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Abstract. Microwave passive and active radiative transfer
simulations are performed with the Atmospheric Radiative
Transfer Simulator (ARTS) for a mid-latitude snowfall event,
using outputs from the Meso-NH mesoscale cloud model.
The results are compared to the corresponding microwave
observations available from MHS and CloudSat. The spatial
structures of the simulated and observed brightness temper-
atures show an overall agreement since the large-scale dy-
namical structure of the cloud system is reasonably well cap-
tured by Meso-NH. However, with the initial assumptions
on the single-scattering properties of snow, there is an ob-
vious underestimation of the strong scattering observed in
regions with large frozen hydrometeor quantities. A sensi-
tivity analysis of both active and passive simulations to the
microphysical parametrizations is conducted. Simultaneous
analysis of passive and active calculations provides strong
constraints on the assumptions made to simulate the obser-
vations. Good agreements are obtained with both MHS and
CloudSat observations when the single-scattering properties
are calculated using the “soft sphere” parametrization from
Liu (2004), along with the Meso-NH outputs. This is an im-
portant step toward building a robust data set of simulated
measurements to train a statistically based retrieval scheme.

1 Introduction

The quantification of the cloud and precipitating frozen phase
at a global scale is important to monitor the full Earth energy
budget and the hydrological cycle. However, the estimation
of the frozen phase (ice and snow) from the present suite of
satellite observations is still at a very early stage and remains
an important challenge for future satellite instruments. As
summarized in Noh et al. (2006), there are two major reasons
for this. Firstly, the radiative signatures from falling snow are
indistinguishable from liquid water signatures at visible and
infrared wavelengths, and they are weak at low microwave
frequencies (of <90 GHz). At higher microwave frequen-
cies, snowfall characterization from space is a challenging
task, but possible through the analysis of the scattering sig-
nal from frozen hydrometeors (e.g. Katsumata et al., 2000;
Bennartz and Bauer, 2003; Skofronick-Jackson and Johnson,
2011). The second, and main reason, is the complex nature
and high variability of the microphysical properties (size,
composition, density and shape), and thus radiative proper-
ties, of the frozen particles (Johnson et al., 2012). The sen-
sitivity to scattering depends to a large degree on the size
and phase of the hydrometeors. In fact, there is a pressing
need to constrain such microphysical properties from remote
sensing in order to reduce the large uncertainties associated
with ice contents in Numerical Weather Prediction and cli-
mate models (Waliser et al., 2009; Eliasson et al., 2011). This
is crucial to assimilate all-sky radiances. Furthermore, an un-
derstanding of the bulk properties of frozen hydrometeors is
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essential to prepare for the next generation of microwave to
sub-millimetre observations, i.e. the upcoming ESA MetOp-
SG satellites with sub-millimetre frequency channels. Robust
methods have to be developed to retrieve ice/snow parame-
ters from satellite measurements. These methods are often
based on large data sets of simulated observations. The ac-
curacy of the retrieval largely depends on the quality of the
simulated database and its representativity. As a first step
in the development of such simulated databases, this paper
analyses the sensitivity of simulated passive and active mi-
crowave observations to the microphysical properties of the
frozen phase. The objective is to assess our capacity to sim-
ulate passive and active microwave observations in a consis-
tent way for snowfall situations. A meso-scale cloud model
(Meso-NH) is coupled with a radiative transfer model (the
Atmospheric Radiative Transfer Simulator, ARTS) and run
for a real snowfall case. The simulated brightness tempera-
tures (TBs) and equivalent radar reflectivities (Z¢) are com-
pared to the available microwave observations from the Mi-
crowave Humidity Sounder (MHS) and the Cloud Profiling
Radar (CPR).

This study is structured as follows. Section 2 presents a
heavy snowfall case, and includes a description of Meso-NH
model outputs and the coincident satellite observations. Sec-
tion 3 briefly describes ARTS, along with the recently incor-
porated radar simulator module and a description of the mi-
crophysical properties to be analysed. The sensitivity study
of consistent active and passive radiative transfer simulations
on such hydrometeor characteristics is presented in Sect. 4.
Finally Sect. 5 draws conclusions.

2 A heavy snowfall event over France: Meso-NH
simulations and microwave satellite observations

2.1 The meso-scale cloud model: Meso-NH

The non-hydrostatic mesoscale cloud model Meso-NH
(Lafore et al., 1998), jointly developed by Météo-France and
the Centre National de la Recherche Scientifique (CNRS),
is a research model used in this study to simulate the atmo-
spheric state of a heavy snowfall case over France. Meso-NH
performance has been assessed in the past using space-borne
sensors at various wavelengths (Chaboureau et al., 2000,
2008; Wiedner et al., 2004; Meirold-Mautner et al., 2007)
showing that neither strong nor systematic deficiencies are
present in the microphysical scheme and in the prediction of
the precipitating hydrometeor contents.

