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Abstract. More so than the traditional fixed radiometers, amounts of water vapour and liquid water as well as tem-
the scanning radiometer requires a careful design to ensungerature and water vapour profiles (Staelin, 1966; Blaskovic
high quality measurements. Here the impact of the radiomeet al., 1987; Gldner and Sankuch, 1999). Recently, an ex-
ter characteristics (e.g., antenna beam width and receivgpansion of the use of scanning radiometers in atmospheric
bandwidth) and atmospheric propagation (e.g. curvature ofesearch has been observed. Scanning radiometers have been
the Earth and vertical gradient of refractive index) on scan-used in studies of temperature and water vapour in the bound-
ning radiometer measurements are presented. A forward raary layer (Martin et al., 2006a; Crewell andhnert, 2007;
diative transfer model that includes all these effects to rep-Schween et al., 2011) and in tomographic retrieval of cloud
resent the instrument measurements is used to estimate ttiguid water and water vapour (Huang et al., 2008; Pad-
biases. These biases are estimated using differences betwesranabhan et al., 2009). In particular, co-scanning radar-
the measurement with and without these characteristics foradiometer measurements are gaining a lot of attraction due
three commonly used frequency bands: K, V and W-bandto the complimentary nature of their observations. Radars
The receiver channel bandwidth errors are less important irprovide information on winds, particle size distributions, pre-
K-band and W-band. Thus, the use of a wider bandwidth tocipitation and cloud, while radiometers will give information
improve detection at low signal-to-noise conditions is accept-on the profiles of temperature and water vapour, and the in-
able at these frequencies. The biases caused by omitting thegrated amount of liquid water content. Thus, the comple-
antenna beam width in measurement simulations are largementary information of these instruments can lead to a better
than those caused by omitting the receiver bandwidth, excepinderstanding and characterisation of clouds (Frisch et al.,
for V-band where the bandwidth may be more important in 1995; Shupe et al., 2008; Saavedra et al., 2012) and thermo-
the vicinity of absorption peaks. Using simple regression al-dynamic profiles (Westwater et al., 1983; Bianco et al., 2005;
gorithms, the effects of the bandwidth and beam width bi-Gaffard et al., 2003; &hnert et al., 2008).
ases in liquid water path, integrated water vapour, and tem- Although the advantages of co-scanning radar-radiometers
perature are also examined. The largest errors in liquid wameasurements are evident, such observation geometries con-
ter path and integrated water vapour are associated with th&in the risks of potential biases in the radiometer measure-
beam width errors. ments due to unaccounted instrument characteristics. For ex-
ample, at low elevations, the effects of atmospheric refrac-
tivity may become an issue. The wide beam widths of the
) instrument will result in ground emissions data contami-
1 Introduction nation during the lowest elevation scans. Radars have nar-
rower beam width than radiometers, because they use ele-
tion angles that are very close to the horizon in order to

Ground-based microwave radiometers have often been us
in a stand-alone zenith-pointing mode measuring integrated
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1172 V. Meunier et al.: Biases caused by the instrument bandwidth and beam width

get more information in the atmosphere, i.e., precipitation.2 Experimental design
Radiometers generally do not scan quasi-horizontally and,
thus, may have wider beam widths. Another reason is thatth@.1  Forward model

atmospheric-signal to instrument-noise ratio depends on the ) )

size of the antenna for radars, but not for radiometers. FurNis study uses a radiometer instrument model and a for-

thermore, the need to maintain scan rates suitable for rada¥ard radiative transfer model to study the measurement er-

observations will force radiometers to shorten their integra-rors caused by the radiometer's design characteristics and the

tion times to keep up with the radar scans, possibly causingtmospheric propagation conditions. The input to the model

increased noise in their measurements. The power receivegPnSists of an atmospheric sounding, which provides infor-

by a radiometer is also proportional to the receiver band-mation on pressure, height, temperature, water vapour den-

width. Thus, the use of a wide receiver bandwidth can resulity and cloud liquid water content. Other input variables in-

in higher signal-to-noise conditions and, thus, shorter inte-clude the microwave frequencies, beam width, bandwidth,

gration time that is highly desirable in scanning conditions.a@nd elevation angles of the radiometer. The levels of the

However, the use of a wide receiver bandwidth could leadgModel are directly those of the sounding that has 70 verti-

to errors caused by non-negligible changes of the absorptioﬁ"’“ Ievgls at a resolution of 1 km. The different soundings are

coefficient (equivalently changes in brightness temperaturejo Pe discussed later. . .

within the bandwidth range. The_ mpu_t to the radiometer is proport|on_al to t_he atmo-
Han and Westwater (2000) (hereafter HWOO) investigatedSPheric radiancé (W m~?sr~* GHz ™) of the incoming ra-

the uncertainty factors of radiometer tipping curves that arediation, and in the absence of scattering, itis given by

used to calibrate K-band channels. In their study, they in-

vestigated the impact of Earth curvature and antenna beam(f,0) = / G (9' —9) {B (f, T=27K)t(f,0,00)

width for elevation angles ranging between zenith°(86

evation) and 145 HWOO report that, for the studied eleva- 00

tion angles, the effect of the vertical gradient of the refractive +/a (£.5)£(£,0,5) BL£.T (5)] ds}d@', )

0

o’

index of air was negligible. They also mentioned that the ef-
fect of earth curvature can, for the most part, be corrected.

The beam width error increases with increasing beam width,,hereq is elevation angled’ is the elevation angle of a spe-

elevation angle, and water vapour amount, but correctiongfic ray of the beamG (6’ — 6) is antenna gainf is fre-

can be applied if the antenna side lobes can be negleCte‘&uency,B (f. T = 2.7K) is the emitted radiation of the cos-

HWOO conclude that tipping data should not include eleva- ;¢ radiating background( f, 0, oo) is the total transmis-

tion angles less than 20especially for antenna with beam  gjon from top of the atmosphere to the surfacis the slant

widths greater th_an°6AIth0ugr_1 the study was _conductgd in path lengthe( £, s) is the absorption coefficient ain km~2,

the context of microwave radiometer calibration, the issues; ¢ g ) is the atmospheric transmission between the surface

raised can be applied to tht_a new scanning strgteg|es. to s at frequencyf, and B[ f, T (s)] is the Planck function
Here, the work of HWOO is expanded by adding lower ele- ity temperature at, T'(s) (i.e., Petty, 2006: Huang et al.,

vation angles and additional wavelengths that are also Widelyéoos)_ This equation must be discretized for numerical cal-
used for retrieving atmospheric quantities, i.e., liquid water o, |ation. This is done as
path, temperature and humidity profiles. For this application,
it is common to assume the beam width and the bandwidth 1

. L : ) I1(f,0)=-=> k t (fuv,0, B(f, T=27K
to be zero in order to simplify the calculations. This paper (/:6) B ZU: bWXw:ww{ (fv,0,00) B(/, )
is to provide a rough estimate of the bias error caused by
using such assumptions. The goal of this study is to moti- +Za(fv,s,~)t(fv,0, si) B[ fu, T (s:i)] } 2
vate the scientific community to include these effects in their i
forward models. This paper does not seek to quantify the bi'vvhereﬂ is the channel bandwidtliy, is a constant to nor-
ases in detail as most of these can be reduced either by in-__. : . :
cluding the beam width and bandwidth in their calculationr}nallse the beam widths is the index for each of the angles

. . used to create the beam width,, is the Gaussian weight for
or correcting for them. First, the forward model framework t g

used in this study is described. Then, the effects that chann ? ('EI:] eoirgsueeﬂ%li: IS Stgg i)oe ig:{fﬂi tlglaer:g\?v?g)l(ﬂzc;;s?ec-h
bandwidth, antenna beam width, refractive index and Earthsents each of the frequencies in the bandwidi the index
curvature have on the measurements of the microwave r85¢ the number of atmospheric layers aBff T(;-)] is the

diometers and the the retrieved atmospheric products are ir}- v

vestigated. Finall mmary of the most important effect adiance for each layer. The radiance of each level of the at-
estigated. Finally, a summary ot the most important efiec Smosphere is determined using the Planck function
will be provided.

