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Abstract

Microwave radiometer observations are compared with uariadiative transfer model calculations based
on simultaneous radiosondes. This analysis uses obsergdtom Payerne, Switzerland, in cloud free con-
ditions during the Temperature Humidity and Cloud (TUC)exment in winter 2003/04. The results show
a systematic bias in the brightness temperatures measyitbd Radiometrics pro ler at 55-59 GHz, which
has since been corrected in the control software. Obsengtt lower frequencies (22—30 GHz) in these
cold conditions do not support recent proposed changestwitith of the 22.235 GHz water vapour line,
although this is subject to the assumption of no residua ighe radiosonde humidity. At intermediate
frequencies (51-54 GHz), the absorption models produge Wifferences, which may be due to differences
in oxygen line coupling and highlight the need for furthdsdeatory measurements at low temperatures.
Zusammenfassung

Bodengestitzte Mikrowellen-Radiometer Messungen dposphéarischen Helligkeitstemperatur werden mit
Strahlungstransfer-Berechnungen verglichen, die altlyteitigen Radiosondierungen beruhen. Im Ver-
gleich werden Daten der Temperature Humidity and Cloud (J¥@mpagne verwendet, die im Win-
ter 2003/04 in Payerne, Schweiz, gewonnen wurden. Die Reésuteigen systematische Fehler in den
Helligkeitstemperaturen des Pro lers von Radiometricssoiven 55 und 59 GHz, die in der weiteren Daten-
verarbeitung bertcksichtigt wurden. Im Gegensatz zu #ktusorschlagen zeigen die Messungen zwischen
22 und 30 GHz bei tiefen Lufttemperaturen keinen Bedarfrefiederung der Breite der Wasserdampf-
Absorptionslinie bei 22,235 GHz. Zwischen 51 und 54 GHz gibtgrofe Unterschiede zwischen den
gepruften Modellen, was mit Unterschieden in der KoppluagShauerstoff-Linien erklart werden kann. Die
Unterschiede legen weitere Labormessungen bei tiefen @atyen nahe.

1 Introduction with different absorption models, described in section 2.
This provides an independent validation of both the ra-

Microwave radiometer observations can be used to fiometer observations and the absorption models. How-

trieve information on the pro les of temperature, huever, it is not possible to distinguish biases from each

midity and cloud in the troposphere. Although thesgource without reference to an error analysis. During the

retrievals can apply various techniquesN@il et al., TUC experiment, we have the additional advantage of

2006a), most are sensitive to biases in a microwave ggincident measurements from two microwave radiome-

diometer's observations and the absorption model ugédis to assist in this discriminationi@nNI et al. (2006b)

in the radiative transfer calculations. Therefore, it is imsompare observations from similar channels to these ra-

portant to understand these biases in order to impraliemeters. Their results provide additional con dence in

the instruments, absorption models and, ultimately, tHee conclusions.

retrievals.

This paper compares coincident measurements fr@m Absorption models used in this study
MeteoLabor SRS400 radiosondesufRIEUX et al.,
2006) and two microwave radiometers: ASMUWARAR-1 MPM87 (L IEBE and LAYTON, 1987)

(MARTIN et al., 20062) and a Radiometrics TP/WVPrpg clear air absorption part of the Millimeter-wave

3000 (WARE et al., 2003) in brightness temperatufg)( propagation Model, MPM87 includes 30 water vapour
space. This is done using radiative transfer calculatiof\s.s and 44 oxygen lines all in the range 20 GHz —
Corresponding author: Tim J. Hewison, Met Of ce, University of]‘ THz, based on theoretical values and a Van-Vieck

