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Abstract

In this article, brightness temperatures observed by channels of the Advanced Microwave Sounding Unit-B (AMSU-B)

instrument are compared to those simulated by a radiative transfer model, which can take into account the multiple

scattering due to ice particles by using a discrete ordinate iterative solution method. The input fields, namely, the pressure,

temperature, humidity, and cloud water content are taken from the short range forecast from the Met Office mesoscale

model (UKMES). The comparison was made for a case study on the 25 January 2002 when a frontal system associated

with significant cloud was present over the UK. It is demonstrated that liquid clouds have maximum impact on channel 16

of AMSU whereas ice clouds have maximum impact on channel 20. The main uncertainty for simulating microwave

radiances is the assumptions about microphysical properties, such as size distribution, shape and orientation of the cloud

particles, which are not known in the mesoscale model. The article examines the impact of these parameters on the cloud

signal. The polarisation signal due to oriented ice particles at these frequencies is also discussed.

r 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Microwave remote sensing from space is a key technique to study the weather and climate of the Earth. The
Advanced Microwave Sounding Unit-A (AMSU-A) and AMSU-B on-board the NOAA satellites and the
Special Sensor Microwave Imager (SSM-I) and SSM-T2 on-board the Defense Meteorological Satellite
Program (DMSP) satellites have been used, mainly for the retrieval of temperature and water vapor [1,2]. The
AMSU data are also used for operational weather forecasts by assimilating radiances into the numerical
weather prediction (NWP) models [3].
e front matter r 2008 Elsevier Ltd. All rights reserved.
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Even though clouds have a smaller impact on microwave radiation compared to visible or infrared radiation
(Greenwald and Christopher [4], based on their results for channel 18 ð183:31� 1GHzÞ of AMSU estimated
the effect of non-precipitating clouds on this channel to be measurable, but rather weak, about 1.4K in
average), several modelling and observational studies at microwave wavelengths suggested that the presence of
cirrus clouds associated with strong weather activity can severely disturb the measurements in the microwave
region [4–8]. The main interaction of ice particles in cirrus clouds with microwave radiation (considered in this
study, 89–200GHz) is by scattering, which decreases the brightness temperature (BT) compared to the clear
sky case. A detailed simulation study which examined the impact of clouds on microwave frequencies for
down-looking instruments is presented in Sreerekha [9]. There, the effect of non-spherical, oriented ice
particles and polarisation signal from such particles on AMSU-B channels using a newly developed radiative
transfer (RT) model, the atmospheric radiative transfer simulator (ARTS), was shown. These studies pointed
out that the cloud signal depends on the cloud microphysical properties and relative water vapor absorption at
the AMSU-B frequencies.

This study presents a comparison of the BTs simulated by the RT model ARTS and those observed by
AMSU-B. ARTS is a polarised three-dimensional (3D) vector RT model that can simulate multiple scattering
due to spherical or non-spherical oriented ice particles in cirrus clouds. The ARTS model has been compared
against other scattering models [10–13]. In all those comparisons ARTS was the reference model, because all
of the other RT models use different kinds of approximations, e.g. plane-parallel geometry, single scattering
approximation or neglect of polarisation. All models agreed well in the expected regimes where the
approximations are valid.

There are only a limited number of in situ observations of cloud microphysics that are coincident with the
AMSU-B observations, therefore it is difficult to get model input data for a radiative transfer simulation of the
AMSU observation. In this study we use atmospheric fields, including all relevant cloud fields, from a NWP
model. The Met Office mesoscale model (UKMES) was chosen because it has high spatial resolution (12 km)
and short range forecasts (between 3 and 9 h) were taken to give the cloud scheme time to produce realistic
cloud and precipitation fields from the original analysis and to achieve as close a match in time as possible to
the observations. The result of this comparison will on the one hand side provide information about how
much clouds affect the different AMSU channels and on the other hand side they can be used for validation of
the NWP model, the results show how closely the short range forecasts the AMSU observation.

