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Abstract. This paper presents mesospheric carbon monoxide (CO) data acquired by the ground-based mi-
crowave radiometer of the British Antarctic Survey (BAS radiometer) stationed at Troll station in Antarctica
(72 S, 2.5 E, 1270 ma.s.l.). The dataset covers the period from February 2008 to January 2010, however, due
to very low CO concentrations below approximately 80 km altitude in summer, profiles are only presented
during the Antarctic winter. CO is measured for approximately 2 h each day and profiles are retrieved approx-
imately every half hour. The retrieved profiles, covering the pressure range from 1 to 0.01 hPa (approximately
48 to 80 km), are compared to measurements from Microwave Limb Sounder on the Aura satellif®1(&R)ra

and Whole Atmosphere Community Climate Model with Specified Dynamics (SD-WACCM). This intercom-
parison reveals a low bias of 0.5 to 1 ppmv at 0.1 hPa (approximately 64 km) and 2.5 to 3.5 ppmv at 0.01 hPa
(approximately 80 km) of the BAS microwave radiometer compared to both reference datasets. One explana-
tion for this low bias could be the known high bias of MLS which is on the same order of magnitud=. The
ground based radiometer shows high and significant correlatioffients higher than 0/0.7 compared to
MLS/SD-WACCM) at all altitudes compared with both reference datasets.

The dataset can be accessed uidigry/dx.doi.org10/mhg

1 Introduction down towards the stratosphere, leading to a downward tilt of
the CO isopleth towards the winter pole. In the past, CO mea-

From the stratosphere to the upper mesosphere Carbosurements have been used to infer rates of polar descent (e.g.,

monoxide (CO) mixing ratios increase by more than one or—'Blllen et al, 200Q Forkman et a/.2005 Lee et al, 2013 as

. . . Jvell as to study horizontal transport during strong dynamical
der of magnitude. The large reservoir of mesospheric an Lvents such as stratospheric sudden warmings [damne
lower thermospheric (75-100km) CO is mainly produced P gs eapney

by ultra-violet photodissociation of carbon dioxide (§O etal, 2009 . . . .
) i Remote sensing observations of CO in the microwave re-
The photochemical loss of CO in the stratosphere and meso-. . . .
. o S : - gion using the rotational transitions at 115 GHz and 230 GHz
sphere is governed primarily by the oxidation reaction with

hydroxyl (OH) to form CQ (Minschwaner et a)2010. Dur- have been performed since 19Ae(ers et al. 197§. Un-

. . e : . til the early 2000s such measurements have been mostly
ing the polar night, the lifetime of mesospheric CO is IongerOn a camnaian basis focusing on seasonal variations at
than 30 days Nlinschwaner et al.2010, which, together paig g

with its strong vertical gradient in the mesosphere, makes it %_ng;ggaztetiﬁgeset(;g.jglggqé::;e{ﬂﬁigﬁjwz\e/\e/:’lat([:]?g: grtoijﬁ d-

vgluab!etracerfordynamlcs. The strong descent of a'r.dunn.goased radiometers measuring CO have been installed in the
winter in the polar middle atmosphere transports CO-rich air
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Northern Hemisphere at high latitudes and are taking mea- 6 [
surements on a regular basis: the radiometer in Onsala, Swe- K
den described ifrorkman et al(2012 from 2002 to 2008 1 Hot-Cold-Sky Chopper ,

. . . . . 2 Polarizing Grid (Beam Splitter)
(continuation planned); the radiometer in Kiruna, Swedens so k cold Load

i i ; i-Reflection Wind
described inHoffmann et al.(2011) since 2008; and the & goam domp o
instrument in Thule, Greenland describedBiagio et al. ~ § partinfupett Sideband Filter v

(2010, taking measurements every January to March since; Local Oscillator | y ;
2009. The CO measurements of the instruments in Kiruna 7

and Onsala have been compared to data from Microwave /
Limb Sounder on the Aura satellite (AUKLS) and model D8<7/> Cryostat
output from Whole Atmosphere Community Climate Model

with Specified Dynamics (SD-WACCM) and to data of sev- Figure 1. Schematic drawing of the heterodyne receiver of the BAS
eral satellitesiioffmann et al.2012 Forkman et a.2012. microwave radiometer.