2h f3 1

B[f, T (sp)] = 2 ohfo/kTi _ 71’ @)
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V. Meunier et al.: Biases caused by the instrument bandwidth and beam width 1173

The forward model has three different radio propagation
schemes permitting the study of different aspects of the at-
mospheric propagation. In all the different schemes, the slant
path,s, is calculated for each atmospheric layer in the model
(Fig. 1). The simplest form of beam propagation is done by
assuming the Earth has no curvature and the vertical gradient
of refractive index of the atmosphere is not taken into ac-
count. In this case, the slant path through the atmosphere is
given is given by

dh

§ = ——
Fig. 1. A sketch showing the propagation at the lowest levels in sin(9)’
the atmosphere. The full curved lines represent the 2 first levels of
the soundings. On each of these levels is a value of the refractivitpvhere “dh” is the thickness of the atmospheric layer and
of the level N; and N; 1 that are the refractivity for the first and iS the elevation angle (Petty, 2006). A slightly more com-
the second level, respectively. The small dashed lines represent thglex scheme takes into account the curvature of the Earth,
Earth’s radius Re). The dash dot line represent the height differ- but assumes a constant vertical gradient of refractive index
ence between the level (dh). This is also the thickness of the laye(—390 knT1). This gradient of refractive index is equivalent
between the two model levels. In this layer, there is a value of verti-tq the bending that would occur from the curvature of the

cal gradient of refractive index (dN/dh). The small dotted line is the Earth alone if the Earth was 4/3 times larger than it actually
path followed by the beam in the propagation with path lenggh ( is. In this case

between the two level®. is the elevation angles of the radiometer,
andg is the entrance angle of the next layer.

®)

5= \/[aesin(w)]z +dI? + 2aedh — ae sin(g). (6)

where is Planck’s constant; is the speed of lightk is whereae =4/3 R, Re is the earth radius (assumed to be con-
Boltzmann’'s constant and; is the average temperature of stant at 6357 km), and is the entrance angle into the layer
the layer (HWO0O). The radiancd,(f, ), is converted to  (Doviak and Zrnic, 2006). Between each layer in the atmo-
brightness temperature (TB) by solving the Planck functionsphere, the angle of the propagating ray changes because of
for temperature at the end of the radiative transfer calculathe combination of the curvature of the Earth and that of the
tion. ray when the gradient of refractive index is constant. In order
The attenuation calculation performed by this forward to take this into account in the propagation, we calculate at
model can use either the Rosenkranz (1998) or theeach layer in the model a new angle, the entrance angle. This
Liebe (1989) gas absorption models. The Rosenkranz versioangle is calculated as
includes the correction found by Turner et al. (2009), but this
correction was not included in the Liebe version. Thisbeing . ;| s C0S(¢,)
said including or not this correction would not change the ¥ = [ ae
results shown here. Both of these absorption models show
some temperature bias in the absorption coefficients in bothwheregp, is the preceding entrance angle or, for the first layer,
K-band and V-band, but in V-band Liebe’s code is a better fitthe instrument’s elevation angle. The final scheme is the most
to the measurements (Hewison et al., 2006). In this case, theomplex and includes both the Earth curvature and the actual
Liebe MPM-89 code is used for the calculation of the absorp-vertical gradient of the refractive index. The latter is given by
tion of the atmospheric gases. Hewison et al. (2006) found
that Liebe’s absorption model was the closest to the mea- AN Noox — N
surements although it still over-estimates the absorption. The— — it — %
cloud absorption model used in this study is that of Stogryn dh dh

(1995). The forward model has several other cloud absorp;,vh(:)re[\,ﬂrl is the refractive index at the top of thith layer

tion codes that can be used. This code was chosen becauggq v, s at the bottom of the layer. The refractive index was
it was found that it yields TB that are more consistent with o0 jated using the refractivity calculation included in the

radiometer measurements (Cadeddu and Turner, 2011). Theepe (1989) absorption code. In this propagation scheme,
relation between attenuation in dB and that inknis given  q ¢ calculation depends on the gradient of refractive index

+ sin(%)} , (7)

: ©)

by as
dB
-1 _ hing 2
o (km ) — 0.230% (km) . (4) sin(e) 2dh sin(g)
S = 1 , dN +dh2+1 dN ~ 1, dN- ©)
=+ =+ =+
Re T dh Re T dh Re T dh
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1174 V. Meunier et al.: Biases caused by the instrument bandwidth and beam width

In this scheme, the change of the refractive gradient with2.2 Retrieval model
height also affects the entrance angle of the layer, which is

calculated as A simple retrieval algorithm is used to calculate the response

of certain retrieved atmospherics parameters to the errors for

o= sint [S cos(¢,) (i + d_N> +sin(<p0)} ) (10) both_ K-band and V-band. The parameters that were derived
Re dh are integrated water vapour (IWV), liquid water path (LWP)

Detailed comparisons of the forward model output using thef':md temperaturel). Both the IWV and LWP are derived us-

three different propagation schemes for different frequencyIng only the 23.8 GHz and 31.4 GHz K-band frequencies for
. ; .. _~elevation angles 90, 42, 30, 19.2, 10.2, and 5T4e W-band
bands will be used to quantify the errors caused by om|tt|ngwas not included in the algorithm, although an improvement

only the vertical gradient of the refractive mdex and orr_uttmg of 50% can be made using the 90 GHz frequency in LWP
both the curvature of the Earth and the vertical gradient of ™ . "y
retrievals because of its sensitivity to clouds (Crewell and

the refragtllve mdex._ _ Lohnert, 2003). The LWP was derived from TB measure-
In addition to radio propagation, the forward model also ments as

takes into account the antenna beam width and the channel
bandwidth of the radiometer. Typical antenna patterns of ra- 2

. - : P= B B4 1
diometer systems show a Gaussian shape and a side lobe sup- co+ ; (clf freef f) ’ (13)
pression of better thar30 dB (Rose et al., 2005). The beam

width calculation is done USing a Gaussian quadrature fOl'\Nhere T%[ is the brightness temperature defined previous|y
IOWing Huang et al. (2008) neglecting the effects of the SidEin Kelvin for each of the frequency Channe‘lbg'andco, c1y
lobes. The evaluation of the beam width is one dimensionalandczf are the regression Coeﬁicientmert and Crewe”’
in the elevation axis. This assumes an axis-symmetric bear‘goog). The same equation is used for the IWV regression,
pattern that excludes the azimuthal effects inside the beampyt the regression coefficients are different. All statistical er-
Azimuthal scanning is not implemented in the model and, rors refer to the path integrated amounts and only the LWP
thus, a horizontally homogeneous atmosphere is assumed. th IWV are mapped to zenith values (the temperature pro-
the case where the beam partially hits the ground, the radifiles are not). The temperature profiles retrieval is based on 7
ances of that part of the beam are changed to V-band frequencies (51.26, 52.28, 53.86, 54.94, 56.66, 57.3
and 58 GHz) where the first 3 frequencies are used only in
TBhitground= £ TBground+ (1 — &) TBsky. A1) enith pointing and the last 4 consider all the elevations an-
gles used for the IWV and LWP retrievals. The temperature

wheree is the emissivity of the ground, T, is the black- i . . ;
y 9 hound as derived using a linear regression from TB measurements

body radiances emitted by the ground represented by the low?
est level in the soundings, and §igis the emission from the
atmosphere from all directions. Tg is calculated as

T, =d,+ szlfeTBfe, (14)

90 fe
TBsky = /COS@)TB (6)ds, (12) wheredp anddy s are the regression coefficients and the
0 index for each layer of the sounding (Crewell andhhert,

2007). LWP retrievals are performed on clear air cases as
well as cloudy cases. This is done because the bias error

gpntrlt;unon (;N;v] depe_nd_ c_>tn tr;ethactual pgs[tllﬁ.n of t_he_ri- caused by not taking the beam width or bandwidth into ac-
lometer and the emissivity ot the ground. ThiS EMISSVIY ¢ nt could lead to an apparent liquid water signature in the

changes with ground cover type and wetness as well as thﬁ/ater vapour sensitive K-band and W-band frequencies.
frequency and polarisation of the radiometer. Here, we as-

sume the emissivity to be 0.9. The receiver bandwidth mod-, 3 Climatological soundings
elling is achieved by subdividing the bandwidth into a series

of discrete frequencies that are used in the forward modelThe standard mid-latitude summer and winter, tropical sum-