A similar study was done by Burns et al. [7], where the results of the RTM RT model were compared to
SSM-T2 measurements using input from the Cooperative Institute for Meteorological Satellite Studies
(CIMSS) forecast model [14] for a convective system over the Pacific Ocean on 9 February 1995. In that study,
the BTs simulated in the presence of ice clouds did not show the BT depression found in the observation. The
reason was attributed to the coarse resolution of the forecast model of about 80 km. The authors came to this
conclusion after using the high resolution input fields provided by the University of Wisconsin Regional
Atmospheric Modeling System (UW-RAMS) cloud resolving model (CRM) [15] for Hurricane Gilbert on
September 1988, which produced BT depressions of the magnitude observed for the previous case study.
However, a direct comparison with the CRM inputs for the original case study was not done.

Meirold-Mautner et al. [16] also describe a comparison between observed and simulated radiances for
AMSU-B frequencies, but for quite different meteorological conditions. Furthermore, they based their inputs
on a different circulation model, and used a different RT model. Despite these differences, we show in Section
6.2 that our results are broadly comparable to their results.

The article is organised as follows: Section 2 gives a short description on the ARTS RT model, Section 3
describes the UKMES, and Section 4 introduces the AMSU-B instrument. Section 5 explains the methodology
of the comparison, Section 6 discusses the results of the comparison between ARTS simulation and AMSU-B
observation in detail, and Section 7 contains the summary and conclusions.

2. The atmospheric RT simulator

The first version of the ARTS is a clear sky RT model, used for the retrieval of temperature and trace gases
in the microwave range. ARTS is a very flexible and modular tool that can be used for simulating up-, limb-,
and down-looking instruments. ARTS operates in 3D geometry which makes it suitable for limb and highly
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off-nadir measurements. Because cirrus clouds interact with microwave radiation mainly by scattering, the
model was extended to include multiple scattering. In order to take into account the polarisation due to
scattering by non-spherical oriented ice particles in cirrus clouds, the vector radiative transfer equation
(VRTE) is solved in ARTS. Two methods to solve the VRTE are implemented in ARTS: a discrete ordinate
iterative (DOIT) method [17] and a Monte Carlo (MC) method [18]. In this study we use the DOIT method
since it is efficient in 1D geometry. We take the cloud fields of the NWP model as independent columns for the
radiative transfer simulations, this methodology is commonly known as independent pixel approximation.
A real 3D simulation of the observation is not yet feasible in reasonable CPU time.

Validation of RT models including scattering is difficult, because the model input data (i.e., cloud
structures, particle sizes, particle shapes, etc.) are not well known. Therefore one cannot directly compare
measured BTs to the simulations. One possibility to validate RT models is by comparison to other models.
The two methods implemented in ARTS (DOIT method and MC method) are two completely different
approaches to solve the VRTE. They have been compared and agreed well within the expected numerical
errors which gives very high confidence in the two algorithms [11].

ARTS-DOIT has been used to validate several other RT models that use various kinds of approximations: a
comparison with the RT model developed at RAL (Rutherford Appelton Laboratory), which is a pseudo-
spherical model that approximates the scattering phase function by a Henyey–Greenstein function, showed
excellent agreement, less than 1K difference in simulated BTs for most cloud cases in limb-looking geometry
[10]. Another comparison between ARTS-DOIT and the single scattering model Karlsruhe Optimized and
Precise Radiative Transfer Algorithm (KOPRA), in the infrared region, showed that the two models agreed
well in the single scattering regime [12]. ARTS has also been used to validate the pseudo-spherical model
SARTE [13].

The single scattering properties of cloud particles are calculated using the T-matrix code for randomly
oriented particles [19]. The real and imaginary part of the refractive index, which are inputs to the T-matrix
code are calculated using Warren [20] for ice particles and Mishchenko and Travis [19] for liquid droplets.