Reading, Meteorology Building, PO Box 243, Earley Gate, RGWeiSSkqp_f shape funCtion- These are Supplemented by
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to laboratory observations at 138 GHz. However, theseme line intensities and revised the width of the 425
observations were limited to 282-316 K, and must li8Hz oxygen line and the mixing and width of the 118.75

extrapolated for typical atmospheric conditions. AddisHz line and adopted recent sub-millimetre observa-
tional terms represent the non-resonant absorption dissas suggesting the strength of the dry nitrogen absorp-
to the Debye spectrum of oxygen below 10 GHz and thien should be increased by 29 %. The intensity and air-
pressure-induced nitrogen absorption above 100 GHirpadened width of the 183 GHz line are 0.264 % and
which can become a signi cant contribution to the ove2 % higher in Ros03 than Ros98. Other parameters of

all absorption in low humidity. this line are unchanged.
The zenithTys modelled with Ros98 and Ros03 are
2.2 MPM89 (L IEBE, 1989) within 0.06 K for all the channels used in the TUC

dataset, except 151 GHz. So this model will not be dis-

The 1989 revision of MPM modi ed the parameters deéussed further in its own right.

scribing the 22 and 183 GHz water vapour lines, t-

ting the pressure broadened line width with four P& 6 105 (L ILJEGREN et al., 2005)
meters, instead of one. Other components are the same Y

as MPM87 for the purposes of this study. LILJEGRENet al. (2005) used a model based on Ros03,
but with a 5 % smaller width of the 22 GHz line.
2.3 MPM93 (L IEBE etal., 1993) They also suggested replacing the Ros03 continuum

This version of MPM, has 34 water vapour lines pelVith MT_CKD (MLAWER et al., 2003). These modi -

tween 20-1000 GHz, de ned in a slightly different mancations were based on comparisons of zeffitmod-
ner from MPM89. The 183 GHz line is 8.5 % wider an lled and observed with a radiometer similar to one used

5 % stronger than in MPM89. The water vapour contirl? this ?t“dy- They showed the modi cations improve_d
uum absorption is formulated as a “pseudo-line” nearﬂie twith o_bservedTb trends, and reduced the errors in
THz, and has a different temperature dependence, ba@é%lles retrieved from them.

on newer observations. Like its predecessors, MPM93

includes 44 oxygen lines with the same line strength®g, Previous work

but 5 % greater widths and 15 % stronger mixing than

MPM89. The non-resonant nitrogen absorption is eSeveral authors have attempted to use ground-based

sentially the same as MPM89 at the frequencies in thisicrowave radiometers and co-located radiosondes to

study. check the validity of absorption models. As our error
analysis shows, the con dence in the results depends on
2.4 Ro0s98 (ROSENKRANZ, 1998) the accuracy of the radiometer and radiosonde calibra-

R0s98 uses 15 water vapour line parameters, which ipn as \'I;lle” ?S the atlrpots)pherlcl.vaglabtlhty. ghe gonclu-
very similar to the strongest lines used in MPM89. Thaons Will not genéraily be applicablée 1o a broad range
other half of the lines have been omitted as they We%atmospherlcs conditions, as the emission is predomi-

judged to have negligible impact. (RENKRANZS in- nately from thetlovlverztg%%osphere.t q ind dent
vestigations suggested a range of observations could b EWISON €t al. ( ) presen €d an independen
best modelled by using a water vapour continuum wi idation of the performance of a microwave radiome-

a combination of MPM87's foreign-broadened compdS™ Tps observed in 12 channels from 22-59 GHz were

