April 2015. MLS data taken closer to the
OSO-site than latitude +5° and longitude +10° has been used, see Fig. 11. MLS has
measurements solely from either night (01:00-02:00 UTC) or day (11:00-12:00 UTC)
within the used position range. Since the OSO data is 6 h averages the 6 h period with
the best overlap with the MLS measurement times has been used in the comparison.
The MLS data was interpolated onto the OSO retrieval grid. To compensate for the
different vertical resolution of the two instruments the MLS data was convolved with
the averaging kernels, A, of the OSO instrument (Rodgers and Connor, 2003)

Xs :Xa'*'A(Xsat_Xa), (14)

where x, is the OSO a priori profile and xg is the smoothed MLS profile.

Figures 12 and 14 show mean profiles of O3 and CO for the two instruments. Fig-
ure 12 shows averaged night and day Oy profiles from December 2014 and Fig. 13
shows the difference in vmr between OSO and MLS. The averaged day profiles from
the two instrument are very similar within their measurement ranges. The night pro-
files however differ at altitudes above 5Pa (~ 70 km), where OSO shows a more pro-
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nounced peak in the upper mesosphere. The MLS peak seen in the night profile at 2 Pa
is probably “The tertiary ozone peak”.

There is no clear diurnal variation of the CO profiles. Figure 14 shows averaged
day profiles from December 2014 and March 2015 and Fig. 15 shows the difference in
vmr between OSO and MLS. OSO shows higher CO abundances than MLS at altitudes
above 5 Pa during December. During March the difference between the two instruments
is much less pronounced.

Figures 16 and 17 show time series for the measurement period for OSO and MLS
at three different pressure levels (100, 10, and 1 Pa). The average measurement re-
sponse for OSO is higher than 80 % for both O; and CO at these pressure levels and
MLS reports valid data at altitudes below ~ 1 Pa. Note that due to the vertical reso-
lution of the OSO instrument, the values at these pressure levels are not necessarily
completely independent. The CO and Oj data from the two instruments shows the
same general features, both in terms of the overall variation and in sporadic events.
The main differences between the two instruments are both the higher OSO values of
upper mesospheric Oz mixing ratios during winter nights and the higher OSO values
of upper mesospheric CO mixing ratios during the winter compared to MLS (see also
Figs. 12 and 14).

Similar discrepancies between CO measurements from MLS and ground-based in-
struments, as presented above, have been reported earlier by Forkman et al. (2012)
using an older receiver system and by Hoffmann et al. (2011).

7 Summary and conclusions

The first simultaneous measurements of mesospheric O3 at 110.8 GHz and CO at
115.3GHz made by a ground-based, double sideband and frequency-switched ra-
diometer system operated at the Onsala Space Observatory, OSO, (57.4°N, 11.9°E)
are presented.
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Dicke-switching is the generally used observation method in microwave radiometry
to diminish effects of gain variations in the receiver system. Frequency-switching is the
most time effective Dicke-switching variant since no reference load is observed except
in the calibrations. Since the frequency throw has to be less than ~ 20 MHz to avoid
gain differences, the method is restricted for studies of the spectral shapes of emission
lines from high altitudes where the pressure broadening is limited. The method is hence
well-adapted for observations of mesospheric CO and O;.

Most ground-based microwave heterodyne radiometers for atmospheric remote
sensing are operated in single sideband mode. In a double sideband system simul-
taneous measurements of two emission lines at rather different frequencies, as O at
110.84 GHz and CO at 115.27 GHz, are possible. The drawbacks of a system were
both sidebands are used are both that the sideband ratio has to be measured and that
the tropospheric attenuation can differ between the two line frequencies.

In this study the gain between the frontend RF input and IF output was estimated by
measuring the IF power when a calibrated RF source was connected to the frontend.
The RF source was swept across the lower and upper sidebands and the sideband ratio
was estimated by comparing the IF and RF powers in the measured frequency range.
Standing waves arising from reflections in the transmission line affects the result. In
order to reduce the reported error in the sideband ratio estimation, the measurement
setup will be refined to try diminish the standing waves.

The commonly used method to compensate measured spectra for the tropospheric
attenuation is to use an one-layer model of the troposphere with constant effective tem-
perature and opacity and to correct the observed spectra before the retrieval process.
The difference between the opacities in the two sidebands is however too large for
this method to work. A new approach where the troposphere is included in the forward
model has been developed.