3. The mesoscale model—UKMES

The UK Met Office runs an operational mesoscale model, which assimilates data from satellite, radiosonde,
aircraft and surface stations. Compared to the global model of the UK Met Office, the mesoscale model
provides additional mesoscale details of clouds, precipitation, wind, and temperature over the UK. The global
model is used to provide the lateral boundary conditions. The UKMES model uses 3D-var to assimilate
conventional observations as is described for the Met Office global model [21]. AMSU data are also
assimilated by the UKMES but has been excluded in the studies in this paper. The model also assimilates
radar data and infrared satellite data using an analysis correction scheme. The model has a horizontal grid
spacing of 0.111 corresponding to approximately 12 km and there are 38 vertical levels.

Of the outputs of the mesoscale model, the ones that are of interest in this study are pressure, temperature,
relative humidity, cloud ice content, and cloud liquid content. The model output does not contain information
on the size distribution of the cloud particles nor their shape or orientation. These must therefore be diagnosed
from the model fields.

4. The AMSU-B instrument

AMSU-B is a cross-track scanning, total power microwave radiometer with five double side band channels.
Two channels are located at 89 and 150GHz, designated as channels 16 and 17, respectively. The other three
are located near the 183.31GHz water vapor line, at 183:31� 1; �3, and �7GHz. These are designated as
channels 18, 19, and 20, respectively [22]. Fig. 1 shows the atmospheric zenith opacity calculated considering
H2O, O2, N2, and O3 based on the FASCOD mid-latitude summer atmospheric scenario [24]. The vertical light
grey bands indicate the pass-band positions of the five AMSU-B channels.

AMSU-B has a field of view of 1.11, and once every 8
3
s it measures 90 Earth views, four space views and four

internal blackbody target views. The Earth viewing angles range from �48:95� to þ48:95� about nadir.
The satellite viewing angles for the innermost scan positions are �0:55� from nadir, and the viewing angles for
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Fig. 1. Atmospheric zenith optical depth (or opacity) for the FASCOD midlatitude summer scenario for H2O (dashed), O2 (dotted), N2

(dash dotted), and total (long-dashed). Shaded regions represent the pass-band positions of channels 16–20 of AMSU. The channel

numbers are printed near the pass-bands. Figure adapted from John and Buehler [23].
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the outermost scan positions are �48:95� from nadir. This corresponds to incidence angles of �0:62� and
�58:5� at the surface, respectively. The footprint size is 20� 16 km2 for the innermost scan positions, but
increases to 64� 27 km2 for the outermost scan positions [22].

In the case of AMSU-B, the vertically and the horizontally polarised radiation cannot be separated. The
total radiation as seen by the instrument, Tbmix

, is given by

Tbmix
¼ Tbv sin

2 yp þ Tbh cos
2 yp, (1)

where Tbv and Tbh are the vertical and the horizontal polarisation components of the radiation.
The polarisation angle yp, is the angle between the propagation of the electric field vector and the satellite
velocity vector and is given by yp ¼ 90� � yN, where yN is the nadir angle. At nadir, yp is 90� and AMSU-B is
sensitive only to vertical polarisation where the electric field vector is perpendicular to the direction of satellite
motion. The ratio of the horizontal to the vertical polarisation increases as the zenith angle ymoves away from
nadir [22].

5. Set-up and methodology

For the comparison, a frontal system over UK on 25 January 2002 was chosen as a case-study. The
Advanced Very High Resolution Radiometer (AVHRR) infrared image for the same day at 1332 UTC over
the region of interest is shown in Fig. 2. This particular day was marked by heavy cloud cover and rainfall over
northwest Europe and across the Atlantic as is seen in the figure.