The radiances are calculated for each of these frequenciager and subarctic summer atmospheric profiles from Mc-

and then, they are simply integrated to create the effect otC|atchey et al. (1972) are used to describe the atmospheric
channel bandwidth. In this study, the shape of the bandwidthstructure and properties (Fig. 2). The soundings are treated
is idealised to a “square” filter. However, this could easily as climatological standards and are representative of the typ-
be changed to other filter shapes, once they are known, bjta| conditions encountered in areas where radar-radiometer
changing the weights of each of the radiances. This is im-systems operate and cover a wide variety of climates. How-

portant, as in reality, the specified center frequency does noéver, it is to be noted that some results are sounding depen-
necessarily correspond to the bandwidth filter shape averageglent such as the some of the beam width errors. Therefore,
frequency (Crewell et al., 2001). some of the effects mentioned here will dependent on the

whereé includes 89 angles form°1to 9C°. In reality this

Atmos. Meas. Tech., 6, 11711187 2013 www.atmos-meas-tech.net/6/1171/2013/
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Mid-latitude summer Mid-latitude winter Tropical summer
T T T T T T d T

—— Water Vapor: P=1013 hPa, w = 5 g/k
- - -Oxygen: P = 1013hPa, T = 295K
- Cloud: w = 0.5 g/m3, T=285K

sure (mb)
sure (mb)
sure (mb)

Pres:
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Pres:

Specific Attenuation (dB/km)

|
-20 [] 20 -20 ) 20 -20 ) 20 -20 [) 20
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Fig. 2. The McClatchey climatological soundings (in skew-T plots) Fig. 3. One-way specific attenuation curves of water vapour

latitude winter, tropical summer, and subarctic summer. In these

plots, temperature is in full line, dew point temperature is in dashed.

being separated by 0.1 GHz. The beam widths chosen range

from 0.5 to 10 at half power full width, while the channel
atmospheric situation. These soundings are clear air soungandwidths range between 100 and 1000 MHz. These set-
ings. Since radars are used for hydrometeors detection, wngs cover the specifications of current microwave instru-
have added a 1 km thick horizontally homogeneous cloud atnents. The elevation angles from 0.5 to® e chosen to
a height of 2 km and with a liquid water path of 300gfito  emphasise the low elevation scans required when perform-
the previously described soundings. In this cloud, the wateling boundary layer scans or when scanning with radars. The
vapour was changed from the original values in the clima-|atter usually scan low to the horizon in order to be able to de-
tology soundings to the saturated values. We have not addegct hydrometeors in the boundary layer at a distance. HW00
precipitation as scattering effects must also be accounted falised elevation starting at 14.5 their work on tipping curve
and are, for the moment, not included in the forward model. calibrations. We included some of these higher elevation an-

gles for the sake of comparison, as well as an indication for
2.4 Radiometer characteristics the radiometers that still use the traditional high elevation

] o _ scans. A summary of the instrument characteristics used in
The radiometer characteristics used for this study are chothjs study can be found in Table 2.

sen from the designs of commercially available and experi-

mental instruments. The group of instruments used to create

these ranges is listed in Table 1. The frequencies incorporated Analysis

in the model are the traditional frequencies in K-band (here

15 to 35GHz) and V-band (here 50-60 GHz). The K-band,!n this section, each of the radiometer instrument characteris-
covering the 22.235 GHz water vapour absorption line, pro_tics will be examined individually. An interpretation of their
vides information on the amounts of liquid water and water 0bserved biases will be provided along with an assessment
vapour (Fig. 3). The V-band dominated by the 60 GHz oxy- 0N their impact on the retrieved geophysical parameters of
gen absorption band that provides information on the temjnterest. The results will be shown as errors in TB. The TB
perature distribution in the lower troposphere. In addition tobias errors are defined as

the traditional frequencies, the W-band (94 GHz) frequencies

are also added because they are strongly sensitive to quuiJBefrOf: TBassumptior TBreality, (15)
water signal. They are widely used in the millimetre wave- | . . L L .

length radar community and, thus, are interesting for possiblé’vhlle the equivalent bias in opacity is defined as
radar-radiometer synergetic measurements. This frequency Tassumption
band is also used in radiometry. The Department of Energy’'semor= ————-
(DOE) Atmosphere Radiation Measurement (ARM) Climate
research Facility has added 3-channel radiometers that inthe equivalent bias in opacity is only given for K-band and
clude the 90 GHz to several of their sites. ARM also usesW-band. In V-band, it is changes in the temperature profile of
the Radiometer Physics GmbH dual-frequency radiometethe atmosphere that drives changes in TB measurements not
that works at 90 GHz and 150 GHz (Turner et al., 2009). Inso much changes opacity. The assumption is defined as being
this study, we examine 201 K-band frequencies, 101 V-bandhe approximation of the idealised radiometer generally used
frequencies and 56 W-band frequencies with each frequencin forward models where antenna beam width and channel

(16)

Treality

www.atmos-meas-tech.net/6/1171/2013/ Atmos. Meas. Tech., 6, 117187, 2013



1176 V. Meunier et al.: Biases caused by the instrument bandwidth and beam width

Table 1. A sample of current commercial and experimental radiometers that inspired the instrument design characteristics included in this
study, where HPFW is half power full width.

Radiometer Beam width
name (HPFW) Bandwidth  Frequency bands References
ADMIRARI 5°-6.53 400MHz X and K band (3 frequencies) Battaglia et al. (2010)
ASMUWARA 7.9-10 300-4000MHz K, V, mm bands and IR (9 frequencies) Martin et al. (2006b)
HATPRO 2.5-3.8 100-2000MHz K and V band (14 frequencies) Rose et al. (2005) Radiometer
Physic GmbH (2010)
LWP-90-150 1.5-138 2000MHz W and D band (2 frequencies) Cadeddu (2011)
MWR3C 3.0-3.8 300-1900MHz K and W band (3 frequencies) Cadeddu (2012)
MICCY 0.4-0.9 250-1000MHz K, V, and W band (22 frequencies) Crewell et al. (2001)
MP-3000A 2.2-6.1 400MHz K and V band (12 frequencies) Liljegren (2002), Ware et al. (2003)
MTP-5 <0.9-2 ~4000MHz V band (1 frequency) Kipp and Zonen (2012), Gaikovich (2004)
Table 2. Summary of the instrument characteristics included inthe ~  ___<srdméesummenanges o s s
Stud . 200¢ o6 200¢ 1
Y F:: g L
Frequencies K-band (15-35 GHz), 5 oo L, E oo} L.
V-band (50-60 GHz), s :z‘ l i a l I
W-band (94_955 GHZ) 1000‘5 20 P 35 muo15 20 25 30 o
Frequency (GHz) Frequency (GHz)
Bandwidths (M Hz) 100, 2001 3001 4001 5001 ‘ Kcband, miciat summer, angle:14 TB{K:E ‘ Kcband, miciat summer, angle:90 T8 (K)
600, 700, 800, 900, 1000 K . : lg:j
Beam widths {) 05,1,2,3,4,5,6,7, Fo 2 I's
8,9,10 G i in ! I
Elevation angles®) 0.5, 2, 4, 6,8, 10, 12, 14, wooms L e I 18
20’ 25’ 30' 45, 60, 90 Frequency (GHz) Frequency (GHz)

Fig. 4. The errors associated to the channel bandwidth effect in TB
differences for K-band frequencies using the mid-latitude summer
bandwidth are considered to be delta functions. The realit)ﬁtmOSphe”C profile. The TB differences are defined as the TB cal-
includes the width of either the bandwidth or the beam width, €/12ted from & forward model without bandwidth minus the TB cal-
The effects are studied individually meaning that when theCUIateoI from a forward model with bandwidith.
bandwidth is studied the beam width is neglected and vice
versa for the beam width studies.
sorption peak, which is linked to the atmosphere being more