This paper describes ground-based measurements of
mesospheric CO taken from Antarctica and compares them
to data from AurdMLS and output of SD-WACCM. The
profiles presented are stored in the database of the Britis

Antarctic Survey [ittp;/dx.doi.org10/mhq).

1 Input (sky)
E beam

The instrument has been described in detailBspy

et al. (2006. However, before the operation presented here,
there have been two changes to the originally planned set-
up: (1) the moderate-resolution CTS has a bandwidth of
220MHz and a resolution of 29kHz (not 400 MHz and
2 Measurement 100 kHz) and (2) the hot calibration load is at room temper-

) ) _ature (approximately 294 K) and the cold load at 60K (not
The ground-based microwave radiometer of the Britishgok and 4K).

Antarctic Survey (BAS) measures spectra in the region of
the rotational transitions centered at 250.796 GHz (nitric ox-
ide, NO), 249.79 GHz and 249.96 GHz (ozone;),Cand
230.538 GHz (carbon monoxide, CO). The instrument hasA three-way mechanical chopper system selects the mi-
been designed in order to study tieeets of energetic parti- crowave signal either from the main reflector pointing to the
cle precipitation on the middle and upper atmosphere, usingky at 30 elevation angle, a 60K cold load or an ambient-
the NO and @data (e.g.Newnham et 82011, Daae etal. = temperature calibration load mounted on the chopper wheel,
2013. This paper focuses on the CO measurements carriednd directs it into the main receiver. The sky signal is
out for approximately 2 h each day in order to study the dy-then calibrated using the switching techniqueDitke and
namical context. The data presented have been acquired b8eringer(1946, as described b¥Parrish(1994 and refer-
tween February 2008 and January 2010 at Troll station inences therein. Each calibration cycle takes 27 s with 8 s inte-

2.2 Calibration and tropospheric correction

Antarctica (72 S, 2.5 E, 1270a.m.s.l.). gration time on each target.
For the profile retrieval, we correct each calibrated CO
2.1 Instrument emission spectrum for attenuation in the troposphere by

mainly water vapor. The factor for the tropospheric correc-

cally cooled radiometer front-end which has been coupled

to a spectrometer back-end. It has been designed and mMad-;  oiaset

ufactured by Radiometer Physics GmbH in Meckenheim,

Germany. The radiometer is a robust system for continuousThe data presented in this paper are from the BAS radiome-
semi-autonomous operation in the challenging Antarctic en-ter’s first period of operation in Antarctica between Febru-
vironment that requires a minimum of maintenance and op-ary 2008 and January 2010 at the Norwegian station Troll.
erator intervention. The front-end, schematically shown inIn summer, the mesospheric CO mixing ratios fall below the
Fig. 1, comprises a heterodyne receiver where the incomdinstrument’s sensitivity level, resulting in negative retrieved
ing radiation is combined with one of two independent local volume mixing ratios (VMR) at certain altitudes, and there-
oscillators at 255.6 and 225.6 GHz for the N\ and CO  fore only the data recorded during the months March to Octo-
observations, respectively, by a superconductor-insulatorber are analyzed. The CO line is observed for approximately
superconductor (SIS) mixer. The intermediate frequency (IF)two hours each day. As the change from the local oscilla-
signal in the 4-6 GHz range is subsequently amplified by artor (LO) used for NO and @measurements to the LO for

IF amplifier. Each of the signal bands is analyzed using athe CO measurements was done manually by an operator,
moderate-resolution as well as a high-resolution chirp transthe measurement times vary slightly, e.g., 80 % of the data
form spectrometer (CTSHartogh 1999. For the CO mea- are recorded betweet? h of noon local time, and there are
surements the moderate-resolution CTS was used. a 98 days without CO measurements. In order to achieve a
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Frequency [GHz] Figure 3. Calibrated CO spectrum after tropospheric correction as
measured before (blue) and after (red) 9 August 2008. The black ar-
Figure 2. Calibrated spectrum before tropospheric correction. Therows mark the approximate position of the shoulders the spectrum
solid black vertical lines mark the part of the spectrum used for theacquired after 9 August 2008. Top: spectrum before baseline correc-
profile retrieval. tion and 6th order polynomial fitted to the data. Bottom: spectrum
after baseline correction. In the bottom plot, the spectrum of 2009