To calculate vertical profiles of CO and O from the measured spectra the Optimal
Estimation Method, OEM, has been used in the retrieval process. To present as exact
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error estimations as possible, the systematic effects arising from the uncertainties in
the different measurement and retrieval parameters, have been carefully studied.

The OSO CO and O4 data have been compared to measurements from the satellite
instrument MLS (v3-3) on Aura. The data from two instruments shows the same gen-
eral features in both sporadic events and in the overall variation. The main differences
between the instruments are the higher OSO values of O3 mixing ratios in the upper
mesosphere during the winter nights and the higher OSO winter values of CO mixing
ratios in the upper mesosphere compared to MLS.

Microwave radiometry is the only ground-based remote sensing technique that can
monitor the mesosphere day and night even during cloudy conditions. Simple and reli-
able microwave radiometers measuring in the frequency range below 150 GHz can be
very valuable for mesospheric research since they can be operated at almost every
ground-based site. The described instrument shows the potential of a double-sideband
and frequency-switched radiometer system for simultaneous measurements of meso-
spheric CO and O;.
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Table 1. Receiver specifications.

Radio frequency

110-116 GHz, DSB

Mirror edge taper
Elevation

Horn

Beam width, FWHM

First stage

Image sideband rejection
Sideband response
Local oscillator (LO)

LO frequency

Frequency throw (2Af)
Mixer IF

DSB receiver temperature
Backend spectrometer
Bandwidth

Nominal resolution
Integration time

-35dB

80°, fixed

Aluminium, corrugated

6

LNA +20dB, Ambient temperature
None, DSB

0.50/0.50 £ 0.05

Synth. + multipliers
113GHz

8 MHz

2.21GHz

~ 450K

800 channel autocorrelator
20 MHz

25kHz

6 h centered at 05:00, 11:00, 17:00, and 23:00UTC
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Table 2. Specifications for the total power dual channel radiometers.

Radiometer ASTRID KONRAD Unit
Radio frequencies 21.0/31.4 20.6/31.6 [GHZz]
Antenna (one for each frequency) Dielectrically loaded horn  Conical lens horns

Beam width, FWHM 6/6 2.9/2.0 1
Pointing resolution 0.1 0.1 1
Reference load temperatures 313/360 313/373 K]
System noise temperature 450/550 450/550 K]
RF bandwidth (both channels) 1000 320 [MHZz]
Accuracy <1 0.5 [K]
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Table 3. Summary of the two major spectroscopic lines. g'
=
Line parameter 6]0) O4 Unit -;5;
Center frequency, f, 115.2712018 110.8359230 [GHZ] -
Line intensity, /, 9.761128 x107'®  3.567796 x10™""  [m’Hz™'] -
Air broadened width 23332.68 23932.87 [Hz Pa'1]
Self broadened width 25958.54 30009.87 Hz Pa'1]
Ref. temp. for broad. param. 296 296 K]
Temp. dep. exp. for broad. param. 0.69 0.73 [-]
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Table 4. Summary of the complete absorption models. The model name refers to the name '30
used internally in ARTS, while the model is described in the reference given. 2
[©)
Species Absorption model Reference -
N, N2-SelfContStandardType Rosenkranz (1993)
o, 02-PWR98 Rosenkranz (1998)
H,O H20-PWR98 Rosenkranz (1998)
LiquidWater liquidcloud-MPM93 Liebe et al. (1993)
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Table 5. Summary of the perturbations applied to the forward model and retrieval parameters
in the sensitivity study. Method indicates how the perturbation values were estimated.

Parameter

Perturbation (10)

Method

Line strength (O53/CO)

Pressure broadening parameter (O3/CO)
A priori profile

A priori uncertainty

Temperature profile

Sideband response

Tropospheric correction

2%
10%
50 %
50%
+5K
5%

comparison to method

Pickett et al. (1998)
Rothman et al. (2005)

10 of MSISE-90 is 3K (Hedin, 1991)
Sect. 2.4
using ASTRID
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Table 6. Summary of error estimate.

Species Error (ppmv) 100Pa 10Pa 1Pa
(O Precision 0.31 0.44 0.49
(O Accuracy 0.68 0.15 0.28
CoO Precision 0.19 029 1.30
CO Accuracy 0.07 024 1.78
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Table 7. Satellite characteristics.

