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WAYS TO IMPROVE MEASUREMENT ACCURACY
OF ATMOSPHERIC TRACE GAS PARAMETERS:
HARDWARE AND DATA PROCESSING

Subject and Purpose. Analysis of ways to increase the accuracy of determining the parameters of the Earth’s atmosphere through
the improvement of the ground-based spectral radiometric complex designed for monitoring carbon monoxide (CO) by millime-
ter radio wave radiation control, which was developed at the Institute of Radio Astronomy of the National Academy of Sciences
of Ukraine The purpose is achieved by reducing the measurement errors of the emission amplitude of the observed tracer gas
through the operational determination of the absorption of radio waves in the troposphere. By performing a rapid calibration of
the troposphere opacity and promptly accounting for changes in radio signal absorption, we increase the accuracy and reliability
of measurements of atmospheric CO radio emission intensity. This method is suitable for any systems of this type. By studying the
frequency stability of local oscillators of all stages of frequency conversion in the receiving system, the maximum error in measuring
stratospheric wind speeds at altitudes from 20 to 80 kilometers was determined.

Methods and Methodology. The improved CO-monitoring setup measures radiometric atmospheric profiles, from which a new
data processing method introduced in the paper quickly derives the antenna scattering coefficient. Then, the tropospheric absorp-
tion of the radio signal is evaluated immediately during monitoring in near-real time.

Results. The CO-monitoring spectroradiometric complex has been upgraded and improved, enabling the measurement of ra-
diometric atmospheric profiles and providing a prompt, near-real-time determination of the antenna scattering coefficient (pre-
viously unavailable). It has been demonstrated that monitoring the antenna scattering coefficient enhances the determination
accuracy of the CO emission line amplitude, thereby increasing the reliability and validity of the obtained results. The studies
related to the modernization of the monitoring instrument helped us evaluate the accuracy of measuring stratospheric wind speeds.

Conclusion. Practical work and evaluations have proved that measuring tropospheric opacity directly during observations is
feasible and significantly increases the accuracy and reliability of the results.

Keywords: millimeter waves, aeronomy, measurement accuracy.

Introduction equipment, the surface-based counterparts provide

valuable physical information at relatively low costs.
In the present state of the art, research into the phy-  The most widely used ground-based instruments
sical characteristics of the Earth’s atmosphere in- are microwave spectrometers intended to moni-
creasingly employs ground-based facilities. Com- tor the so-called trace (indicator) gases, including
pared to methods utilizing airborne and spaceborne  ozone (O;), carbon monoxide (CO), and nitrous
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oxide (N,0) [1—5], which are present in infinitesi-
mal amounts in the atmosphere, their partial shares
not exceeding 0.1%. The shape analysis of the emis-
sion lines provides insights into the environments of
O3, CO, and N,0 molecules, offering the pressure,
temperature, and the speed and direction of molecu-
lar motion. The measurements are not taken point
by point but produce vertical cross-mesospheric pro-
files that sometimes extend into the troposphere. The
millimeter-wave observations, compared to shorter
wavelengths, have the advantage of continuously
measuring the region both day and night and even
during cloudy conditions. We understandably mean
the upper millimeter waves, above 100 GHz, as emis-
sion lines at lower frequencies are physically absent.

The above-mentioned cross-mesospheric profile
is used to track atmospheric states at various alti-
tudes, occupying a happy position when more than
one trace gas is simultaneously monitored. Thus, the
ozone O3 molecular emission provides insights into
atmospheric states within the 10 to 60 km altitude
range [6—10]. From about 60 to 85 km above the
Earth, carbon monoxide CO alone can track atmo-
spheric dynamics there. In the Earth’s mesosphere,
CO is only produced through the photodissociation
of carbon dioxide molecules. While CO, emission
in the microwave region is unobservable, CO emis-
sion is detected at 115.27 GHz to provide valuable
information about, e.g., global warming due to ele-
vated CO, amounts in the atmosphere. Another
point in favor of carbon monoxide is that a lifespan
of CO molecules in the upper atmospheric layers
exceeds a month, which offers a unique opportuni-
ty to study such dynamic processes as mesospheric
winds [11, 12].