nent, and MPM93's self-broadened component. Ho\ﬁf_ampared_ with radiative tr_ansfer models, b_gsed on coin-
ever, the water vapour lines used were truncated Céqen.t radlpsonde pro Ie.sm cleal\r sky conditions. Biases
750 GHz, so the foreign- and self- broadened parts'§ re identi ed in the radiometer's 55-59 GHz channels,
the water vapour continuum were increased 15 % af 'Ch caused biases in the retrieved temperature pro-
3 %, respectively to compensate. This model uses ttlweé Biases were also found in the wate_rvapourchannels
same oxygen line parameters as MPM93, except at sﬁ‘BQynd 23 GHz, partly due to a dry bias in the RS80H
millimetre frequencies, where values from the HITRA (adiosonde. . .
database were used. It also uses a different form of non-g;\t";'\'f'm?r: 2' .ra(gig(r);‘g tecfsn\?vlijt%tzdt;asllgnfg gr?:LyrileTs
g—:'esnonant absorption due to pressure broadening by mtggtween 20-59 GHz. They found that of these mod-
' els Ros98 gave the best results at 20.6-20.7 GHz chan-
2.5 Ros03 (Personal communication) nels, while MPM93 was preferable close to 22.2 GHz.
These 2 models stayed within 0.3 K at 23.8 GHz, but
In 2003 ROSENKRANZ updated his water vapour modeRo0s98 gave the best results in the atmospheric win-
to include recent measurements and pressure line stdtv ( 30 GHz). Three models (MPM87, MPM93, and
mechanism (LLJEGRENet al., 2005). He also correctedRr0s98) showed a sharp change, fredto 2 K, when
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comparing 51.2 and 52.2 GHz channels with obserdaand-averaged absorption for a representative back-
tions. At higher frequencies (55-60 GHz), they founground dataset. As shown by¥INI et al., (2006b), the
the models were almost equivalent, but had a negati®F does not always correspond to the nominal central
bias (1 K) with respect to radiometric observations. frequency. For the instruments and conditions during the
LILJEGREN et al. (2005) analysed 5 channels beFUC experiment, the associated correction is less than
tween 22-30 GHz and showed that using a 5 % smal@B5 K for all channels.
width of the 22 GHz in Ros03 resulted in smaller bias The TP/WVP-3000 also incorporates an infrared ra-
in comparison with observed,, and also in retrieved diometer to provide information on the cloud base. Dur-
pro les. Even temperature pro les above 3 km were iming TUC, the Radiometrics TP/WVP-3000 was con g-
proved by this modi cation, which is strange, as this indred to view each of 7 zenith angles;,,0 60, 70,
formation comes from the 51-52 GHz channels, which75 , followed by a view of the ambient black body
should not be sensitive to the width of this line. Howevaralibration target and an attempt to perform a tip curve
it may be possible that the consistency between 20-&tlibration (HAN and WESTWATER, 2000) for the water
and 51-53 GHz channels might improve the retrieval&pour channels, viewing zenith £0 45 and 60 .
Their results also suggested that replacing the Rode& the rst part of TUC (5/11/03-19/1/04), it was op-
continuum with MT_CKD (MLAWER et al., 2003) im- erated with v2.23 control software. This took300 s
proved the twithT, trends. to complete the observing cycle. This was upgraded on
MATTIOLI et al. (2005) compared,s from 3 co- 19/1/04 to v3.06, which reduced the cycle to 150 s, par-
located Radiometrics instruments, each with channelgiatly by omitting the tip curve calibrations. Instead con-
23.8 and 31.4 GHz using 2 calibration algorithms, witktant calibration coef cients were calculated from data
Vaisala RS90 radiosonde measurements forward madbtained while viewing a liquid nitrogen calibration tar-
elled with various absorption models. Their results suget. Unfortunately, these were found to be inconsistent
ported the modi cation of the water vapour continuumwith earlier tip curve calibrations so only data from
in Lil05, but not the change in width of the 22 GHz linethe water vapour channels obtained with v2.23 are used
here.

4.2 ASMUWARA

This analysis uses observations from Payerne, SWitZ?Ffe All-Sky MUIti WAvelength RAdiometer (AS-

land, (46.813N, 6.943 E, 491 m altitude) in cloud free
conditions during the Temperature Humidity and CIOUMUWARA) has 8 channels between 18-58 GHz and

: L another at 151 GHz. It is described byAMTIN et al.
(TUC) experiment in winter 2003/04. See&RFIEUX et
al. (2006) and other papers in this issue for more d%Z-OOGa)' Throughout TUC, ASMUWARA was con g-

tails. The atmospheric conditions in the analysed datagE%dfg eplicgtrirgncgr?tllr; ioﬁiisscsgsu(:nz ?g(')TL;th f;\on)g(yle;sl
included many cases with temperature inversions a 3 ges. d PproxX.