(red) has been displaced by 2 K in order to facilitate comparison.

high enough signal to noise ratio for the profile retrieval, sev-

eral measured spectra are integrated. For this study 80 spe&ect.3.1). This allowed realistic CO profiles to be retrieved
tra from consecutive calibration cycles are averaged, whicheven after the feature appeared.

under good observing conditions results in a measurement

noisg of less than Q.15 Kand an integr_ation_time ofless thany  potieval of vertical profiles

30 min. Spectra with measurement noise higher than 0.25K

(e.g., due to high tropospheric opacity) are not consideredrhe inversions of the CO spectra are performed using the
for profile retrieval. During the winters 2008 and 2009 (492 optimal estimation methodRodgers 2000 implemented in
measurement days), the radiometer acquired a total of 197¢e Qpack software package (v2.0.B)iksson et a].2005.
integrated spectra over 394 days that are suited for profilerhe forward model is provided by the Atmospheric Radia-
retrieval. tive Transfer Simulator (ARTS), a modular program simu-
A typical integrated spectrum (average of 80 spectra, in-ating atmospheric radiative transfeEr{ksson et al.2011).
tegration time approximately 24 min) is shown in Fl§. A For a detailed description of the retrieval of CO profiles us-
Iarge baseline resulting from Standing waves in the front-enqng ARTS and QPack, we refer the readeHtoffmann et al.
is visible. However, when just focusing on an area of 40 MHz (2011) andForkman et al(2012). Here we will focus on the
around the CO line-center, indicated by the black solid lines,discussion of the retrieval setup and the results, including er-

the baseline can be approximated by a low-order polynomialor estimates, of the measurements in Antarctica.
curve fitted to the data as shown in the top panel of Big.

From February 2008 to the begmnyng of August the shap%.l Retrieval set-up
of the measured CO spectra was similar to the one shown
in red in Fig. 3. However, on 9 August 2008 a sudden For the inversions the measured spectrum is limited to
change occurred, and the spectrum acquired shoulders 180 MHz centered on the CO line at 230.538 GHz. The re-
cated approximately-1 MHz on either side of the CO line trieved quantities are CO volume mixing ratio, instrumental
center (compare blue spectra in F8). Initial analysis ob-  baseline in the form of a polynomial and a frequenfiget.
served these shoulders and theffeet on the retrievals For the baseline fit we choose a polynomial of 6th order as
(H. C. Pumphrey, personal communication, 2012). The reasystematic testing showed this to be a good compromise be-
son for this feature was found to be an instability in the tween a stable retrieval without oscillations and fitting too
electronic phase-lock control of the 225.6 GHz local oscil- much of the line itself which would lead to a loss of sensitiv-
lator. For the profile retrieval such a feature, being symmet-ity at the lowest altitudes. The frequencifset we retrieve is
rical around the line center, poses a significant limitation. mostly between-40 and 60 kHz and, although there may be
However, as the feature was stable in amplitude and posisome component of Doppler shift due to mesospheric winds,
tion over time, we applied an empirical correction, found by this ofset is mainly attributed to instrumental drift.
systematic trial and error, to the channel response function of The line parameters, as input for the forward model,
the spectrometer during the retrieval process (description irare taken from the HITRAN 2004 spectroscopic database
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The middle panels indicate that the retrieval has enough