The emission line is characterized by 1) emission
line center frequency, 2) line amplitude with due re-
gard for tropospheric opacity, which is in itself a valu-
able asset, and 3) line shape. These characteristics are
like fingerprints reflecting the traits of CO molecule
environments at different altitudes. Furthermore,
their measurements with ground-based spectrora-
diometers are robust and can be made 24/7 through-
out the year, regardless of weather conditions. The
ultimate aim of the measurements is to continuously
monitor atmospheric physical parameters (pressure
and temperature) at stratospheric altitudes by mea-
suring the amplitude and shape of the CO emission
line above a specific geolocation site.

Another type of problem is the dynamics of
stratospheric air masses. Its solution lies in studying
the frequency shifts of the CO emission line. A re-
markable atmospheric effect, where microwave spec-
troradiometers are used to advantage, is the sudden
stratospheric warming (SSW) marked by abrupt re-
versals of stratospheric winds over short periods [13,
14]. Produced by horizontal redistribution of air
masses due to strong planetary wave activity [14—
16], the SSW events occur roughly every few years
in the polar and circumpolar regions, regarded as the
"weather factory”, and make the stratospheric tem-
peratures suddenly rise by more than ten degrees.
These aeronomic effects are usually studied via CO
and O3 monitoring from ground-based measure-
ment stations [17—19]. Long-term wind parameters
at various altitudes are retrieved without resort to
spaceborne instruments, whose acquisitions, how-
ever, are often used for comparison. Thus, for exam-
ple, in the analysis of SSW processes in 2018—2019
[20], the observation data from a measuring cam-
paign using a microwave spectroradiometer located
at 50.0° N, 36.30° E, the RI NASU, Kharkiv, Ukraine
[21] were treated in tandem with acquisitions of the
microwave limb sounder (MLS) on the Aura satel-
lite [22, 23]. Because of the satellite motion, MLS
stratospheric-state data sets above geolocation sites
appear smeared. A ground-based microwave spect-
roradiometer conducts continuous observations but
is limited to a specific location. Spaceborne radio-
metry and ground-based measurements comple-
ment each other effectively. But in joint processing
of data from various sources, one must always check
whether the accuracies of the initial measurements
by the two methods are compatible and should
methodologically (mathematically) minimize sys-
tematic unavoidable errors lest the accuracy be lost.

Earlier, when the measurement errors from the
CO-measuring aeronomic system created at the RI
NASU were discussed in [24], no studies other than
statistical data analysis were available. After com-
pleting some upgrades, we can retrieve vertical at-
mospheric profiles, from which additional setup pa-
rameters (such as the antenna scattering coefficient)
are extracted, with the tropospheric opacity constant
known in near-real time. The outcomes and methods
discussed in the article are relevant to any trace-gas
monitoring, including ozone. Being aware of them
is strongly recommended when operating a hetero-
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Fig. 1. Schematic of the atmospheric profile retrieval

dyne receiver in double-sideband mode and during
changing cloud conditions. Understandably, prompt
adjustments to the current atmospheric opacity is
necessary, or data scatter is inevitable.The main er-
rors in CO spectrum observations are scrutinized.
They relate to the estimation accuracy of the emis-
sion line amplitude recalculated for the troposphere
and the measurement accuracy of the CO emission
line central frequency.

1. Tropospheric opacity
monitoring

At the Institute of Radio Astronomy of the NASU
in Kharkiv, a stratospheric CO-monitoring complex
was established for, among other things, detecting,
tracking, and studying stratospheric winds effecti-
vely identified through CO emission monitoring in
the atmosphere [10, 12]. The radio-transparent win-
dow of the setup faces east and offers 45° elevation
angle observations.