3.1 Receiver bandwidth effect opaque (Fig. 5). The maximum value of the over-estimation
occurs at elevations between 10 and figt the largest band-
3.1.1 K-band simulations width and is of 1.5K (opacity 1.015) again with the mid-

latitude summer sounding (Fig. 4). As expected, the largest
In K-band, the TB curvature changes are caused by the waerrors are linked to the largest bandwidths. For bandwidths
ter vapour absorption line at 22.235 GHz (Fig. 3). The mostless than 200 MHz, the errors caused by the bandwidth ap-
prominent feature in the error analysis is a dipole of un-proximation are negligible and can be ignored. At the low-
der and over estimation that is associated with this absorpest elevation angle used in this study (9,3he location of
tion peak (Fig. 4). The area of under-estimation on the lowthe dipole has shifted to lower frequencies. The curvature
frequency side of the absorption peak is associated to thehanges that cause the errors are displaced by the broaden-
negative curvature associated to the low frequency wing ofing of the water vapour absorption peak at low elevation an-
the absorption peak where the atmosphere is most trangyles (Fig. 5). There are small differences in the errors caused
parent (Fig. 5). This leads to an under-estimation of TB by the bandwidth approximation between the soundings. The
if the delta-function bandwidth approximation is used. The maximum errors values in the winter mid-latitude sounding
maximum value of the under-estimation-i9.8 K (opacity  are of 1.4K (opacity 1.015) for the over-estimation and of
0.993) at an elevation of 2(for a bandwidth of 1GHz in  —0.6 K (opacity 0.991) for the under-estimation. The tropi-
the mid-latitude summer sounding (Fig. 4). The area of over-cal summer sounding has 1.4 K (opacity 1.018) for the over-
estimation is associated to the positive curvature of the abestimation and-0.7 K (opacity 0.990) for under-estimation.

Atmos. Meas. Tech., 6, 11711187 2013 www.atmos-meas-tech.net/6/1171/2013/
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Fig. 5. Explanation of over and under estimations that cause the °
bandwidth errors, which are linked to the curvature of the TB

vs. frequency curve in K-band for the mid-latitude summer sound-. 5 The error in the retrieved IWV (in kg ) and LWP (in

ing. The vertical dotted lines represent the 1 GHz bandwidth (centr m~2) zenith corrected caused by the errors in TB by not taking
line is centre frequency). The short horizontal dashed lines are useea‘to account antenna beam width (right) or bandwidth (left). The
to locate the intgrsection of the extremities of the bandwidth anderrorS are shown for both the mid-latitude summer (red) and the
the dasheo_l .dOt I|n_e locates the_ centre frequency on the T|_3 CUNVEnid-latitude winter soundings (blue) for elevation angle$ (dash
These additional lines help to visually see that the over-estlmatlorgquare), 30 (dot star), and 90(line +).

and under-estimation errors are linked to the curvature of the TB

curve.
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3.1.2 V-band simulations
The subarctic summer sounding has 1.5K (opacity 1.016)
in over-estimation and-0.7 K (opacity 0.990) in under- Absorption in the V-band is caused by the oxygen com-
estimation. The widths in frequency of the over-estimationplex (Fig. 3), which consists of several closely spaced ab-
and under-estimation areas depend on the atmospheric strugorption lines. Because of pressure broadening, the individ-
ture. The mid-latitude winter sounding exhibits the narrowestual lines only significantly appear within the spectrum under
widths and the tropical sounding has the widest. These aréow-pressure conditions. With increasing opacity, i.e., low el-
mainly caused by the increase of water vapour in the trop-evation angles and/or high frequency, the V-band channels
ical sounding. The small difference between the soundingdecome saturated and, thus, any change in TB caused by
shows that these results are somewhat sounding independeitite bandwidth approximation will have negligible effect. For
The curvature of the TB spectrum (Fig. 5) leads to areas othis reason, frequencies above 55GHz at all elevation an-
over-estimation and under-estimation errors that have an imgles are saturated (Fig. 7). Starting &t 4n area of over-
pact on the retrieval’s solutions. The K-band measurementgstimation moves up in frequency as the elevation angle in-
are used in retrievals to determine the IWV and LWP of creases (50 GHz af40 53 GHz at 30) (Fig. 8). This area of
the atmosphere (zenith corrected). The mid-latitude soundover-estimation is attributed to the positive curvature of the
ings were used to illustrate this. The errors for both retrievedTB spectrum ahead of the saturation around 55 GHz (Fig. 7).
parameters are more important at low elevations angles fofl his is associated to opaque frequencies that receive their en-
the summer sounding at the largest bandwidths (Fig. 6). Fotire signal from close ranges from the lower atmosphere. The
IWV, the largest errors are-0.12kgnt?2 (—0.01kgnt?) maximum value of the over-estimation in TB is 1.5K at el-
at 10 elevation with the summer (winter) sounding for the evations between 30 and 9for the widest bandwidth for
largest bandwidth. For both soundings, the errors in IWV the mid-latitude summer sounding (Fig. 8). This, for exam-
decrease with increasing elevation angle to become negligiple, will lead the retrieval algorithms to slightly over-estimate
ble for zenith pointing instruments. For LWP, the errors duethe temperature at low altitudes for both mid-latitude sound-
to channel bandwidth are below 1 gffor all settings and  ings. The largest error in the retrieved low-level tempera-
can be neglected. The LWP retrievals prove insensitive to thdure is an over-estimation of 0.1 K for the largest bandwidth
band widths because the 31.4 GHz channel that is key to théFig. 9). Starting at & elevation, the opposite effect is ob-
retrieval is located in a window region where the curvatureserved to the left of the over-estimation. The area of under-
of TB with frequency is small. estimation widens as the elevation increases. This under-
estimation is associated to the negative curvature of the TB
spectrum (Fig. 7). This inflection is caused by the absorp-
tion reaching the values associated to the edge of the ab-
sorption peak at the most transparent frequencies and are

www.atmos-meas-tech.net/6/1171/2013/ Atmos. Meas. Tech., 6, 11187, 2013



1178 V. Meunier et al.: Biases caused by the instrument bandwidth and beam width

V-band, midlat summer V-band, midlat summer, angle:4 ™ () V-band, midlat summer, angle:8 8 (K)

Bandwidth (MHz)
@
8
3

50 52 54 56 58 50 52 54 56 58 60
Frequency (GHz) Frequency (GHz)

V-band, midlat summer, angle:14 800 V-band, midlat summer, angle:90

2 700} 02 2 700
@ 800" 04 @ 800
900+ 900
o 06
1oopo 1000} 1000,
50 52
F

3

]