The input fields required for ARTS simulations are taken from the UKMES model, more specifically from
its Tþ 4 forecast field from the 0900 UTC run. The mesoscale model output is projected onto the AMSU-B
grid. Corresponding to each grid point, profiles of temperature, humidity, ice water content, and liquid water
content are given and are used as inputs for the RT calculation. The gaseous species considered are water
vapor, oxygen, and nitrogen. The absorption coefficients are calculated according to Rosenkranz [25] for
water vapor and oxygen, and Rosenkranz [26] for nitrogen. The column integrated ice water path (IWP) and
the liquid water path (LWP) predicted by the mesoscale model are shown in the top right and left panels of
Fig. 4, respectively.
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Fig. 2. AVHRR infrared image over the northwest Europe and the Atlantic for 25 January 2002 at 1332 UTC.
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All ice hydrometeor types like cloud ice, snow, graupel and hail are treated collectively as a single
hydrometeor type following the parameterisation by McFarquhar and Heymsfield [27] where the size
distribution is derived as a function of temperature and ice water content. All particles are assumed to be
spherical.

The emissivity over ocean is calculated using the surface emissivity model FASTEM [28]. This model
calculates the surface emissivity over ocean as a function of frequency, viewing angle, surface temperature and
surface wind fields. Over land, a constant emissivity of 0.95 was assumed. Both land and ocean surfaces are
assumed to be specularly reflecting. The surface temperature was set to the temperature of the lowest level of
each profile. The topographic height was also obtained from the mesoscale model.

At each grid point, a one-dimensional RT calculation is performed. The resulting BTs are compared to the
AMSU-B observed BTs. The nearest overpass over this area was at 1332 UTC. Note that there is a time
difference of 30minutes between the satellite overpass and the mesoscale model forecast. The satellite zenith
angle corresponding to each AMSU-B pixel is obtained along with the data, and is used for the simulation of
radiance at that grid point. The calculations are done only for one representative frequency per channel.
A clear sky simulation was also done using the same inputs. In order to calculate the cloud signal, the clear sky
results are subtracted from the simulation including clouds.

Note, that sub-pixel inhomogeneities (e.g., fractional cloud cover) are neglected here. They may account for
a considerable part of the observed scatter between the RT simulations and the AMSU observations.

6. Results of the comparison

The figures showing the results are presented in an integrated form for all channels of AMSU-B. Fig. 3
shows the comparison results for all channels and Fig. 4 shows the signal due to ice and liquid clouds. The left
column of Fig. 3 shows the observation, the middle column shows the simulation and the right column is a
scatter plot between the observation and the simulation. The rows represent the channels in the order 16, 17,
18, 19, and 20. In Fig. 4, the top left and right columns shows the IWP and LWP, respectively. The remaining
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Fig. 3. Comparison results for all channels. The left panel shows the AMSU-B observation, the middle panel shows the ARTS simulation

and the right panel shows the scatter plot between observation and simulation. The rows represent channels 16–20.
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Fig. 4. The left and right panels on the first row shows the IWP and LWP, respectively. The remaining rows show the ice and liquid signal

for AMSU channels 16–20. The ice cloud signal is in the left panel and the liquid cloud signal in the right panel.
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rows represent the ice cloud signal in the left column and liquid cloud signal in the right column for all the
channels.

6.1. Channels 16 and 17

The left panel of the first two rows of Fig. 3 shows the BTs measured by AMSU channels 16 and 17,
respectively. Both these channels can see deep into the atmosphere and are influenced by the surface. The high
BT over land and the rather cold BT over the oceans, the Scandinavian region and the Alps can be seen clearly
in the AMSU-B observation. This is because land is radiometrically warm compared to the ocean and the
snow covered regions. The area of warm BTs over the ocean extending from the northwest of Spain up to the
northwest of Ireland corresponds to the cloud region seen in the IR image (Fig. 2). This can be seen from
the IWP and LWP distribution shown in Fig. 4 obtained from the mesoscale model. It is also illustrated by the
cloud signal, especially that due to liquid clouds in Fig. 4 (second and third row for channels 16 and 17,
respectively). Over these regions, the maximum BT difference between the clear sky simulation and the
simulation including liquid clouds is about 50K for channel 16 and 15K for channel 17. It can be seen from
the left and middle panels of Fig. 3 that the area of warm BT seen in the AMSU-B observation is correctly
reproduced in the simulation (first row for channel 16 and second row for channel 17). The maximum BT
increase due to cloud is seen over the north of Ireland, which is also the region having the largest LWP. Over
land, this increase is much smaller than over the ocean, as is expected.