ranged in Integrated Water Vapour (IWV) from 3.1 M including .12 zenith views. For its oxygen band
18.7 kg/n? (mean = 7.7 kg/M) (MARTIN et al., 2006b). channfels, all azimuth angles were co-averaged to reduce
The surface temperatures ranged fro@i1 to+, 100 G the noise. However, during TUC these channels suffered

(mean= + 1:4 C). Only radiosondes launched in clea? receiver problem, so only the water vapour channels

sky periods with good radiometer data were used in trﬁgfeth:;]:g?ezsfgr_?ggénlcy oxygen band channel are used
validation exercise. ' :

The instrumentation used is described below. 4.3 Radiosondes

4.1 Radiometrics TP/WVP-3000 This study uses only the MeteoLabor SRS400 radioson-

. . : des launched from Payerne. These use carbon hygristors
Rgﬂgiﬁg'sc; dTnE)i/g/r\(l)\\fv F;'V?’eo?g di(g\rf\itg 32’3??}%? tlcf :II as humidity sensors, which are known to have a slow
grot . 9 . %’sponse time and poor accuracy, especially at low tem-
retrieval of temperature and humidity proles in th

. eratures, but were also found to have a dry bias. Correc-
lower troposphere. It is normally con gured to sampl

sequentially 5 channels in the water vapour band bex > ere applied to the radiosondes' pro les based on
9 y X mparisons with reference sondes with chilled-mirror

0
gv;’?ﬁg gi&éii_ggmiﬁi %g?wzggznlngg_ggggénez ecf%fgrometers (RBFFIEUX et al., 2006). These corrections

4 ) 0
channels are heterodyne, with double sidebands betw é)r%cally increased the Integrated Water Vapour by 5 %.

(40-190) MHz of the nominal centre frequency. Thg Method
effect of variable absorption across the channels' pa%s—1 Pro le selection
bands is handled by de ning an Effective Monochro="
matic Frequency (EMF), which corresponds to the si@nly radiosondes launched in clear skies at times with
gle frequency that minimises the difference with thealid radiometer data are analysed in this study. The fol-

4 Dataset
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Table 1: Average bias in zenith brightness temperatures observed during Ttd&sges shown in Figure 1. Shading indicates level of
bias signi cance with respect to the total systematic uncertainty, “TotalUn-shaded: 0j DTyj < 1s; Light: 1s j DTyj < 2s, Mid:
2s j DTy < 3s; Dark: 3s j DTyj:

Frequency Average Bias f{model-obs) [K] MWR Sondg Total
[GHz] | MPM87 MPM89 MPM93  R0s98 R0s03 Lilo5 Acc  Act S
18,750 0,45 0,41 0,80 0,39 0,41 0,00 0,50 0fi5 0,
E‘E 22,200 |2 ol s 6 10 o050 ok o)
= | 23,600 1,23 0,99 1,86 0,95 1,01 1,44 050 0§45 0,
§ 31,500 031 -0,04 0.99 022 0.27 0.47 050 0f1I5 0
@ | 57.200 -0.17 -0,19 - -0.18 -0,18 -0.1 050 0§18 0

151.000 -0.98 -0,57 ﬂ -2.00 -1,65 3.33 200 150 2
o | 22,235 0,76 0,36 1,27 0,28 0,34 1,27 052 0p1 0
§ 23,035 0,81 0,48 1,40 0,42 0,48 1,18 0,40 050 0|
4| 23835 0,47 0,25 1,13 0,22 0,28 0,63 0,40 03 0|
§ 26,235 0,36 0,19 1,01 0,27 0,31 0,37 0,29 0p4 0
S 30,000 -0.01 -0.30 0.65 -0.10 -0,05 011 021 0o@16 0
= | 51,250 -1,48 -0,22 -0,53 0,57 0,64 1,09 1,06 0B3 1,
S | 52,280 0,21 1,90 0,97 0,89 0p8 0
E 53,850 0,96 0,38 0,38 0f12 0
S | 54,940 -0,42 0,71 024 o0fi4 0|
T | 56,660 022 o0ji8 0,
® | 57,290 022 ojg 0,