The modernization of the current CO-monitoring
setup aims to enable prompt retrievals of atmosphe-
ric profiles and obtain atmospheric opacity data with
no delay. In doing so, the existing setup geometry is
kept undisturbed. The receiver involved in the CO
monitoring scheme consists of two units, a receiver
itself and a local oscillator block, both mounted on a
common installation plate (Fig. 1). In our case, the
most practical instrument solution for atmospheric
profile retrieval is tilting the installation plate by an
angle ¢ within 0 to 25 degrees. The best option is re-
volving the receiver around the rotation axis (Fig. 1),

which passes through the center of the receiving
horn aperture.

According to the schematic in Fig. 1, the elevation
angle, 0, at which the observation holds, changes as
the installation plate carrying the receiver is tilted by
a ¢ angle, causing the installation plate corner to rise.
The elevation angle is derived as

o0=2a+ ¢, (1)

where ¢ is the tilt angle of the flat mirror.

In the existing setup geometry, the receiver sys-
tem is tiltable by up to ¢ = 25°, while the observa-
tion beam angle 0 (1) can vary within 45 to 70°. For
atmospheric profiles, this range of angles is the most
informative [25, 26]: at larger angles, the sky tem-
perature changes very little, while at smaller angles,
the environment can interfere with the data.

The elevation angle of the monitoring is 45°. The
receiver-carrying installation plate (Fig. 1) is posi-
tioned horizontally (¢ =0). The heated flat mirror be-
hind the window is tilted to the horizon at o = 22.5°.

During stratospheric CO measurements, the re-
ceiver system is calibrated every thirty minutes by
putting the calibration black body in front of the
horn (see Fig. 1) for one minute. The calibration
black body, an absorber with its temperature known,
is mounted on a movable carrier. Another calibrator
with a known temperature is the intrinsic noise tem-
perature of the receiver system. The output voltage of
the receiver system in this calibration procedure can
be written as

Ucal = CkbAf(Trec + Tl)’ (2)
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where ¢ is the transmission coefficient of the re-
ceiver-amplifier path including a square-law video
detector, k;, is the Boltzmann constant, Af is the in-
stantaneous bandwidth of the receiver working fre-
quencies, T, is the receiver noise temperature, and
T; is the calibration black body temperature equal to
the room temperature.

The authors’ scientific experience and the evalu-
ation of other receiver systems [17] ensure that the
intrinsic noise temperature of the receiver is quite a
stable value. The control measurements that we took
every six months for four years confirmed that the
noise temperature of the double-sideband receiver
system we used was 300 K and was faithfully repro-
duced within the measurement error in all control
measurements.

In the used scheme of calibration, the CO emission
intensity is readily obtained in Kelvins. Yet, the CO
emission is observed across the troposphere, whose
opacity is very much determined by the weather.
Therefore, to evaluate the CO radiation intensity be-
yond the troposphere, the tropospheric opacity, 7,
must be taken into account.

Previously, we struggled to determine the tropo-
spheric opacity quickly and accurately, but relative
errors in emission intensity exceeded 10%, especial-
ly during adverse weather conditions. Now, after the
CO-monitoring setup improvement and with our
new method of atmospheric profile processing, we
have more resources. The output voltage, U;, across a
wide-band receiving channel, such that the receiving
frequency bandwidth exceeds the bandwidth of the
emission line, is derived as

Us = CkbAf[Trec + ﬁT} + (1 - IB)Tant(g)]’ (3)

where f3 is the scattering coefficient of the antenna
system and O is the elevation angle at which the sky
emission is received. Ibidem,

Tyt (©) = Ty (1 —¢ sin® j (4)

where T,z is the effective tropospheric temperature.
Traditionally, Ty = 0.95T,,,;,, with T, being the
ambient temperature.