For channel 16, from the ice cloud signal in Fig. 4 (second row first column) it can be seen that the presence
of ice clouds does not change the BT of this channel as much as the liquid clouds. The maximum positive ice
cloud signal is about 2K and negative ice cloud signal is about 7K. The increase in BT over ocean regions is
due to the low surface emissivity values. Low clouds emitting at a higher temperature against the radiatively
cold surface background increase the contribution to the emission term. This increases the BT relative to the
clear sky case. A BT depression is seen over land regions where the surface is radiometrically warmer
compared to the ocean regions. Channel 17, on the other hand is significantly affected by ice clouds. Apart
from some spatial shifts coming from the mesoscale model inputs, ARTS produces similar BT depressions as
seen in the observation. A maximum depression of about 30K is observed at regions of very high IWP.

As expected there are some discrepancies between the observation and the simulation. For example, over
the Alps and over Norway, the simulation is colder than the observation due to the assumption of surface
emissivity values. The scatter plot of AMSU observed BT against ARTS simulated BT shows that at several
points ARTS simulates higher BTs compared to the AMSU-B observations. Besides the differences arising
from the simplistic treatment of land surface emissivity there are several reasons for differences on a pixel by
pixel comparison. Firstly, the position and amplitude of the NWP fields are obviously not precisely the same
as the real observed fields. These differences we wish to exploit in order to validate NWP models. Furthermore
the observations are sensitive to scales the NWP model cannot represent due to the lower resolution. In the RT
simulations assumptions have been made about the cloud microphysics which may not be equally applicable
to every field of view. However the distribution of observed and calculated BTs is very similar. It appears
likely that positional and amplitude errors are the most significant source of difference, which gives hope that
we may be able to exploit the cloud and rain information in AMSU-B observations in NWP data assimilation
systems in the future.

6.2. Channels 18, 19, and 20

For all three channels 18, 19, and 20, Fig. 3 shows that the simulations in the presence of clouds match well
with the observations over the whole region. By comparing the observation to the simulation and to the cloud
signal it can be seen that ARTS in combination with the NWP model fields correctly simulates the cloud
effects. For example, for channel 20, from Fig. 3 (sixth row first column), the very cold BTs over the north
Atlantic in the observation are correctly represented in the simulation. The temporal difference of 30min
between the observation and model forecast has given rise to a spatial shift in the ice cloud features, like the
cold BTs over northern parts of Germany which are not present in the observation. The magnitude of the BT
depressions seen in the simulation is closely associated with the values of the IWP from the mesoscale model.
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For all these channels, over some regions, e.g., off the east coast of Northern England, it can be seen from
Fig. 4 that the simulations overestimate the BT depression. This is either because the mesoscale model
overestimates the ice concentration over that region or because the assumptions on the particle size
distribution and shape does not correspond to the real scenario.

Among channels 18, 19, and 20, channel 18 has the minimum influence from clouds, and channel 20 has the
maximum influence from clouds. From the ice cloud signal in Fig. 4, it can be seen that for channel 18, the
maximum depression is about 8K. Channel 19, which is sensitive to comparatively lower altitudes, has a
maximum depression of about 20K, and channel 20, which is the channel most sensitive to clouds, has a BT
depression of about 40K.

For these three channels, liquid clouds decrease the BT with respect to the clear sky case. Channel 18 is not
at all sensitive to liquid clouds because the liquid water clouds are located below its sounding altitude. The
maximum depression simulated due only to liquid clouds is only about 0.01K. For channels 19 and 20 also,
the impact of liquid clouds on the BT is very small, the maximum depression is about 1K for channel 19 and
about 5K for channel 20. For channel 20, over dry regions, liquid water can lead to a slight increase in BT
(about 0.1K) compared to the clear sky case. This effect can be seen over radiatively cold surfaces such as
ocean.