58.800 022 o0o@18 0

lowing selection criteria were used: for departures from the Rayleigh-Jeans approximation,

_ ' following JANSSEN (1993). These offsets are small at
— Radiometer data (not agged as rain affectedhese frequencies —0.04 K at 22.235 GHz increasing to

available within 5 minutes of launch time 0.24 K at 58.8 GHz (but reaching 1.45 K at 151 GHz).
Importantly, this is consistent with the de nition 4%,
— InfraredT, 40 C used to calibrate both radiometers.

h K iahths) of | : The down-welling radiance is integrated over each
— Less than 2 oktas (eighths) of low and mediufyer of 4 plane-parallel atmosphere at zenith angle,

cloud cover observed at time of launch. (Higlyjoying the Radiative Transfer Equation:
cloud is allowed, as ice is not expected to con-

tribute to the extinction at these frequencies.)
Zu
— Only the parts of the pro le with valid humidity 7, (g) = Tyee M9+ secg  a(h) T (h)e " Pdh

measurements were used{(®H 100 %) o
0

(5.1)
where Tb@) is the brightness temperature measured at
The full vertical resolution of the radiosonde pro leghe surface at zenith anglg,andTyg is the brightness
(10-30 m) was used to de ne the levels between whi¢emperature of the backgroun@(h) anda(h) are the
layer averages were calculated for the radiative transfefysical temperature and absorption coef cient evalu-
During TUC, the SRS400 typically only produced valicited at the effective monochromatic frequency of each
humidity measurements up to 10-12 km. Above this, tisggannel (GviNI et al., 2006b), at heiglit t is the opac-
observed pro le was “topped-up' with a reference Midity between the surface afdde ned as:

Latitude Winter pro le. It was found that the choice of

5.2 Pro le top-up

reference pro le used for the top-up produced negligible zn 0 0
differences to the modellef,s for the channels used in t(h;g)=seq a h”dh (5.2)
this study. ho

5.3 Radiative transfer calculations
6 Error budget

In this study, brightness temperatufg, is de ned to be
linear with radiance, by applying a frequency dependeintorder to have con dence in the results of any valida-
offset to the cosmic microwave background to accoutibn exercise, it is necessary to conduct an error budget.
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Table 2: Root mean square difference between observed and modelled lesghtmperatures for Figure 1. Shading indicates level of
bias signi cance with respect to the total systematic uncertainty, “TotalUn-shaded: 0j DTyj < 2s; Light: 2s j DTyj < 3s, Mid:
3s | DIyj< 4s ,Dark:4s j DTyj:

Frequenc Root Mean Square Differencg(model-obs) [K] MWR Sonde| Total
[GHZ] MPM87  MPM89  MPM93 R0s98 Ros03 Lilos Acc  Ac S
< 18,750 0,59 0,56 0,91 0,54 0,56 0,58 0,50 0,15 0,
Qf( 22,200 2,66 2,31 3,14 2,23 2,28 3,14 0,50 0,51 0,
2 23,600 1,60 1,42 2,17 1,38 1,42 1,78 0,50 0,45 0,
§ 31.500 0.47 0.37 1.09 0.42 0.45 0.59 050 015 0
2 57.200 0.29 0.30 0.29 0.29 0.29 0.29 050 018 0
151.000 3.92 3.78 11.48 4,24 4.09 52 2,00 150 2
o 22,235 1,36 1,17 1,73 1,15 1,16 1,73 0,52 0,00 0,
3 23,035 1,31 1,14 1,77 1,11 1,14 1,59 0,40 0,00 0,
E 23,835 0,95 0,86 1,44 0,84 0,86 1,04 0,40 0,00 0,
g 26,235 0,58 0,50 1,14 0,53 0,55 0,59 0,29 0,00 0,
= 30.000 0.54 0.63 0.91 0.55 0.54 0.55 021  0.00 0
; 51,250 1,61 0,59 0,87 0,86 0,91 1,27 1,06 0,00 1,
L2 52,280 0,76 2,00 1,21 2,70 2,76 3,10 0,89 0,00 0,
g 53,850 1,10 0,62 1,27 1,64 1,65 1,74 0,38 0,00 0,
o 54,940 0,60 0,83 0,59 0,61 0,61 0,60 0,24 0,00 0,
K 56,660 1,05 1,07 1,05 1,06 1,06 1,06 0,22 0,00 0,
= 57,290 0,80 0,81 0,80 0,81 0,81 0,81 0,22 0,00 0,
58.800 0.77 0.77 0.77 077 077 077 022 0,00 0
& | WV Line 1,78 1,54 2,21 1,49 1,53 2,15 0,47 047 0,5
g WV Cont 1,24 1,16 2,74 1,21 1,21 1,48 0,63 0,32 0,7
z Qxygen 0.87 0.88 0.86 1.09 111 1.20 047 0,02 0
Total 1.30 1.19 1.93 1.27 1.28 1.61 052 017 0.5