Satellite instrument Aura-MLS
Launch 15 July 2004
Orbit inclination 90°

Measurement principle
Frequency band

CO and O; versions

CO validation

O, validation

Vertical range

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

Limb sounding, emission
240GHz

V-3-3

Pumphrey et al. (2007)
Froidevaux et al. (2008)
16—-80 km

7-8km

200 km

~ £20%

Lat. £5° and Long. £10°
140
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Figure 1. Block diagram of the DSB 110-115GHz O5;/CO receiver system. The cold load is
regularly mounted and used.

(cc) W)

Jaded uoissnosiq

345


http://www.geosci-instrum-method-data-syst-discuss.net
http://www.geosci-instrum-method-data-syst-discuss.net/5/311/2015/gid-5-311-2015-print.pdf
http://www.geosci-instrum-method-data-syst-discuss.net/5/311/2015/gid-5-311-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

GID
5,311-361, 2015

Jaded uoissnasiq

Double-sideband
3 mm receiver system

o P. Forkman et al.
o
(@)
c
7
@
S
’ Lo ")
Mixer %’
0]
Radio frequency, Intermediate IF RF RF -
RF frequency, IF DSB LSB USB .

[

Local oscillator, LO Frequency

Figure 2. Mixer fundamentals.

JSdBd uolssnasig

(cc) W)

Jaded uoissnosiq

346


http://www.geosci-instrum-method-data-syst-discuss.net
http://www.geosci-instrum-method-data-syst-discuss.net/5/311/2015/gid-5-311-2015-print.pdf
http://www.geosci-instrum-method-data-syst-discuss.net/5/311/2015/gid-5-311-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

Brightness Temperature [K]

Figure 3. Simulated atmospheric spectra as seen with an elevation of 80° from the ground
(blue) and, for clarity, from an altitude of 15 km (red). The 20 MHz wide LSB and USB frequency
ranges and the LO frequency are marked.
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Figure 4. Simulated atmospheric spectra from one year of radiosonde data taken at the Land-
vetter airport 38 km NE of the Onsala site. Different tropospheric conditions explain the seen
variation.
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Figure 6. Setup for sideband ratio measurement.

350

Jaded uoissnosiq

| Jadeq uoissnosiq | Jaded uoissnasiq

Jaded uoissnosiq

GID
5,311-361, 2015

Double-sideband
3 mm receiver system

P. Forkman et al.

(cc) W)


http://www.geosci-instrum-method-data-syst-discuss.net
http://www.geosci-instrum-method-data-syst-discuss.net/5/311/2015/gid-5-311-2015-print.pdf
http://www.geosci-instrum-method-data-syst-discuss.net/5/311/2015/gid-5-311-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

107
90

10° 80

10'

Pressure (Pa)
Approx. altitude [km]

102

Tb (K)

02l L L L " " . . L 108+ L
221 2212 2214 2216 2.218 222 2222 2.224 2.226 2.228 0 20 40 0 2 4 6 8
IF (GHz) CO vmr [ppm] O3 vmr [ppm]

Figure 7. The top left panel shows measured spectra (solid lines) and fitted spectra (black-
dashed lines) at two different times. The green line corresponds to a mid-winter night, while
the red is an autumn day. The lower left panel shows the residuals from the fitting of the two
spectra together with the mean residual of all spectra (black line). The two right panels show the
retrieved profiles for the corresponding cases, together with the a priori profile used (dashed).
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Figure 10. Accuracy and precision for CO (two leftmost panels) and O5 (two rightmost panels)
estimated by perturbation of forward model and retrieval parameters. The parameters perturbed
are line strength, /,, pressure broadening parameter, y,, a priori variance, SX, a priori profile,
XA, a priori temperature profile, Temp, the sideband response SB-resp and the tropospheric
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tion error by the dashed black line.
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Figure 13. Difference between OSO and MLS (OSO-MLS) for night and day vertical profiles of
O5 from December 2014. The a priori affects the result < 20 % between the dotted horizontal

lines.
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Figure 15. Difference between OSO and MLS (OSO-MLS) for December and March vertical
profiles of CO. The a priori affects the result < 20 % between the dotted horizontal lines.
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