T

8
.
o o o
25
@m =
883
888
|

°
> b oMo 2

54 56 58 60 50 52 54 56 58 60

55
Frequency (GHz) requency (GHz) Frequency (GHz)

Fig. 7. Explanation of over and under estimations that cause theFig. 8. The errors associated to the channel bandwidth effect in dif-
bandwidth errors, which are linked to the curvature of the TB ferential TB for V-band frequencies using the mid-latitude summer
vs. frequency curve in V-band for the mid-latitude summer sound-atmospheric profile. The TB differences are defined as the TB cal-
ing. The vertical dotted lines represent the 1 GHz bandwidth (centreculated from a forward model without bandwidth minus the TB cal-
line is centre frequency). The short horizontal dashed lines are usegulated from a forward model with bandwidth.
to locate the intersection of the extremities of the bandwidth and
the dashed dot line locates the centre frequency on the TB curve.
These additior_1a| Iines help to visqally see that the over-estimatiomyandwidth in V-band. The magnitude of the error will de-
and under-estimation errors are linked to the curvature of the TBpend on the size of the bandwidth considered. The peaks can
curve. be either averaged out at large bandwidth or detected individ-
ually at narrower ones. Here, the bandwidths are calculated
for each frequency independently and are plotted. It is for
linked to higher altitudes in the atmosphere. Therefore, thighis reason that the striations are not smeared at wider band-
will tend to under-estimate the temperature at mid-level alti-widths. These effects are not seen in K-band as it is a single
tudes in the atmosphere. The maximum value of the underpeak, nor are they seen in W-band, which is a window re-
estimation in TB is—0.6 K at elevations between 20 and®30 gion in the absorption spectrum. The only small difference
for the widest bandwidth again for the mid-latitude summer between the soundings is the magnitude of the errors caused
sounding (Fig. 8). The largest error in the retrieved mid-levelby the bandwidth approximation. The maximum errorsin TB
(4 km) temperature is an under-estimation-df.8 K for the are of 7K for the over-estimation and2 K for the under-
largest bandwidth for both mid-latitude soundings (Fig. 9). estimation in the mid-latitude winter sounding at an elevation
In the case that the receiver bandwidth is small enoughof 90° for the 1 GHz bandwidth. In the tropical sounding, the
the effects of the individual oxygen absorption peaks will over-estimation is 7 ane-2 K for the under-estimation. For
become apparent. This is indicated by the presence of strithe subarctic summer sounding, the over-estimation is 8.5K
ations at elevations abové.4rhe striations are seen as alter- and under-estimation2.5 K. This shows a difference of er-
nating over-estimations in TB, with maximum around 7.9 K, ror in TB on the order of 1.5K for the over-estimation be-
and under-estimations, with minima aroun@ K, at an ele-  tween these soundings and a difference on the order of 0.5K
vation of 90 for the widest bandwidth using the mid-latitude are seen in the under-estimation errors.
summer sounding (Fig. 8). The striations are not so notice-
able at angles below’6because of the saturation of the low 3.1.3 W-band simulations
elevation angles that mask most of them. Each of the oxygen
absorption peaks have areas of over-estimation and undetn W-band, the TB frequency curvature at any given an-
estimation associated with the absorption peak as seen witble is highly linear (no absorption peaks) due to the fact
the K-band'’s single peak. The choice of the resolution is mosthat this frequency band is an atmospheric window region
challenging for the V-band due to these multiple absorption(Fig. 3). Therefore, the channel bandwidth frequencies er-
peaks. In order to take into account the individual effect of rors are negligible. Window regions are not interesting for
each line, the resolution would need to be much finer than theadiometric profiling, because some variation of absorption
minimum of 100 MHz used here. Most radiometers do not re-with frequency is needed to be able to obtain height-resolved
solve every individual line. Therefore, it is important that the information. Thus, only integrated amounts will be possible
radiometer’s centre frequencies and bandwidth are chosen tas the slope does not seem strong enough for sounding (rang-
be between these oxygen peaks, as is done with the HATPR@Q) techniques. This band is the most sensitive to cloud lig-
instrument (Rose et al., 2005) (Fig. 10). The individual peaksuid water of the three bands examined here because cloud
will have an effect on the errors caused by the radiometerabsorption increases as the square of the frequency (Fig. 3).
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. : i Dicke switch radiometer. But if the bandwidth is increased
Fig. 9. The error in the retrieved temperature caused by the eImrorg ) 1 GHz. it will be 0.2 K for the total power radiometer and

in TB by not taking into account channel bandwidth for different . . .
levels in the atmosphere. The errors are shown for both the mid-o‘3 K for the Dicke switch. A worst-case scenario for the

latitude summer (right) and the mid-latitude winter (left) soundings radiometer would be a fast scanning radar. An example of

for different bandwidths (colour scale). the fastest scans done by the USA radar network are scans
at 12 s/rotation (OFCM, 2006). In this case, it can be found
that the bandwidth needed to keep the radiometer precision

Thus, it is well suitable to provide information on low LWP ground 0.5 K the bandwidth should be 120 MHz for the to-

in the atmosphere (Crewell andhnert, 2003). tal power radiometer and 480 MHz for the Dicke switch ra-
] ) diometer. A better scenario, again in the point-of-view of the
3.1.4  General comments on bandwidth biases radiometer, would be a slow scanning radar. The slowest scan

rate of the USA radars is 89 s/rotation (OFCM, 2006). In this

The question of the_ channel bandwidth is parucularly im- case, the bandwidth needed to have a 0.5 K precision is only
portant for radar-radiometer synergy, because of the link be-

tween integration time and bandwidth. The theoretical preci-Of. 16 MH.Z for ”“? total power rad|or_nete_r and 65MHz for
. ) . Dicke switch radiometer. As noted in this example, a nar-
sion of a radiometer is given by

row receiver bandwidth will lead to larger noise in the mea-
_ Yy (Un+Th) (17) surement if the integration time does not change. This will
VBAT cause more random errors in the retrieval algorithm. The im-

wherey is a constant that can be from 1 to 2 depending onPact Of the increase of noise following the use of a narrow
the radiometer desigr is the instrument's noise temper- bandwidth on the retrieval will not be quantified in this pa-

ature (here 700K)7a is the measured TB (here 300 K) per. On the other hand, wide bandwidths are more suscepti-
is the channel bandwidth, ants is the measurement inte- PI€ {0 be affected by radio frequency interference. This is a
gration time (Ulaby et al., 1981). The noise temperature isgrowing problem with the frequency allocation to active ra-

an instrument dependent constant. The radiometer and atm@li© frequency sources that are increasingly encroaching the

spheric noises causes a random error around the true mek2diometric radio frequency bands.
surement value unlike the other errors mentioned in this pa-

per, which are biases. From Eq. (17), it is apparent that thes'2 Antenna beam width effect

product of receiver bandwidth and integration time controls| the previous section, all bandwidths could reasonably be

the radiometer precision. If the radar and radiometer systemsqnsidered for all elevation angles and all frequencies. This

are on the same scanner and the scan rate is determined Ry ¢ necessarily the case for the beam width effects. At

the radar scan strategy, the radiometer integration time Wi"K-band, there are radiometers that have a h€am width,

be very short compared to traditional ground-based radiomep ;+ these radiometers are generally not used to scan at low
ter systems. Thus, in order to maintain or improve the ra-g|eyation angles. In other cases, such as V-band and W-

diometer sensitivity under such operational constrains, it iSygnd radiometers seldom have beam width larger than 3
necessary to increase the receiver bandwidth. For a radiomerhe results shown in this section will reflect these consid-

ter with a bandwidth of 100 MHz and integration time of grations: the errors only will be mentioned for beam width

1s, the sensitivity will be 0.1K for a stable total power ra- gmalier than 2 HPEW in K-band and 3HPEW in V-band
diometer { = 1) and 0.2K for a Dicke switch radiometer 5,4 W-band.

(y = 2), while at radar integration times (1/305s) it will be

AT
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Fig. 11. The errors associated to the antenna beam width effect inFig. 12. Explanation of over and under estimations that cause the
differential TB for K-band frequencies using the mid-latitude sum- beam width errors, which are linked to the curvature of the TB
mer atmospheric profile. The TB differences are defined as the TBss. angle curve in K-band for the mid-latitude summer sounding.
calculated from a forward model without beam width minus the TB The vertical dotted lines represent the® Iizam width (centre line
calculated from a forward model with beam width. Black area atis centre angle). The short horizontal dashed lines are used to lo-
elevations 4 and & are when the beam at least partially hits the cate the intersection of the extremities of the beam width and the
ground. dashed dot line locates the centre angle on the TB curve. These ad-
ditional lines help to visually see that the over-estimation and under-
estimation errors are linked to the curvature of the TB curve.