Overall, the agreement between simulated and observed radiances is remarkably good, considering the
rather coarse assumptions that were made in the model setup. For example, the agreement is comparable, if
not slightly better, to the agreement found by Meirold-Mautner et al. [16] who did a similar comparison study
with more detailed model fields (using six different water species with different microphysical assumptions).
To make a direct comparison with the results of Meirold-Mautner et al. [16, Figure 5] we show the histogram
of the difference between modelled and observed BTs for channel 18 in Fig. 5.

Furthermore, the agreement between the simulation shown here and the observations is considerably better
than the agreement between RTTOV simulations and observations for the same scene that are presented and
discussed by Doherty et al. [29].

This most likely is caused by the microphysical assumptions, and not by differences in the RT algorithms
themselves, since studies have shown that different scattering RT algorithms arrive at rather similar solutions
if they are set up identically (e.g. [30,31]).
6.3. Impact of ice particle size distribution, shape, and orientation on radiances and on polarisation

While analysing the results, it has to be kept in mind that one of the big uncertainties in the simulations
presented above is associated with the assumptions on cirrus microphysical properties. This includes the
-15 -10 -5 0 5 10 15
0

100

200

300

400

500

N
o.

 o
f O

cc
ur

re
nc

e

TBARTS - TBAMSU [K]18 18

Fig. 5. Histogram of difference in modelled and observed brightness temperatures for channel 18.



ARTICLE IN PRESS
T.R. Sreerekha et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 109 (2008) 1705–17181714
uncertainties in the size distribution, shape and orientation of ice crystals. For oriented particles, the
contribution of polarisation also has to be taken into account. It is well known that ice particles are not
spherical and that they are not randomly oriented [32–34]. Here we try to give an estimate of the error that can
be introduced by the assumptions related to particle size distribution, shape and orientation.

In all the simulations, the size distribution of ice particles was according to the parameterisation by
McFarquhar and Heymsfield [27], developed mainly for tropical cirrus. In the microwave range, increasing
the size of the particle while keeping the ice water content constant, leads to a higher BT depression [9].
This is because, the extinction and scattering coefficients increase with particle effective size. In order to
understand the impact of the size distribution on AMSU-B radiances, two simulations were done. In the first
simulation for all profiles, ice particles at all atmospheric layers follow a gamma distribution with effective
radius (which is a measure for the mean size in a particle population [35] of 50mm and all the particles were
spherical. The maximum BT depression for channel 20 was 9K. Increasing the particle effective radius to
100mm, while keeping the same ice water content, the maximum BT depression was 33K. These maximum
depressions were found at the region of maximum IWP, about 3 kgm�2. The difference between the BTs in the
two simulations is plotted as a function of IWP in Fig. 6. The mean increase in BT was 3.5K and the root
mean square (RMS) difference was 5.5K. This is because the number of profiles that have low IWP, where the
size effect is less than a few K, is much larger than the number of profiles that have high IWP.

Evans and Stephens [36] found that particle shape has a significant impact on simulated sub-mm wave
radiances. It is not clear, whether this applies also to the AMSU measurements, which are lower in frequency.
Thus, to estimate the impact of the asphericity of ice particles, a simulation was done assuming randomly
oriented ice particles of aspect ratio four (oblate spheroid); all other parameters remain exactly as explained in
Section 5. The choice of random orientation and modest aspect ratio is supported by microwave limb
sounding data [37], which indicate that effective orientedness and aspect ratios are modest, even though
individual ice crystals may be strongly aspherical and have a strong orientation preference.

Channel 20 showed the largest sensitivity to the degree of asphericity of the ice particles. It was found that
for this channel, the mean BT difference between this simulation and the simulation assuming spherical
particles is about 0.26K (with maximum of about 1.8K) and the RMS value is about 0.4K.