Expressions (2)—(4) determine the CO emission
intensity highly reliably outside the troposphere.
Calibration formula (2) yields the output voltage U
in Kelvins. From (4), one readily finds the tropo-

spheric opacity constant 7, given T,,,(©) in expres-
sion (3) is known. The problem is that expression (3)
involves the antenna scattering coefficient 3, which
makes troubles. No matter that the antenna scatte-
ring coeflicient is a value of great utility, it is not rea-
dily available. Its evaluation requires having an ane-
choic chamber and complex measuring equipment.
Moreover, the test-bench results can vary considerab-
ly from the actual values due to the influence of the
real antenna environment.

The method we proposed in [27] determines the
antenna scattering coefficient via a new technique
for atmospheric profile processing. With the known
scattering coefficient B of the antenna system, one
can quickly derive the tropospheric opacity 7 from
expressions (3) and (4). This opacity is then utilized
during CO emission monitoring to refine the mea-
surement results of emission intensity. The accura-
cy of opacity 7 determination depends on the total
emission which is registered across the whole moni-
toring band. As monitoring time intervals are on the
order of hours and receiver sensitivity is as high as
Trec = 300 K, the fluctuation sensitivity of the spec-
tral analyzer with an 8 MHz bandwidth will be bet-
ter than 1 K, which is more than adequate for deter-
mining 7. Therefore, we limit ourselves to upgrading
the program for monitoring data processing without
wide-band channel data, which would have compli-
cated the hardware of the CO-monitoring system.

The data processing program contains one more
innovation. The double-sideband receiver is used
in a frequency band where the sky temperatures in
the upper and lower sidebands are quite different,
hence different amounts of tropospheric opacity .
For how to derive tropospheric opacity v from the
double-sideband receiver monitoring outputs, see
[30]. This extension to the data processing program
essentially refines the determination of CO emis-
sion intensity.

2. Stratospheric wind
determination accuracy

Studying stratospheric winds is one of the main rea-
sons justifying our setup for atmospheric monitoring
by CO microwave emission. Stratospheric winds are
seasonal events. They have been intensively studied
in recent years [11, 12, 28]. At altitudes between 70
and 90 kilometers, the wind speed in the stratosphere
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Fig. 2. The total spectral characteristic of the local oscillators of the receiver system

is measured through the Doppler shift acquired by
the emission frequency as the source moves toward
the observer. By this effect, the radial velocity of CO
molecules is defined as

V=cof/f, (5)

where Of is the shift of the emission line center and f
is the frequency of the emission line center of an im-
mobile CO molecule.

Formula (5) indicates that the total spectrum
width of all the local oscillators that translate the
considered emission frequency to the operating
band of the existing spectrum analyzer establishes
an area of uncertainty in the wind speed determina-
tion. The frequency instability of the local oscillators
causes measurement errors, affecting the accuracy
of wind speed determination and its lowest registe-
rable value. At survey frequencies around 100 GHz,
a 10 kHz frequency shift occurs at a wind speed of
30 m/s. To catch and track stratospheric winds, the
CO emission line is particularly suitable due to its nar-
row (270 kHz) intrinsic spectral linewidth (without
external factors of broadening) in the free state. At
the same time, the measurements of the kind are de-
manding on the frequency stability of all the oscilla-
tors incorporated into the spectroradiometer.

For our CO-monitoring receiver, highly stable
solid-state phase-locked loop (PLL) oscillators were
developed as local oscillators in all mixing stages.
These PLL oscillators can work continuously for long
periods, which is crucial for effective monitoring.
Sadly, the entire receiver is quite a complex system. It
needs calibration procedures and frequency stability

control. We use an integrated method that simulta-
neously checks the frequency stability of all the oscil-
lators. In this method, the receiver input is fed with
a signal from a high-quality oscillator at the CO line
frequency, which is the local oscillator of the spectral
radio astronomical receiver system. This oscillator is
far away (50 meters) from the CO-monitoring set-
up, in a separate, air-conditioned room. By this rea-
son, each oscillator is equipped with a 5-MHz Oven-
Controlled Crystal Oscillator with a relative instabi-
lity of £50 ppb per month.