3.2.1 K-band simulations

sounding dependent. The magnitude of the errors are differ-
In K-band, the errors introduced by the antenna beam widthent in mid-latitude winter: the bias errors range from a 4.5 K
approximation can be large, especially at low elevation annger-estimation (opacity 0.93) at @levation for the 2
gles, compared to those caused by the channel bandwidtheam width to no error (opacity 1.00) &t levation for the
approximation. The errors in over-estimation are of 0.5K g 5 peam width. In the subarctic sounding, over-estimation
(opacity 1) at an elevation of*2for the 0.5 beam width  js 0.5K (opacity 1.03) at 2elevation and 1 beam width,
in the mid-latitude summer sounding. The under-estimationyhile the under-estimation is5 K (opacity 0.93) at 6 el-
is of —5K (opacity 0.93) at an elevation of’ for the £  eyation for the 4 beam width. In the tropical sounding, the
beam width (Fig. 11). At elevation angles below, 8he  gyer-estimation is 2 K (opacity 1.08) at 4levation for a 3
over-estimation errors are present around the peak, which igeam width, while the under-estimation is-ef K (opacity
not the case with higher elevation angles where only underg 9g) at 10 elevation for the % beam width. Here also, the
estimation is present (Fig. 11). At these elevations, the frereas of over-estimation and under-estimation errors cause a
quencies at absorption peak are associated to a positive CUghange in the TB dependency with angle shape, which has an
vature of the TB dependency with angle, leading to an overimpact on the retrieval’s solutions. The errors in beam width
estimation of TB, because they are optically thick and neathaye a larger impact on the retrieved parameters IWV and
saturation (Fig. 12). The frequencies at the wing of the peak \wp (zenith corrected) than those seen with the bandwidth
are more transparent and, thus, are associated to the negarors. For IWV, the largest errors occur at théséam width
tive curvature of the TB dependency with angle leading tognd for the lowest elevation angles {1@vhere, for exam-
an under-estimation of TB. At elevations above the fre-  ple, errors of 0.3 kg m? are seen using the winter sounding
guencies are all somewhat transparent to the atmosphere agd 0.35 kg m? for the summer sounding (Fig. 6). For ele-
such they have a negative curvature. Abové 2levation,  vation angles of 39 the errors at these beam width drop to
the opaque absorption peak is now linked to the larger underg 1 kg n12 for summer and 0.03 kg n? in winter. For LWP,
estimation values and the transparent wings to area of smallghe summer sounding has more important errors, T at
values. At these elevations, the transparent frequencies shoywy elevation for 4 beam width, than the winter sounding,
little curvature, while the less transparent frequencies stillyhere the error drops to below 1 gfor the same elevation

have some negative curvature affecting them (Fig. 12). Théxnd beam width. The errors in LWP drop to below 1¢fm
magnitude of the errors decreases with increasing elevatiogpgoye 30 elevation for all beam widths.

angle to become negligible for zenith pointing instruments.
This is expected since the difference of including off-zenith
measurements in the beam width is less important than in-
cluding the more strongly emitting lower angles at low eleva-
tion. Unlike the bandwidth errors, the beam width errors are
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Fig. 13. Explanation of over and under estimations that cause therig. 14. The errors associated to the antenna beam width effect in
beam width errors, which are linked to the curvature of the TB (differential TB for V-band frequencies using the mid-latitude sum-
vs. angle curve in V-band for the mid-latitude summer sounding.mer atmospheric profile. The TB differences are defined as the TB
The vertical dotted lines represent the’ lam width (centre line  calculated from a forward model without beam width minus the TB
is centre angle). The short horizontal dashed lines are used to localculated from a forward model with beam width. Black area at

cate the intersection of the extremities of the beam width and thegjevations 4 and & are when the beam at least partially hits the
dashed dot line locates the centre angle on the TB curve. These aground.

ditional lines help to visually see that the over-estimation and under-
estimation errors are linked to the curvature of the TB curve.

perature profile change shape abo%éb6am width. This is
caused by the beam at least partially hitting the ground. The
3.2.2  V-band simulations error magnitudes and the width of areas of under-estimation
and over-estimations are similar in all soundings for the beam
The errors related to the antenna pattern have similar magwidth considered. The maximum value of over-estimation in
nitude to those associated with the channel bandwidth outTB in the winter profile is of 1.2K at an elevation of for
side of the peak regions. The simulations indicate that at frethe 3 beam width and of~0.2K for the under-estimation
guencies above 55 GHz, the brightness temperatures at thesa¢ an elevation of 20 For the subarctic sounding, the over-
wavelengths are saturated and, therefore, no errors due to thestimation is 1.2 K at an elevation df #or the 3 beam width
antenna pattern are present (Fig. 13). The maximum valueand the under-estimation is 6f0.2K for the same beam
are of 1.1 K over-estimation at thé élevation angle and an width at 20 elevation. The tropical sounding shows an over-
under-estimation of-0.2K at a 20 elevation angle, both estimation of 1K at an elevation of 4or the 3 beam width
for the 3 beam width. At elevations below 10an area of and an under-estimation ef0.2 K for the same beam width
over-estimation occurs at the most transparent frequencieat 20 elevation. Therefore, the effect does not seem to be
(50-52 GHz) and is linked to the positive curvature of the sounding dependent for the beam width considered.
TB curve (Fig. 14). This curvature is caused by the frequen-
cies being transparent enough to be affected by the bear8.2.3 W-band simulations
width and by the fact that, as the elevation angles get higher,
the atmosphere becomes less opaque. At low elevation arih W-band, the effect of antenna beam width, unlike the re-
gles, even the electromagnetic waves at the most transpaceiver channel bandwidth, is not negligible. The errors are an
ent frequencies do not propagate far through the atmospherever-estimation of 1.5K (opacity 1.25) for a beam width of
Therefore, at the low elevation angles, the low altitude atmo-3° at an elevation of 4and an under-estimation ef0.5K
spheric temperature will tend to be over-estimated. Betweerfopacity 0.995) at an elevation of 14or the same beam
elevation angles of 12 and 30an area of under-estimation width for the mid-latitude summer sounding (Fig. 16). At
appears to the left of the area of over-estimation (Fig. 14).these elevations, the TB curve shows a positive curvature
At elevations above 45 the area of over-estimation disap- and the amount of curvature increases with increasing beam
pears completely and the area of under-estimation widens tavidth. The positive curvature is linked to the low elevation
include all frequencies below 55 GHz (Fig. 14). The errorsangles being near saturation. Above Eevation, there is a
become smaller with increasing elevation angle. The largesgradient from negligible error to under-estimation at larger
error in TB at these elevations is f0.1 K for the 3 beam  beam width. Here, the TB curve shows a negative curvature
width at 45. The retrieval shows an over-estimation of less and the amount of curvature increases with increasing beam
than 0.1K for the 3 beam width at mid-level in the atmo- width. The negative curvature is linked to the higher angles
sphere in both soundings (Fig. 15). The errors in the tem-passing through more transparent layers in the atmosphere.
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Fig. 15.The error in the retrieved temperature caused by the errorgalculated from a forward model without beam width minus the TB
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levels in the atmosphere. The errors are shown for both the midelevations 4 and & are when the beam at least partially hits the
latitude summer (right) and the mid-latitude winter (left) soundings ground.
for different beam widths (colour scale).

an issue. However, when radiometers co-scan with radars, the
At elevations above 45 the errors drop below-0.05K dwell time required to follow the radar is very short. Thus,
(opacity 0.999) for the Bbeam width, because the curvature the radiometer must take near continuous measurements and
of the TB curve is reduced. In the mid-latitude winter sound- the problem of elongation appears. Another issue is the beam
ing, the over-estimation is of 0.6 K (opacity 1.02) &tede- matching between the instruments. It is important to note that
vation for the 2 beam width and the under-estimation is of the beam width will depend on frequency. Higher frequencies
—1.5K (opacity 0.985) at4elevation for a 3 beam width.  have narrower beam width. Therefore, when using instru-
In the subarctic summer sounding, the over-estimation is ofments with different frequencies, beam matching will have
1.6 K (opacity 1.065) at4elevation for a 3beam width and  to be taken into account. In the case of radar and radiome-
the under-estimation is 6f0.6 K (opacity 0.992) at 12el- ter sharing the same antenna, the radar antennas are not quite
evation for a 8 beam width. The tropical sounding shows suitable for radiometric use. Radiometers require antennas
an over-estimation of 0.7 K (opacity 1.05) atdlevation for ~ with very little side lobes, so that the measurement is not
a 3 beam width and an under-estimation-e0.2K (opac-  contaminated by radiation incoming from different sources.
ity 0.998) at 20 elevation for a 3 beam width. As men-  This problem is more important for radiometer than for radar
tioned previously, W-band is very sensitive to the presencebecause the radar signal is 2-way, which reduced the side
of clouds and, thus, these errors will cause the retrieval algotobes by the square. The radiometer, being only 1-way, does
rithm to change the LWP. Thus the retrieval might compen-not have this advantage.
sate the over-estimation (under-estimation) by adding (sub-
tracting) liquid water amounts in the atmosphere if there isn03.3  Refractive index effect
other piece of information (e.qg., lidar, radar or other radiome-
ter channels such as K-band) to help locate the presence dfhe refractive index error is calculated as the difference be-

liquid water. tween the TB calculated by the forward model using the full
propagation (Egs. 9 and 10) and the TB calculated by the
3.2.4 General comments on beam width biases forward model using the propagation with 4/3-earth radius