The Meso-NH microphysical scheme developed by Pinty
and Jabouille (1998) predicts the evolution of the mixing ra-
tios (mass of water per mass of dry air) of five hydrometeor
categories: cloud droplets, rain drops, pristine ice crystals,
snowflakes, and graupels. Meso-NH outputs include a full
description of the atmospheric parameters (pressure, temper-
ature, and mixing ratios for the water vapour, and the five
hydrometeor categories). The multiple interactions operating
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between the different water species are accounted for through
the parametrization of 35 microphysical processes including
nucleation, vapour/condensate exchanges, conversion, rim-
ing and sedimentation.

Together with the mixing ratios for each hydrometeor cat-
egory, the intrinsic microphysical scheme to Meso-NH de-
scribes some microphysical properties for each particle type
at each layer of the atmosphere. This includes parameters
such as the particle size distribution (PSD), the intrinsic
mass, and the maximum particle diameter.

The concentration of the PSD is parametrized with a to-
tal number concentration N given by N, = CA%, where the
subscript h denotes the hydrometeor category, C and x are
empirical constants derived from ground and in situ mea-
surements, and A, is known as the slope parameter of the
size distribution. The size distribution of the hydrometeors is
assumed to follow the generalized Gamma distribution,

n(DYAD = Nng(D)dD

- Nh%/\ﬁ”D“”_lexp(—(AhD)"‘)dD, Q)
where D is the maximum dimension of complex shaped par-
ticles or the diameter for spherical particles, and g(D) is the
normalized distribution, which for « = v =1 reduces to the
Marshall-Palmer law.

Simple power laws describe the mass-size and the
velocity-size relationships,

m=aD’ (2)

v=cD?. ?3)

These relationships are taken to perform useful analytical in-
tegrations using the moment formula,

_&8p) 1 TWw+p/a
Mpr= A Al T

: 4)

where M (p) is the pth moment of g(D). Equation (4) can be
used to compute the different hydrometeor mixing ratios g
according to

[e¢]

Phgh = /m(D)n(D)dD = aNnMn(b), ©)
0

where py, is the density of dry air. Table 1 describes the con-
stants that characterize each of the hydrometeor species in
the above-mentioned relations.

2.2 The case study

The selected scene corresponds to a strong snowfall event
over France, 8 December 2010, very early in the cold sea-
son. This meteorological event led to huge disruptions of the
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Table 1. Parameters of the Meso-NH microphysical scheme described by Egs. (1)-(5) (given in MKS units).

Category a v a b c d C X
gc (cloud) 3 3 524 3 32x107 2
gi (ice) 3 3 08 25 800 1
gs (snow) 1 1 002 19 5.1 0.27 5 1
gg(graupel) 1 1 196 28 124 066 5x10° —05
gr (rain) 1 1 524 3 824 0.8 107 -1
Water Vapour (kg/rT12) Rain (kg/mz) Ice (kg/mz)
55
53
51
49
47

Latitude

-2 0 2 4 6
Longitude

Figure 1. The Meso-NH fields at 13:00 UTC of the heavy snowfall scene over France on 8 December 2010. Coincident observations from

MHS and CloudSat are available.

transportation network over a large part of France, especially
in the areas of Paris.

Meso-NH was initialized using ECMWF analysis from
8 December 2010 at 00:00 UTC and run with lateral bound-
ary conditions linearly interpolated from the ECMWF 6-
hourly analyses (successively taken at 06:00, 12:00 UTC,
etc.). The simulation domain contains 192 x 192 grid points
at 20 km resolution, centred approximately in Paris. A second
model at 5 km resolution with 256 x 256 grid points is grid-
nested and centred at the same place. Both domains contain a
vertical grid with 48 levels unevenly spaced, with layer thick-
ness varying from 50 m close to the surface and up to 1000 m
at the top of the atmosphere.

Meso-NH model outputs are available every hour for
this scene and the outputs at 13:00 UTC, corresponding to
the over-pass of satellites onboard the A-train mission and
NOAA-18, are analysed in this study. Figure 1 presents the
total columns of water vapour, cloud, rain, graupel, snow and
ice, as simulated by Meso-NH at 13:00 UTC. The case is as-
sociated with a broad pattern of moderate to heavy rainfall
of a few mm h~1. Maximum accumulated rainfall and snow-
fall of 30 and 5 mm, respectively, has been measured over the
whole event in northern and central France, with intensities
of a few millimetres per hour (up to 5mmh=1 for rain and
1 mmh~1 for snow).