Contributions to the random and systematic error§in the sondes' sensors. These systematic errors introduce a
are assessed in this section. The total of the random ®is uncertainty of 0.2 K for channels dominated by oxy-
rors are comparable to the scatter found in the resultiggn absorption, and 0.5 K for channels near the 22 GHz
differences between modelled and obser¥gsl They water vapour line, shown in the column labelled “Sonde
are assumed to be negligible compared to the uncertaiAtyc’ in Table 1.

on the systematic errors when averaged over 25 or more

samples. The total uncertainty on the averagdiffer- 6.3 Radiometer calibration accuracy

ences is dominated by the calibration accuracy of t . . .
radiometers and radiosondes. These gures are givenqge resulting biases should also be compared with the

the right hand columns of Table 1 and the dotted lines ibration accuracy (.Jf the r_adiometer observations. Th_e
Figure 1 accuracy of the Radiometrics TP/WVP-3000 was esti-

mated by considering the uncertainty of each term used

6.1 Random errors in its calibration (HEwIsON and GAFFARD, 2003). The
column in Table 1 labelled "MWR Acc' shows the re-

Radiometric noise was evaluated as the varianc®,ofsulting 1s accuracy is between 0.22—1.06 K. The cali-

measured while viewing a stable black body target overation accuracy of ASMUWARA was estimated as 0.5

a period of 30 min —typically 0.1-0.2 K rms for integrak for all channels, except 151 GHz (ARTIN et al.,

tiontimes 0.25s. In fact, the random errors are usuall3o06a).

dominated by the problems of representativeness in ap-

Sg[:gg;he radiosonde pro le to the radiometers obser7 Results

Firstly the modelledT,s were compared to those ob-
served at time of the radiosondes' launch by both ra-
The impact of systematic errors in the radiosonde prdiometers for zenith views only. The resulting differ-
les was estimated by studying of the 7 triple ightsences for each sonde and model are shown in Figure 1.
on which 3 sensors were own. The varianceTgfdif- The average bias and root mean square difference of all
ferences modelled by inputting these into the radiatiavailable cases are summarised in Table 1 and Table 2,
transfer equation was used as a proxy for the error dueéspectively.

6.2 Radiosonde errors
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Figure 1: Modelled-observed zenith brightness temperatures during TUC exgmrim Payerne. Each point is 1 radiosonde, modelled
using MPM87D), MPM89( ), MPM93(x), Ros98(*), Lil05(+). Solid lines show the linear regressibrough all points for each model
(same colour). Top row is Radiometrics TP/WVP-3000 water vapounraiia with 27 cases (5/11/03-20/1/04). Middle row is rst 5
Radiometrics TP/WVP-3000 oxygen band channels with 54 cases (5-14(2304). Bottom row is ASMUWARA water vapour channels
with 25 cases (5/11/03—-20/1/04). Dotted lines show total dAcertainty of averag#®, difference including accuracy of radiometer and
radiosonde.