approximation (Eqgs. 6 and 7). It is to be noted that both
Blahak (2008) has studied the effect of the elongation of thethe beam width and the bandwidth are omitted in the refrac-
beam caused by averaging over several measurements whitwe index calculations. The impact of the vertical gradient
scanning. Although this was derived for radar, this effectof the refractive index of air on the radio propagation de-
would present in scanning radiometers measurement if th@ends on the assumed atmospheric structure. Here, climato-
radiometer does not stare during the collection of data. In dogical soundings represent an average for a certain climate
stand-alone mode, the instrument could stop at any given anzone and extreme refractive index profiles are not included.
gle to collect a series of measurement and then continue té more comprehensive study will need to use a large number
the next angle as such the dwell time and elongation are nodf soundings capturing the variability of the vertical gradient
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Fig. 17.The errors in TB associate to the refractivity effect on the

left column and the Earth curvature effect on the right column at all Fig. 18. The error in the retrieved IWV (in kg M) and LWP (in
frequencies for the mid-latitude summer profile in TB differences. g m~2) zenith corrected caused by the errors in TB by not taking
The top plots show the results for K-band, the middle ones are V-into account antenna beam width (right) or bandwidth (left). The
band, and the bottom ones are W-band. In all plots, the dashed lingrrors are shown for both the mid-latitude summer (red) and the
is 4° elevation, dotted line is%§ dash dot line is 1% and the full  mijd-latitude winter cloudy soundings (blue) for elevation angles
line is 9C°. 10° (dash square), 30dot star) and 90(line +).

of the refractive index. The propagation errors are more im-the bandwidth are omitted in the calculations. The effect
portant at low elevations. In the case of the refractive index,of Earth curvature on the radiometer measurement causes
the lower elevation angles are most affected because the ramder-estimation at all frequencies. The amount of under-
diation must travel longer through a thicker part of the at- estimation depends on the frequency band with K-band hav-
mosphere and will be bent more, while a9@enith) there  ing the largest errors and V-band the smallest. Since the K-
will be no effect. The main quantities affecting the change ofband frequencies are not saturated, the effect caused by the
refractive index are pressure, temperature and water vapourchange of height of the beam due to the Earth curvature
The simulated errors at K-band are larger than the errorsvill affect the measurement of TB (Fig. 17). This effect will
of the other frequency bands studied. The saturation of th&ause smaller changes in the beam height at frequencies that
V-band and W-band frequencies causes the TB to be lesare near saturation, such as V-band and W-band. This effect
sensitive to the change of the beam altitude due to the reis also elevation angle dependent. At high elevation angles,
fractive index. Thus, the errors at these frequencies are negvhether the Earth is spherical or flat changes very little the
ligible. The errors in K-band are over-estimations with the height at which the beam is pointing. At low elevation an-
warm soundings and under-estimations with the cold soundgles, the Earth curvature increases the height above ground
ings (Fig. 17). The errors are of 0.5K at 2levation in  at which the instrument points. Thus, the effect is most pro-
mid-latitude summer-1K in mid-latitude winter, 0.9K in  nounced at low elevation angles, less thanth the lowest
tropical and—0.4 K in subarctic at the same elevation angle angle being the most strongly affected.
and are larger at lower elevation angles (in subarctic the sign For K-band, the lowest elevation angles seem to show a
changes at lower elevation). The effect is more important alarger effect on the low-frequency wing. Above dlevation,
low frequencies where the atmosphere is more transparenhe effect becomes more symmetrical for both wings. The ab-
and the waves propagate further. At elevations abéyé®  sorption peak being saturated shows little effect. Above 10
effects are negligible for all frequency bands, as found byelevation, the maximum shifts from the wings to the peak, but

HWOO for K-band. the errors are less than at lower elevation angles. The errors
are somewhat larger in the winter sounding. This is cause by
3.4 Earth curvature effect the frequencies being less saturated in the colder drier win-

ter sounding. The error is5.4K at an elevation of 4in
The Earth curvature errors are calculated as the differencenid-latitude summer-6.1 K in mid-latitude winter—4.6 K
between the TB calculated by the forward model using prop-in tropical and—5.9 K in subarctic at the same elevation and
agation with 4/3 Earth radius (Egs. 6 and 7), which in- again are larger at lower elevations. HWO0O found that the
cludes the Earth curvature, and TB calculated by the forwardeffects are still relatively important at higher elevation an-
model using propagation without Earth curvature (Eq. 5).gles. They also offer a correction to minimise this effect.
It is to be noted that, here again, both the beam width andrhe under-estimation errors will cause an under-estimation
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Table 3. Summary of the range of biases in clear air for elevation angles atfowe B (in K) associated to each effect (bandwidth (100—
1000 MHz), beam width (0.5—20, refractivity, and Earth curvature) for each set of frequencies and each sounding. Entries with long dashes
represent values that are below any instrument measurement capability.

Mid-latitude Mid-latitude Subarctic Tropical

summer winter summer summer

Max  Min Max  Min Max  Min Max  Min

Bandwidth K-band 15 -0.38 14 -0.6 14 -07 15 -0.7

Bandwidth V-Band (peaks) 8 -2 7 -2 85 -25 7 -2
Bandwidth W-Band - - - - - - - -

Beam width K-band (2 HPFW) 0.5 -5 0 —-45 0.5 -5 2 -2

Beam width V-band (3HPFW) 1.1 -0.2 1.2 -0.2 1.2 -0.2 1 -02

Beam width W-band (BHPFW) 15 -05 06 -15 1.6 -0.6 0.7 -0.2

Refractivity K-band 0.5 0 0 -1 025 -04 0.9 0
Refractivity V-band - - - - - - - -
Refractivity W-band - - - - - - - -

Curvature K-band - —54 - —-6.1 - =59 - —46

Curvature V-band - -11 - —-13 - =12 - =09

Curvature W-band - —-0.7 - -54 - -16 - =09

of IWV and LWP in the retrievals. For V-band, there is also previous clear air cases. The biases caused by omitting the
an under-estimation. At these frequencies, two effects com&andwidth are not affected by the presence of this cloud. For
into play the first, and most important, is saturation. This isthe bandwidths experiment, the results remain very similar
the reason why the lower elevation angles to show no changeo those found in the clear air case. This is due to the fact
The more opaque frequencies $3 GHz) are saturated and that the addition of the cloud did not change the curvature of
an apparent change in elevation angles will have little ef-the TB as a function of frequency. On the other hand, most
fect. For the more transparent frequencies, the effect of th@f the beam width biases are reduced except for the K-band
change of altitude of the beam caused by the Earth curvathat shows little change compared to the clear air. This is be-
ture will be more important. When not saturated, this effectcause the cloud raised all TB preferentially at low opacity
is more important at elevation angles up t¢ 3@ elevation  bands and at high frequencies. This reduces all curvatures
and no changes are seen at zenith. The errors are very similand, hence, reduces the biases associated with them. The ef-
between the soundings. The maximum error in mid-latitudefect of both the refractive index and the Earth curvature were
summer is—1.1 K between 6 and°8n elevation,—1.3K in also reduced. In both soundings used as examples for the re-
mid-latitude winter,—0.9K in tropical, and—1.2K in sub- trieval, the LWP increases, which is expected because of the
arctic at the same elevations. The retrieval will cause arpresence of cloud (Fig. 18). The effect of beam width for
under-estimation of the temperature profile at all levels inclouds between 0 and 300 grwill show values of LWP

the atmosphere. As with the V-band, the W-band also has thée between these values. As mentioned before, the LWP re-
saturation and the Earth curvature effect competing with eactrieval was also done for clear air soundings (Fig. 6). The
other. At very low elevations angles, the saturation effects ard WP non-zero values found in the case of clear air show that
dominant. At less opaque elevation angles, it is the height dif-omitting of the beam width or bandwidth can lead to false
ference caused by the Earth curvature that is dominant up teloud detection in a retrieval algorithm. The clouds do not
a certain point where, at higher elevation angles, the effectffect the temperature profile retrieval.

is too small. The most affected angles are found at elevation

angles up to 30 Here again, the errors are more important

in the winter sounding than in the summer one. The maxi-4 Summary

mum errors are-0.7 K in mid-latitude summer at elevation

of 6°, —5.4K at 2 in the mid-latitude winter-0.9K at& in  This study investigates the bias errors introduced to scan-
tropical and—1.6 K at #4 in subarctic. These errors will also ning radiometer measurements related to the instrument'’s

cause the retrieval to under-estimate the LWP. receiver bandwidth (100-1000 MHz), antenna beam width,
(0.5-10), atmospheric refraction and Earth curvature (Ta-
3.5 Effect of clouds on biases ble 2). The causes of the errors were determined and their ef-

fects on the retrieved atmospheric parameters integrated wa-
As mentioned before, we added a slab cloud to the differenter vapour (IWV), liquid water path (LWP) and temperature
soundings and did the same analysis as was done with therofile were also examined for three frequencies bands. The
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Table 4. Summary of retrieval errors associated to the different effects (bandwidth (100-1000 MHz), beam width°() fo+#@ch retrieval
parameter IWV (kg m2), LWP (g n2) and temperature (K)) for both mid-latitude soundings. Entries with long dashes represent values
that are below any instrument measurement capability. The IWV and LWP values are mapped to zenith, while the temperature is not.