In order to determine the impact of oriented ice particles on AMSU-B radiances, a simulation where
the non-spherical particles were horizontally aligned but azimuthally randomly oriented, was also performed.
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Fig. 6. The difference in BT between simulations where the effective radii are 50 and 100mm as a function of IWP.
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This simulation was also done to estimate the polarisation signal due to the oriented ice particles. In
interpreting the results, it should be kept in mind that this is probably a rather extreme case of asphericity.
Although individual cloud ice particles have high aspect ratios, there is a lot of orientation averaging for the
bulk optical properties, even if particles have a preferred horizontal orientation. Davis et al. [37] found that an
effective aspect ratio of 1.2 for horizontally aligned oblate spheroids is consistent with the polarisation signal
in microwave limb sounder (MLS) observations.

The difference in BT between the previous simulation of randomly oriented non-spherical particles
and the simulation with oriented particles was calculated. For channel 20, the mean difference was
about 3K and the RMS was about 5.2K. Here also, like in the case of size distribution, at very high IWPs, the
difference between the simulations is very high. For the profile corresponding to the highest IWP,
the difference was about 18K. The results indicate the extent of error that can be introduced by the
assumption of randomly oriented spherical particles. Maximum differences are associated with regions of very
high IWP.

The impact of the particle shape depends strongly on the assumed aspect ratio. In our simulations, the
impact of the shape was modest, because the assumed aspect ratio was modest. This is consistent with
observations, e.g. [37]. While individual ice particles have high aspect ratios, these data indicate that average
aspect ratios, which are the relevant ones for RT, are modest.

It is not possible to compare the polarisation signal of the RT model with the observation since AMSU-B
does not measure polarisation. As mentioned in Section 4, it measures a mixed polarisation. It is shown in
Emde et al. [17] that the linear polarisation component Q of the Stokes vector is not very significant for down-
looking angles and that it increases for non-spherical particles compared to spherical particles. Also, Q is
higher for horizontally aligned particles than for randomly oriented particles. Therefore, here the result from
the previous simulation assuming cylinders having an aspect ratio of four which are horizontally aligned and
azimuthally randomly oriented, are used to calculate the linear polarisation, Q. The particles follow the
McFarquhar and Heymsfield [27] size distribution.

The maximum value for Q obtained is about 8K. The sign of Q is always positive and is consistent with the
results presented in Emde et al. [17] for horizontally aligned particles observed at down-looking angles. At
nadir, Q is zero and increases towards the maximum off-nadir viewing angle, 50�. The maximum values of Q

depend also on IWP. If the line of sight is highly off-nadir, a small increase in IWP can lead to a large increase
in Q. This is demonstrated in the left panel of Fig. 7. The information on the zenith angle associated with each
pixel is used to sort Q accordingly. For example, the points corresponding to nadir were chosen considering
only those pixels whose viewing angles are between nadir and 1� off-nadir.
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Fig. 7. The left plot shows the polarisation difference Q as a function of IWP for 190GHz. The right plot shows the difference Imix � I as

a function of IWP. The symbols represent the viewing angles indicated in the legend.
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The contribution of Q to the total intensity measured by AMSU-B can be calculated using Eq. (1), if the
total intensity I and the polarisation difference Q are known:

Imix ¼ ðI þQÞ sin2 yp þ ðI �QÞ cos2 yp. (2)

Fig. 7 shows the difference, Imix � I , where I is the unpolarised radiation. When Q is zero, Imix ¼ I . At
angles very close to nadir, Q is zero. Therefore the differences are zero, as indicated by the ‘n’ symbols in the
plot. The difference Imix � I can be conveniently written as

Imix � I ¼ �Q cos2 yp. (3)