The estimated value of the signal bandwidth broa-
dening observed on the spectrum analyzer in CO
monitoring is governed by the relative instability of
the local oscillator frequency. At around 100 GHz,
the broadening will not exceed 1 kHz. The test signal
path leading to the receiver input was not particu-
larly designed. Instead, a mirror is installed in front
of the horn to boost the signal level on the high-sen-
sitivity spectrum analyzer until nonlinear transfor-
mations emerge, while ensuring that the output sig-
nal dynamic range is at its maximum. This signal is
certainly a frequency convolution of signals from the
external oscillator and the receiving system oscilla-
tors used for the frequency transformation. Natu-
rally, the higher the external oscillator signal quality,
the closer the observation is to the real-world per-
formance of the frequency transformation system. In
this case, the so identified characteristics should be
thought of as an estimate "from above".

A typical signal observation during this testing is
illustrated in Fig. 2. The left panel shows that the to-
tal spectrum width of the employed solid-state PLL
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local oscillator is not over 20 kHz at the —30 dB level.
The right panel enlarges the spectrum fragment
given on the left and enclosed between the dotted
straight lines. The spectrum width at the -20 dB level
is not over 7 kHz. The actual width is narrower be-
cause the mutual detuning of the reference frequen-
cy sources takes more effect in this part of the spec-
trum. It is the local oscillator spectrum width that
primarily affects stratospheric wind speed measure-
ment results. The absolute error from our spectro-
radiometer does not exceed 10 m/s, and the relative
error is about 10%.

Hence, the testing of the frequency stability of the
characteristics of the CO-monitoring receiver sys-
tem has confirmed that accurate recordings of strato-
spheric winds are feasible indeed. The stratospheric
winds are seasonal events. However, they can dis-
play intriguing physical phenomena, such as sudden
stratospheric warmings [29].

Conclusions

The upgrades we have made to our atmospheric
CO-monitoring setup and the precise measurements
of its characteristics have continued the work on im-
proving and validating the aeronomic complex started
at the Institute of Radio Astronomy of the NASU
with the development of the ozone monitoring com-
plex [27, 30]. The new method for studying electro-
magnetic wave absorption in the troposphere (tropo-
spheric opacity) enhances the accuracy of measuring
the CO molecular emission intensity by promptly
determining atmospheric opacity. By assessing the
spectral purity of the used local oscillators, we have
identified errors in the mesospheric wind speed
measurements. The authors believe that the suggested
approach will be helpful for both developers of new
ground-based aeronomic systems and specialists
seeking to enhance existing equipment.
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CIIOCOBM YIOCKOHAJIEHHA TOYHOCTI BUMIPIOBAHHA
ITAPAMETPIB ATMOCOEPHUX TPACEPHIX I'A3IB: ATTAPATHE
3ABE3ITEYEHHA TA ObPOBKA TAHUX