Before 2008-08-09 — — — After 2008-08-09 : ! ; '
0 freedom in order to estimate a profile clearlyfdient from
the a priori even though the a priori covariance used in the
-5 1 inversion is small. The right panels show the Averaging Ker-
B 4o} 1 nels (AVK) of the inversion, which describe the relationship
) sl between the true, a priori and retrieved state of the atmo-
% - o sphere. None of the AVK, even those at higher altitudes,
e A TN peak above 0.05hPa (approximately 68 km), which is the
@ o5t L /! \\ altitude where Doppler broadening starts to dominate over
% 30 | \\Lr fo“ \V pressure broadening. This indicates that at this pressure level
o g and above, the retrieval does not provide any altitude profile
=351 MMMW WMMM 1 information, even though it is still sensitive to variations in
—40 !\MMM i MMW the CO VMR. The area of the AVK, also shown in the right

-1500 -1000  -500 0 500 1000 1500

Frequency [kHz] panels of Fig5, indicates that the retrieved profile is deter-

mined by the true atmospheric state at altitudes between ap-
Figure 4. Channel response functions used in the retrieval beforeproximately 1 and 0.01 hPa (area of the A¥K.8).
and after 9 August 2008. The degree of freedom (trace of the AVK matrix) is ap-
proximately 2 indicating that 2 independent layers are re-
trieved in the valid altitude range. This means that the vertical

Rothman et al(2005. The a priori temperature and CO resolution of the retrieval is approximately 15 km.
profiles are constructed from NCAR’s Whole Atmosphere
Community Climate Model with Specified Dynamics (SD- 33 Error characterization
WACCM) data (amarque et al. 2012 (description in
Sect.4.2). A monthly mean 20 year climatology is used for The estimation of thed random measurement error on the
the center date of each month, and the values for the day&diometer’'s profiles is based @&odgers(2000, meaning
in between are found by linear interpolation. The CO a pri-that the measurement noise on the spectra is propagated
ori covariance is held constant at 10 % of the mean a priorithrough the inversion. TheZsystematic errors are estimated
profile throughout the year. This value is comparable to theby perturbing the retrieval set-up with the uncertainties of the
daily standard deviation of 20 yr of SD-WACCM data in the temperature profile as well as the calibration and the intensity
altitude range we expect the BAS radiometer to be sensitive®f the CO line. The temperature profile was perturbed with
and somewhat smaller at higher altitudes (above 0.01 hP& K (1o of 20 yr of monthly SD-WACCM data is between 2.5
80 km). In addition to the diagonal elements, the shape of theénd 4 K at all altitudes) and the intensity of the CO line with
a priori covariance matrix is defined as linearly decreasing?2 %, following the suggestion ¢foffmann et al(2011). The
toward the &-diagonal elements with a correlation length of uncertainty in the radiometer calibration is estimated to have
a quarter of a pressure decade (approxima’[e|y 4 km) an upper limit of 10 % of the trOpOSpheriC correction factor.
Before 9 August 2008, the channel response function ofThis estimate accounts for uncertainties in the temperatures
the spectrometer is approximated with the sinc function (full of the calibration loads, the observation angle and standing
width at half maximum of 50 kHz) shown in Fig. Afterthat ~ waves on the spectra, as well as for uncertainties in the factor
date an empirical correction in the form of two secondary for the tropospheric correction itself.
sinc functions centered at approximately MHz from the In addition, we give an upper limit for the systematic er-
center frequency is app“ed to the channel response functor induced by the empirical correction to the channel re-
tion (also shown in Figd) in order to correct for the feature Sponse function after 9 August 2008. We estimate this error
caused by the local oscillator. by differencing the profiles inverted with a sinc function with
FWHM of 50 kHz (blue in Fig4) with those made using the
modified sinc function (red in Figt).
32 Results of the measurements The results of the error calculations are displayed in €ig.
The plot indicates that the uncertainty induced by the mod-
The results of two typical measurement of the radiometerified channel response function after 9 August 2008 domi-
are shown in Fig5 (top panel before and bottom panel af- nates the systematic error and therefore we conclude that the
ter 9 August 2008). The measured and fitted spectrum, andhape of the channel response function is a critical parameter
the diterence between the two (residuals) shown in the leftfor the absolute values of the retrieved profile. In laboratory
panels, indicate that the measured spectrum is fitted accuexperiments the channel response of the CTS was character-
rately and the residuals contain mainly noise contributionsized 0.5 MHz about the line center. However, this frequency
(standard deviation of the residuats= 0.18 and 0.14 for the  range proved to not be ficient for the back end character-
2008 and 2009 spectrum, respectively). ization in the profile retrieval and therefore a sinc function
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Figure 5. Retrieval before (top) and after (bottom) 9 August 2008. Left top: calibrated spectrum after tropospheric correction (blue) and
fit found using optimal estimation (red). Bottom left: residuals. Middle: estimated atmospheric profile with measurement error (blue) and a
priori with covariance (red). Right: AVK (red — 1, 0.1 and 0.01 hPa) and area of the AVK divided by 4 (measurement response).