The T, differences were then studied for all zenithivas found previously in this instrument @#ISON et
angles measured by the Radiometrics TP/WVP-30Q0,, 2003) and in another identical unit belonging to the
as shown in Figure 2. This extends the validation ov&tmospheric Radiation Measurement (ARM) Program
a greaterT, range with consistent results. In this g-(CimiNI et al., 2004). All models agree here, and the
ure the same symbols are used for all zenith anglespected error is small (0:3 K). These results sug-
S0 in most cases they are indistinguishable. Howevgest this is likely to be a bias in the radiometer cali-
different zenith angles can be identi ed by clusters diration. This is supported by the measurements of AS-
points, most obviously at 51.25 GHz. Here observatioMiUWARAS 57.2 GHz channel, and has subsequently
in opposite zenith angles show systematic differencleeen con rmed by simultaneous measurement with an-
(as much as 6 K) — probably due to misalignment of ttether radiometer operating at similar frequencies $R
instrumentby 0:5 . Toreduce the in uence of thiFys et al., 2005). The manufacturers have identied the
from angles on opposite sides of zenith are co-averagsdurce of this error, which has been corrected in more
This reduces the uncertainty caused by instrument mieeent control software. However, for the TUC dataset,

alignment to< 0:1 K. Typs of the 4 highest frequency TP/WVP-3000 channels
. . have been corrected by applying constant corrections,
7.1 Discussion of results at 55-59 GHz based on the Ros98 values from Table 1. The corrected

The highest frequencies (55 GHz) of the Radiomet- data have been used in all subsequent analysis presented
rics TP/WVP-3000 show a consistefitbias of 1 K. inother papers in this issue.
This is observed at all zenith angles. A similar bias
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Figure 3: Observed and modelled, difference between adjacent channels during TUC in clear sky. @a$dr ) and modelled by
MPM87(M), MPM89( ), MPM93(x), Ros98(*), Lil05(+). Lines indicate linear regression dtthrough data.

7.2 Discussion of results at 18—-24 GHz warmer, more humid conditions. There is also evidence
of a temperature dependence on the MPM89 and Ros98

For the channels near the centre of the 22 GHz w&odels, although the slope is not statistically signi cant.
ter vapour line, the observations generally agree with At high zenith angles, large amounts of scatter are
most models within the expected errors. However, Agitroduced toT,s observed by the water vapour chan-
MUWARAS 22.2 GHz channel appears to be inconsidels. This may be due to contamination of the antenna
tent with the other results, suggesting it may be biasédde-lobes by surface emission or atmospheric variabil-
Although both systems nominally have comparable caly- However, when the highest zenith angles were omit-
ibration accuracies, their results differ by more than thig¢d the scatter did not reduce much, but the slope re-
MPM93 consistently over-estimates the absorption fhiced by 1% at 22.235 GHz.
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These results generally show smaller biases than pre-By 53.85 GHz, the atmosphere becomes optically
vious analysis based on uncorrected RS80H radiosontlésk at high temperatures and zenith angles and all
(HEwIsSON et al., 2003). This is partly due to coldermodels again converge, presumably to approach the
drier conditions in the dataset and partly due to the caame bias observed at higher frequencies. In cold condi-
rection of the radiosondes' humidity, which reduced thens at zenith, MPM89 provides the best tto the obser-
average bias in these channels by 0.6 K. These resultyvdtions, but all models again overestimate the emission.
not support the decreased width of the 22.235 GHz line BOUKABARA et al. (2005) showed the modelled ab-
in LilO5 (L 1ILJEGRENEet al., 2005), although this analysisorption at 50-53 GHz is critically dependent on the as-

is limited to winter conditions. sumptions made about the strength of the oxygen line
_ coupling values used in the models. These were derived
7.3 Results of water vapour continuum from lab measurements betwees to+ 54 C and have

een extrapolated to apply at lower temperatures found
; Yar the surface in this dataset and throughout the up-
the water vapour continuum (26-30 GHZ) show excele r troposphere and stratosphere. The apparent temper-
lent agreement between the observations and all modglge gependent bias found here in these channels would
except MPM93, which again overestimates the strengify, o+ an error of this type. However it is beyond the
of the absorptlo_n. Note the consistent difference b cope of this paper to investigate how oxygen line cou-
tween the 2 radiometers, which was also observed hg may be adjusted. The dif culty in calibrating these
CiMiNi et al. (ZOOGb): channels in a ground-based microwave radiometer will
The same trend is even more pronounced at 1pl.ner further investigation. This suggests that this as-