www.atmos-meas-tech.net/8/1605/2015/

2.3 Coincident satellite observations

This study focuses on high-frequency microwave radiative
transfer simulations and their evaluation with coincident pas-
sive and active observations. As mentioned earlier, the A-
train mission and NOAA-18 over-passed the region modelled
by Meso-NH at approximately 13:00 UTC. The satellite in-
struments of interest here are MHS (Bonsignori, 2007) on-
board NOAA-18 and the CPR radar (Stephens et al., 2002)
onboard CloudSat, a satellite on the A-train constellation.
MHS is a cross-track humidity sounder with surface zenith
angles varying between 0 and 58°. The channels are lo-
cated at 89.0, 157.0, 183.3+1, 183.3+3 and 190.3 GHz.
The channels near the water vapour line of 183.3 GHz are
opaque because of atmospheric absorption, in contrast to the
more transparent window channels at 89, 157 and 190 GHz.
The spatial resolution at nadir is 16 km for all channels and
increases away from nadir (26 km at the furthest zenith an-
gle along track). The polarization state is variable and results
from a combination of the two orthogonal linear polariza-
tions (V and H), with the polarization mixing depending on
the scanning angle. The CPR onboard CloudSat is a 94 GHz
nadir-looking radar that measures the power backscattered
by cloud and precipitating particles as a function of distance
from the radar. It has a footprint of 1.4 km (cross-track) and
1.7 km (along-track). The CPR minimum detectable signal is

Atmos. Meas. Tech., 8, 1605-1616, 2015
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approximately —30dBZ. The standard product, supplied as
2B-GEOPROF (Mace, 2007), is the radar reflectivity with a
resolution of 240 m in the vertical. CloudSat overflew France
at 12:55 UTC and MHS observed the scene approximately
20 min later. This represents an interesting opportunity to
analyse the responses of both active and passive instruments
under snowfall conditions.

3 Radiative transfer (RT) simulations
3.1 Simulating passive observations with ARTS

Radiative transfer (RT) simulations were performed with
ARTS (Eriksson et al., 2011). ARTS is a freely available,
well documented, open source software package that is well
validated (Melsheimer et al., 2005; Buehler et al., 2006;
Saunders et al., 2007). ARTS handles scattering with a full
and efficient account of polarization effects. It provides dif-
ferent methods to solve the radiative transfer equation and
the reverse Monte Carlo method (Davis et al., 2007) is used
in this study.

The RT simulations take full account of the 3-D descrip-
tion of the atmospheric state modelled by Meso-NH. In or-
der to accurately simulate satellite observations of this real
scene, a correct description of the surface properties is im-
portant, especially for microwave frequency channels away
from the water vapour absorption line at 183.3 + 3 GHz. For
this reason, the Tool to Estimate Land Surface Emissivities
at Microwave Frequencies (TELSEM; Aires et al., 2011) is
used over land. TELSEM provides the emissivity (V and H
components) for any location, any month, and any incidence
angle. It is based on the analysis of the frequency, angular and
polarization dependence and it is anchored to the emissivi-
ties calculated from SSM/I observations. Similarly, the Fast
Microwave Emissivity Model (FASTEM,; Liu et al., 2011) is
used for ocean emissivities. FASTEM calculates sea surface
emissivities from wind, sea surface temperature and viewing
angle.

3.2 The cloud radar simulator incorporated into ARTS

The equivalent radar reflectivity factor (Zg) is the main quan-
titative parameter measured by radar instruments. In the ab-
sence of attenuation, the equivalent radar reflectivity factor
Ze is given by integrating the backscatter cross-sections of
the individual particles over their size distribution:

4 [ee)
0

where A is the radar wavelength, |K,,|2 is the reference di-
electric factor (a value of 0.75 is generally used for Cloud-
Sat), oy, is the backscatter cross-section and n(D) is the par-
ticle size distribution.
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Recently, a module has been added to ARTS that allows
the simulation of cloud radar observations. The module is
part of the open source ARTS development version described
in Sect. 3.1. Since Eq. (6) is calculated using the single-
scattering properties in the same format as applied for passive
observations, this module ensures a basic consistency in the
microphysics assumptions independent of the technique sim-
ulated whether active or passive. Note that the module con-
siders the two-way attenuation by gases and hydrometeors,
and that multiple scattering is ignored. The single-scattering
assumption is a frequently accepted simplification for pre-
cipitation and cloud radar observations, although at high mi-
crowave frequencies Battaglia et al. (2008) showed that mul-
tiple scattering can significantly enhance the reflectivity pro-
files as observed at 94 GHz with CloudSat.

For a more detailed description of this ARTS radar
module, refer to the ARTS Development Version User Guide
(Chapter 19 in http://www.sat.ltu.se/arts/misc/arts-doc/
uguide/arts_user.pdf). Equation (6) is also used in the
Quickbeam radar forward model (Haynes et al., 2007).
The main difference between ARTS and Quickbeam is that
the latter runs with pre-defined Mie tables or on-the-fly
calculations based on a number of in-built choices for size
distributions, phase and mass—size diameter. In contrast, the
ARTS radar module defines externally the single-scattering
properties and the particle size distribution. Note that the
radar simulations are calculated in reference to the CloudSat
altitude bin resolution (125 vertical bins 240 m thick).