was used as an approximation. This might introduce an addiror estimated from the level 2 algorithms) degrades through-
tional systematic error which we have not been able to chareut the mesosphere from 0.15ppmv at 1 hPa to 4 ppmv at
acterize here. 0.01 hPa, and the validation against AEES suggests that
MLS has a positive bias between 30 and 50 % throughout the
mesospheré/faters et al.2006 Livesey et al.2011).
For the intercomparison we use MLS profiles within a
ange of+1° in latitude and+5° in longitude from the Troll
tation.

4 Comparison to Aura/MLS and SD-WACCM

In this section we present a comparison between the C
VMRs retrieved from the measurements of the BAS radiome-
ter, the values found by the Microwave Limb Sounder on
the Aura satellite (AurdLS) and modeled values from the 4.2 SD-WACCM
Whole Atmosphere Community Climate Model with Speci- WACCM is a comprehensive chemistry-climate model us-
fied Dynamics (SD-WACCM). ing a free-running dynamical core that is adopted from the
NCAR Community Atmosphere Model (CAM). Its chem-
41 Aura/MLS istry module is an extension of version 3 of thg M.odel of
OZone And Related Tracers (MOZARTS3) (e.¢Cinnison
The Aura satellite is in a Sun-synchronous orbit passinget al, 2007). The gravity wave parameterization in WACCM
through two local times at latitudes up to 82.9he MLS (Richter et al. 2010 simulates &ects of unresolved grav-
instrument is described iWaters et al(2006; a validation ity wave sources such as topography, convection (mostly in
of the CO measurements (version 2.2) is giveRPiumphrey  low latitudes), and frontal dynamics (middle and high lati-
et al.(2007); and an overview of the version 3.3 retrievals is tudes). The parameterization also gives afecient for ver-
given inLivesey et al(2011). We use the MLS version 3.3 tical eddy difusion that &ects heating and the mixing ra-
CO product which covers the pressure range 215 to 0.005 hPgos of trace species. For the specified dynamics (SD) runs
with a vertical resolution of approximately 6 km throughout described inLamarque et al(2012, wind and temperature
the mesosphere. The single profile precisiam fdndom er-  fields are nudged at each model time step using the Goddard
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1072 ‘ ‘ ‘ 80 a certain day, and search for all MLS (WACCM) profiles
within 12 h before and after that time. From this set of pro-
files we use the MLS (WACCM) and BAS radiometer profile
closest in time. This strategy results in 312 (342) coincident
profiles that are not interdependent. We henceforth refer to
the coincident profiles of MLS and WACCM as the reference
profiles.

As MLS and SD-WACCM both have a better altitude res-
olution than the radiometer, the reference profiles are con-
volved with the AVKs from the radiometer data inversion.

+17 " Before 2008-08-09 ' {64

Pressure [hPa]

Approx. altitude [km]