GHz, although the noise on th_is c_hannel is mu%]ect of the spectroscopy would bene t from further lab
larger. The slope of the regression lines are not sig-

: . L Sleasurements at lower temperatures.
ni cant for this channel. These results are consistent
with those found in previous studies with this instrument ]
(SCHNEEBELI, 2004), and an airborne radiometer at 157-5  Inter-channel correlations
GHz (HEwIsoON, 2005).

The modi cation of the water vapour continuum i

Lil0O5 does not produce signi cantly different,s for

In these winter conditions, the channels dominated

At can also be instructive to study the correlations and
differences between channels. Not only can this high-

most of the channels in this dataset, except at 151 GMght inconsistencies between observations and models
where it slightly overestimates absorption compared # different frequencies, but also it closely resembles

the observations and other models (except MPM93). h_ow observation/model error can manifest in the re-
trieval process.

7.4 Discussion of results at 51-55 GHz Figure 3 shows the difference in zenith between
selected channels plotted agaifgtof the lower fre-
The water vapour continuum also in uences the chaguency channel of the pair. The points in each panel
nels on the edge of the oxygen band (51-52 GHz). Thed®w the observed and modell&dlof each radiosonde
channels (also 53.85 GHz) show the largest differeniteclear air. Observations and different models are shown
between the models and signi cant differences betwebwy different symbols and colours, according to the leg-
the observations and models. These channels are @&sd. The solid lines show the linear regression through
most dif cult to calibrate accurately. Their response ithe data of the corresponding colour.
complex as it combines the in uence of water vapour The slope of the lines in Figure 3 shows the relative
continuum and oxygen line coupling parameters, botionsistency of the models with the observations. Cali-
of which change between the different models. To helation biases can cause the offsets to vary, although the
understand the cause of the bias observed here, itis hdlpdifference of similar channels is less sensitive to cal-
ful to also consider the response at other zenith anglésation bias than the absolutg.
shown in Figure 2. There is very little difference in slope between the
At 51.25 GHz, MPM89 and MPMZ93 provide thelL IEBE/ROSENKRANZ mModels near 22.235 GHz, and all
closest match to the observations at both zenith apbvide a reasonable t to the observed slope. How-
other angles, while Ros98 and Lil05 overestimate tlwer, LilO5 tends to overestimate the slope here, while it
emission at low temperatures and at higher zenith da-closer to the observed slope between 23.835-23.035
gles, and MPM87 underestimates in warmer conditio@Hz. Most models (except MPM93) are consistent with
and at higher zenith angles. the observations for the channels dominated by the wa-
However, the pattern changes at 52.28 GHz, wheter vapour continuum, although LilO5 is closest for 151—
all models again show a signi cant temperature depeBi.5 GHz.
dence, and only MPM87 does not signi cantly overesti- The slopes of the channels on the edge of the oxy-
mate the emission. gen band at 51-54 GHz are much more variable between
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the different models. Generally, MPM89 is most consibut too little in warmer conditions. This temperature-
tent with the observations here, although the 54/55 Gldependent bias may be explained as an error in the
pair is anomalous. This pair spans the range over whickygen line coupling parameters, as shown byuB-
Ty, saturates as the atmosphere becomes optically thiskARA et al. (2005). However, it is dif cult to iden-
The differences were small at higher frequencies in tki§y possible corrections with the existing dataset, which,
oxygen band (not shown). like similar attempts, are limited by radiometer calibra-
tion and radiosonde accuracy. Further laboratory mea-
surements of oxygen absorption in this band at low tem-
8 Conclusions peratures are needed to improve this.
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