As the viewing angle becomes more off-nadir, Q increases. If AMSU-B were a limb-viewing instrument, then
exactly at limb, yp is equal to zero and the difference Imix � I is �Q. As the viewing angle moves away from
nadir (yp ¼ 90�), the difference Imix � I increases up to a viewing angle of 45� off-nadir. The difference
Imix � I is positive as well. This is shown by the ‘�’ symbols in Fig. 7. Exactly, at 45� off-nadir viewing angle,
the difference should be again zero, because here yp in Eq. (3) is 45�. Beyond 45�, the difference becomes
negative as is seen by the ‘þ’ symbols. This is because Q increases and the second term in Eq. (2) starts
dominating. At viewing angles beyond 45�, the polarisation increases the BT, i.e., decreases the BT depression.
The maximum difference is about 3K.

7. Summary, conclusion, and outlook

The aim of this study is to estimate the effect of clouds on AMSU-B observations. Observations of all
AMSU-B channels are simulated for a strong frontal system over the UK using the RT model ARTS. The
input profiles of pressure, temperature, humidity, and ice and liquid water content required for the RT
simulation are taken from the UK Met Office mesoscale model forecast. The simulated BTs are compared to
the AMSU observations. The results of the comparison show that for all channels, as expected, cloud effects
cannot be neglected. The differences between simulation and observation are mainly due to the model input,
e.g. they show the differences between the model forecast and the real cloud conditions. Such simulations may
be used in future studies for validation of NWP models.

Among all the channels, channel 16 is most affected by the presence of liquid clouds. A maximum BT
increase of about 50K compared to the clear sky case was found over regions of high LWP. Ice clouds have
only a very small effect on the BT of this channel. Over ocean regions, the presence of ice clouds increases the
BT compared to the clear sky case because the absorption against a cold surface background makes the
emission term more dominant, thus increasing the BT. Over land, where the surface is radiometrically warmer,
the extinction term becomes dominant, thus leading to a BT depression.

Among the sounding channels, channel 20 is the one most affected by ice clouds. The maximum difference
to the clear sky simulation is close to 40K in a region of very high IWP. There is a small enhancement due to
liquid clouds over very cold regions. This channel is sensitive to lower layers of the atmosphere (compared to
channels 18 and 19) which is why the impact is the highest here. There are some discrepancies between the
observation and simulation. Over some regions the simulation overestimates the BT depression.

A possible reason for the discrepancy is attributed to the assumptions related to cloud microphysical
properties. Since the mesoscale model does not give information on cloud microphysical properties, there are
many free input parameters for the RT simulation. These include the size distribution, the shape and the
orientation of ice and liquid particles. The impact of the size distribution was found to be the most significant
followed by shape and orientation. For randomly oriented particles, the effect of shape was found to be
negligible for the frequencies and particle types considered.

The impact of polarisation was also investigated, which shows a maximum difference of about 3K
compared to the unpolarised BTs. To put this value into perspective, one should take into account that the
considered case was most likely a rather extreme case of asphericity, which means that average polarisation
effects are likely to be much smaller than this value.

The study shows is that it is still unclear which microphysical assumptions on cloud ice particles are most
appropriate to represent them in microwave RT simulations. The comparison to other case studies shows that
more elaborate microphysical assumptions do not necessarily lead to better agreement with observations.
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Sensitivity studies about which parameters are most crucial suffer from a lack of comparability, since they
use completely different model frameworks. For example, in Meirold-Mautner et al. [16] it was found that
significant discrepancies were related to the snow parameterisation in the RT code as interpreted from the
model fields. The mesoscale model used in this study uses a scheme in which all frozen water including snow,
pristine ice crystals and rimed particles are considered as one hydrometeor type, namely ice. Larger ice
particles in the McFarquhar and Heymsfield [27] ice particle size distribution can give a similar scattering
signal as snow. This poses a challenge to the cloud RT modelling community: on one hand, we need more
detailed and quantitative studies to really be able to predict the microwave cloud signal accurately, and to do
good cloud retrievals from measured radiances. On the other hand, results of detailed studies currently suffer
from a lack of generality and transferability to other model setups.
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