ITpepmer i MeTa po6oTH. AHaI3 IIISAXIB Mi{BUIIIEHHs TOYHOCTI BUSHAYEHHS ITapaMeTpPiB 3eMHOI arMocdepn depes BJOCKO-
HaJIeHHA po3pobreHoro B Papioactponomiunomy incturyti HAH VkpaiHu creKTpanbHOrO pajgioMeTpUYHOTO KOMIUIEKCY
Ha3eMHOT0 6asyBaHHsI, IIPU3HAYEHOTO IS MOHITOPMHIY MOHOOKCHAY Byrenio (CO) 1o BUIPOMIHIOBAHHIO MiTiMeTpOBMX
pafioxBuib. MeTa JOCATAETHCA LIIAXOM 3MEHIIEHH: MTOXMO0K BUMIPIOBAHHS aMIUTITY/Y BUIIPOMIHIOBaHHS CIIOCTEPEXyBa-
HOTO TPAaCepHOro rasy yepes oIlepaTyBHe BI3HAYEHH: IIOIIMHAHHSA PafiioXBIIb y Tporocdepi. 3AiliCHIOIYN MBU/KE KaJli-
O6pyBaHH:A HEIPO30pOCTi Tpomocdepyu Ta ONepaTMBHO BPaXOBYIOUM 3MiHM, 10 Bi0yBAIOThCA B MOIIMHAHHI PaliOCUTHAIY,
MU HiIBUIYEMO TOYHICTD i JOCTOBipHICTh BMMipIOBaHb iHTEHCMBHOCTI paflioBUIIPOMiHIOBAaHHS armocdeproro CO. Lleit
MeTOf] TIPUAATHUI A/ OYAb-AKUX CUCTeM IMofpiOHoro tuiy. Yepes HOCTiMKeHHs CTabiMbHOCTI YaCTOTU TeTepOAUHIB yCix
CTYIIeHIB IIepeTBOPEHHS YaCTOT!U B IIPUIIMAJIbHII CHCTeMi BM3HAYEHO BEIMYMHY MaKCHMa/IbHOI IIOXMOKY 1PV BUMIpIOBaHHI
MIBUAKOCTEN cTpaTocdepHMX BiTpiB Ha BucoTax Bif 20 o 80 kimomeTpiB.

MeTopu Ta METOROMOriA. Y CTATTi IOKA3aHO IUIAXM YAOCKOHAJIEHHSA CUCTeMU MOHITOpuHTY TpacepHoro CO, 3a fonomo-
TOI0 SIKOTO BUMIPIOIOTbCA pajjioMeTpuyHi mpodini arMocdepn. 3aponoHOBaHO HOBIIT METOZI 0OpOOKM IaHMX, 1110 O3BOJIAE
HIBMJKO BM3HAYaTy KoedillieHT poscitoBanusa aHTeHy. Hazasi TpornocdepHe HOIMMHaHHS pafioCUTHATY OL[iHIOETbCs 6e3110-
CepefHbO IiJf YaC MOHITOPMHTY B peXXVMi, 6/IM3bKOMY [0 peasbHOTO Yacy.

Pesynpratu. CrieKTpopajioMeTpudHIii KOMIUIEKC AjIs MOHiTOpuHTYy TpacepHoro CO 0y/0 MOAepHi30BaHO Ta YAOCKO-
HaJIeHO, 110 JO3BOJIMJIO BUMIipIoBaTy pafioMeTpudHi mpodini armocdepu it 3abesmedyBaTi olepaTiMBHe BU3HAUYEHHS KoOe-
¢inienTa poscioBaHHsA aHTeHH (IO paHille 60 HEMOX/IMBO) Majbke B PeXXMMi pearbHOro yacy. [IpofieMOHCTPOBAHO, 1110
MOHITOPUHT Koedil[ieHTa po3CciloBaHH: aHTEeHY MifIBUIIYE TOYHICTh BU3HAYeHH aMIUIITy/u JIiHil BunpoMinioBanHA CO, TUM
caMUM 36iIIbIlIyIO‘II/I HAJiHICTD i BaligHICTh OTPMMAHNX Pe3ynbTarTiB. JJocmimKenHs, II0B’A3aHi 3 MOJIepHi3alielo IpumIazy
MOHITOPUHTY, JOIIOMOI/IM HaM OLIIHUTYU TOYHICTh BUMIPIOBaHH: MIBU/IKOCTI BITPY B cTpaTocdepi.

BucHOBKM. AHAIITMYHO Ta Ha IPAKTHIII JOBEEHO, 110 BUMIiPIOBaHHs HEIPO30POCTi Tporocdepu 6e3mocepesHbo Iif Jac
CIIOCTEPEXKEHD € MOXK/IMBYUM 1 3HAYHO IiIBUIIYE TOYHICTD i HaZiIHICTh pe3ynbTaTiB.

Knrouoei cnosa: minimemposi xeui, aepoHoMis, mMOUHICMb UMIPIOBAHHA.
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