Mid-latitude summer Mid-latitude winter

Maximum  Minimum Maximum  Minimum
IWV bandwidth (kg n12) 0 -0.12 0 —0.01
IWV beam width (kg nT2) 0.95 0 1.2 0
LWP bandwidth (g n2) - 0 - 0
LWP beam width (g mm2) 5.5 0 1.5 0
T bandwidth (K) 0.7 -1.8 0.7 -1.8
T beam width (K) 0.1 - 0.1 -

errors were defined as differences in brightness temperatursubarctic case (Table 3). Therefore, it is important to choose
(TB) between the forward model approximations that doesthe V-band frequencies between the absorption peaks to re-
not account for the instruments characteristicsask@nption ~ duce the errors. If the frequencies are placed between these
(or in the case of the refractivity and Earth curvature studyabsorption peaks and are used at low elevation angles, the
the more complex formulation) and a forward model that errors in bandwidth are reduced. The errors on the retrieved
would have all these characteristics included,ckRy (the  temperature profile caused by the errors in TB by the channel
simplest form). Depending on the curvature of the TB curve,bandwidth are negligible at low levels in the atmosphere and
positive or negative TBor are found. Areas with positive become negative{1.8K) at mid-levels in the atmosphere
curvature will cause TBsumptionto be over-estimated com- (Table 4). The beam width errors are larger at low eleva-
pared to TReaiity, While areas with negative curvature will be tion angles, where an over-estimation of 1.2 K is found at the
responsible for the under-estimation of B mptionwith re- low frequencies (Table 3). At elevations above 2e er-
spect to TReaiity. The errors calculations were done for four rors become under-estimation at these frequencies, but these
climatological soundings: mid-latitude summer and winter, errors are smaller with a maximum arour@®.2 K. The er-
tropical and subarctic summer. The soundings are clear airors on the retrieved temperature profile cause by the errors
but a 1km deep cloud with LWP 300gth was added to in TB by the antenna beam width are over-estimation of less
them as well. than 0.1 K at mid-levels for beam width of Table 4). In

At K-band (15-35GHz), the effect of the bandwidth is W-band (90-95 GHz), the errors related to the beam width
smaller than the beam width effect. The largest errors inare the most important especially at elevation angles below
bandwidth (1.5K) were associated with an over-estimation14°. At elevation below 8, the errors are over-estimations
around the absorption peak in mid-latitude summer and tropwith errors such as 1.5K in mid-latitude summer and 1.6 K
ical cases (Table 3). The beam width effect yields largerin subarctic (Table 3). At higher elevations, the errors turn
errors. The under-estimation linked to the absorption peako under-estimation with the largest errors arourid5K in
has errors of-5K in the mid-latitude and subarctic sum- mid-latitude winter (Table 3). These errors become negligi-
mer cases, while the over-estimation is around 2K in theble above 45 in elevation. The bandwidth effects are also
tropical case (Table 3). These large errors are found at lownegligible because there is no absorption peak (Table 3). W-
elevation angles, below 10This leads to errors in the re- band frequencies are very sensitive to cloud liquid water so
trieved integrated atmospheric quantities of IWV and LWP the errors are going to affect the LWP retrievals. For the ef-
that are much larger in beam width (IWV 0.35kgfnand  fect of vertical gradient of the atmospheric refractive index,
LWP 1gnT?) than in bandwidth (IWV—0.12kgnm2 and  the K-band frequencies are the most affected (0.9 K in tropi-
LWP < 1 gn?) just as with the TB errors (Table 4). The bi- cal and—1 K in mid-latitude winter at 2 and larger at lower
ases caused by the beam width and bandwidth approximatioalevations), because it is the only frequency band that is not
can lead the retrieval to interpret that there is a cloud evemearly saturated at low elevation angles (Table 3). This ef-
in clear air. As the elevation angles increases, these errorfect is also reduced at higher elevations angles as previously
decrease until they become negligible above. 4H1ie main  found by HWO0O0. However, the information we can derive
challenges in the V-band (50-60 GHz) are the errors in bandabout this effect is limited because of the use of the cli-
width caused by the absorption peaks making up the oxygematological soundings and a climatological refractive index.
complex. These absorption peaks cause under-estimation €fhe errors caused by the refractive index effects are smaller
rors and over-estimation errors depending on the TB specthan those associated with the bandwidth effect for all fre-
trum’s curvature. The under-estimation can be as large aguencies. The Earth curvature yields under-estimation errors
—2.5K and the over-estimation range around 8.5K for thefor all frequencies. This effect also has the greatest effect in
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K-band (-6.1K in mid-latitude winter at 4 and larger at  Crewell, S. and bhnert, U.: Accuracy of cloud liquid water path
lower elevations) for the same reason as the refractive index from ground-based microwave radiometry 2. Sensor accuracy
effect (Table 3). Clouds have little effect on the biases caused and synergy, Radio Sci., 38, 804#i:10.1029/2002RS002634
by the beam width and bandwidth and reduce the effects of 2003.
the refractive index and Earth curvature Crewell, S. and bhnert, U.: Accuracy of Boundary layer tempera-

. N : : ture profiles retrieved with multifrequency multiangle microwave

The errors of beam width and bandwidth found in this pa- . .

per are bias errors caused by using the zero beam width angrradlometry’ IEEE T. Geoscl. Remote, 45, 21952201, 2007.

. . L . - ewell, S., Czekala, H.,&hnert, U., Simmer, C., Rose, T., Zim-
bandwidth approximation in the radiometric forward model. mermann, R., and Zimmermann, R.: Microwave Radiometer for

These biases indicate by how much this approximation is o cjoud Carthography: A 22-channel ground-based microwave ra-
longer valid and must be compensated for by using correc- diometer for atmospheric research, Radio Sci., 36, 621-638,
tions. A typical measurement accuracy of brightness temper- 2001.

ature measurements from microwave radiometers is 0.5 KDoviak, R. J. and Zmic, D. S.: Doppler radar and weather obser-
In that context, we can consider that the largest bias errors vations, 2nd Edn., Dover publications Inc., Mineola, NY, USA,
caused by omitting either the beam width or the bandwidth 2006.

that could be acceptable without the need to correct for offisch, A. S., Fairall, C. W., and Snider, J. B.. Measurement of
take into account these characteristics should ideally be less Stratus cloud and drizzle parameters in ASTEX with aand
than half of the accuracy of brightness temperature measure- gggglz%zdirgzgd a microwave radiometer, J. Atmos. Sci., 52,
ments_. For existing commercial radiometers, .thls occurs abaffard, C., Héwison, T., and Nash, J.: Toward the combination of
elevation angles larger than 2%or all frequencies for the

. . active and passive remote sensors for temperature and humidity
beam width effect (3 HPFW) and for bandwidths smaller  ,y4fjling, 6th International Symposium on Troposhperic Profil-

than 400 MHz. ing, Leipzig, Germany, 14—20 June, 2003.
Gaikovich, K. P.: Inverse problems in physical diagnostics, Nova
Science Publishers Inc., Hauppauge, NY, USA, 2004.
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