32 4.3.1 Temporal variations

10 - : : : 80 The three dierent time series of coincident profiles on two
’ pressure levels in the mesosphere (0.3 and 0.03 hPa, approx-
imately 56 and 72 km) are shown in Fig.indicating good
general agreement. From this figure it is clearly visible that
the MLS (SD-WACCM) and BAS radiometer data are corre-
lated on a timescale in the order of months. The correlation
codficients are larger than 0.9 (MLS) and 0.7 (SD-WACCM)
temperature at all altitudes and statistically significant at the 99 % confi-
| = = = calibration dence level. In order to quantify the correlation on a shorter
spectroscopy timescale, we calculate correlation ddgents with varia-
chan. response tions longer than 20 days removed (high-pass filter with a
. . ~ = -total systematic cut-of at 20 days). This results in correlation @ogients
32 larger than 0.6 (significant at greater than the 99 % confi-
dence level) between MLS and the BAS radiometer while
Figure 6. Estimated uncertainties for the BAS radiometer. The un- between SD-WACCM and the BAS radiometer no significant
certainty caused by the measurement noise, f&d) is regarded  correlation is found. The relatively high correlation of the
as random while the systematic errouj2s determined by per-  short-term variations between MLS and the BAS radiome-
turbing the temperature profile (magenta dashed), calibration (cyaner indicate that the short-term variability is not only due to
dashed), spectroscopic parameters (blue dashed) and the chanifdise in one or both instruments but clearly driven by atmo-
response function (green dashed) with the respective uncertaintiegpheriC variations. These short-term atmospheric variations
Top: before 9 August 2008, Bottom: after 9 August 2008. above Antarctica seem to be not well represented in SD-
WACCM. Hoffmann et al(2012 did a similar analysis for
, , ... their ground based radiometer in Kiruna and found a similar
Earth Observing System 5 (GEOS-5) analysis. The specifiedrejation between the short-term variations in MLS and ra-

dynamics option allows the use of WACCM as a chemical i meter data. Similarly, they find a small, albeit significant,
transport model which facilitates the comparisons with 0b- ., re|ation on the order of 0.4 for the short-term variations

servations of trace chemical species as the state of the reﬁletween SD-WACCM and the ground-based radiometer.
atmosphere at a given time is reproduced. The SD-WACCM

run used for this intercomparison is nudged with 1% of the _ )
GEOS-5 meteorological fields below 60km (e.g., tempera-#-3-2  Intercomparison of profiles

ture, zonal and meridional winds, and surface pressure) every,, intercomparison strategy used closely follo@tiler
30 min. Latitude and longitude resolution for these WACCM o, 4 (2012 and Tschanz et al(2013; the results are dis-

runs is 1.9 x 2.5° and there are 88 pressure levels from the played in Figs.8. The plots to the left of Fig8 show the

surface to 150km altitude. For the intercomparison we us§naan coincident profile for each of the three datasets, be-
the WACCM midnight profile at the grid point (72.95, {516 9 August 2008 in the top panel and after in the bottom
2.5 E) closest to the Troll station. panel. The comparison indicates that the CO VMRs from the
BAS radiometer have a low bias at all altitudes compared to
4.3 Results and discussion the two reference profiles, while the reference profiles are in
good agreement.
A set of coincident profiles is generated by first searching The middle panel displays the bias and standard error of
for all the profiles from the BAS radiometer within one day. the datasets together with the estimated systematic error of
Then we take the mean of the time of all profiles found onthe BAS radiometer. The systematic error on the reference

e

107 i e After 2008-08-09" ' © '
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used in the BAS radiometers retrieval.
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dashed).
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profiles is assumed to be negligible. The top plot indicates0.1 hPa and 2.5 to 3.5 ppmv at 0.01 hPa of the BAS radiome-
that before 9 August 2008, the low bias of the BAS radiome-ter compared to both reference datasets. MLS has a known
ter is larger than the estimated systematic error at altitudesigh bias of the same order of magnitude in the mesosphere
above 0.05hPa compared to MLS and at all altitudes comwhich could be the explanation for that intercomparison re-
pared to SD-WACCM. The bottom plot indicates that after 9 sult. The high and significant correlation of the time series
August 2008 this situation has not significantly changed. Oneat all altitudes indicates that the BAS radiometer monitors
explanation for the low bias of the BAS radiometer could berealistic short- and long-term variations of mesospheric CO.
that we underestimate the systematic error of the instrument In Spring 2010, the BAS radiometer has been brought back
due to the channel response function not being well characto Europe for maintenance. After an upgrade to allow for
terized. However, when making comparisons with MLS CO fully automated switching between MOs and CO the BAS
data we need to keep in mind that MLS CO profiles have aradiometer was taken back to Antarctica during the austral
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