3.3 The hydrometeor scattering properties

The microphysical properties of the five hydrometeor cate-
gories inherent in Meso-NH, i.e. cloud, rain, ice, snow and
graupel, are externally incorporated into ARTS via their par-
ticle size distribution and single-scattering properties. The
scattering properties of hydrometeors are related to their
composition and density (and related dielectric properties),
their size, their shape and their orientation. Our analysis fo-
cuses on the evaluation of the impact and validity of different
microphysical parameters in radiative transfer simulations by
comparing them with the available passive and active obser-
vations.

1. Density and shape: hydrometeor shapes, and conse-
quently volume and density, are not explicitly specified
by meso-scale models like Meso-NH. For this reason,
crucial parameters in radiative transfer calculations via
the scattering properties, remain free parameters and
assumptions are needed. As introduced in Sect. 2.1,
the mass of each hydrometeor category in Meso-NH is
derived from the mass-size relation (of the type m =
aDP). For liquid clouds and rain, the particles are as-
sumed to be spheres since m is proportional to D3, Al-
though the shapes of graupel and small ice crystals are
not defined strictly as spheres by Meso-NH (b = 2.8 and

www.atmos-meas-tech.net/8/1605/2015/
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b = 2.5, respectively), they are approximated as such in
the radiative transfer simulations of this study together
with liquid cloud and rain. Graupels are rimmed par-
ticles for which it is reasonable to assume a spherical
shape. Small pure ice crystals can be approximated by
spheres for microwave radiative transfer calculation as
their scattering is very limited. Snow particles, how-
ever, are not spheres, with mass m proportional to D2
While liquid cloud, rain, graupel and ice crystal shapes
are held fixed to be spheres unless otherwise stated,
this study explores assumptions on snow particle shape,
and consequently snow density. A common approach in
both active and passive simulations is not to describe the
precise individual particle shapes, but to determine the
overall shape of the particles as determined by the as-
pect ratio (Dungey and Bohren, 1993; Matrosov et al.,
2005; Hogan et al., 2012). From multiple aircraft obser-
vations, A. Heymsfield, personal communication, 2012)
confirms the importance of the bulk shape of particles
as characterized by their aspect ratio, neglecting the mi-
crowave passive simulation of individual complicated
particle shapes. Aspect ratios (longest/shortest axis of
ellipse) of the order of 1.6 are investigated, as suggested
in Korolev and Isaac (2003), Hanesch (2009), Matrosov
et al. (2005) and A. Heymsfield, personal communica-
tion, 2012). In terms of density, the particle density for
ice crystals is that of pure ice (0.917) and for snow and
graupel, it is derived from the Meso-NH mass-size re-
lationship and the assumed particle shape.

. Dielectric properties: for pure water, the dielectric prop-
erties in the microwave region are computed with lim-
ited uncertainties — for instance, using Liebe et al.
(1991). For pure solid ice, there are a number of differ-
ent parametrizations. In this study, the Matzler (2006)
model is used, as it is based on a detailed review of
the previous measurements and models. Note that any
uncertainties arising from the dielectric properties as-
sumed for pure ice are not of direct concern in this
study, as the magnitude of such errors is much smaller
than uncertainties due to size, composition or shape.
The accuracy of liquid water absorption models in the
microwave for supercooled liquid (i.e. liquid water at
less than 0°C) is, however, uncertain, with differences
up to 10K between different absorption models espe-
cially at the higher window frequencies (Kneifel et al.,
2014). For frozen species other than pure solid ice such
as graupel or snow, particles can be considered as ho-
mogeneous mixtures of ice/air, or possibly ice/air/liquid
water. For such mixtures, density becomes a key param-
eter in the calculation of dielectric properties. The di-
electric properties can then be deduced from a number
of mixing formulas. Only one mixing formula is con-
sidered here: the Garnett (1906) formulation (hereafter
MG), which describes the effective dielectric constant
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of the mixed media as a function of the matrix (e, and
inclusion (e;) dielectric constants:

(6j —€m)

= 3 'V
€0 =e€m+ Jﬂfmei+26m—3ﬁv(ei—em)

U]

and where £ is the volume fraction of the inclusion of
the medium. Under the MG formulation, dry snow can
be described as a two-phase mixture of ice and air, and
wet snow can be described by applying Eq. (7) twice
for a two-phase mixture of water inclusions in an ice/air
matrix. Note that the MG formulation is not symmet-
ric with respect to the two media, i.e. the “ice in air”
(MGa) is not equal to the “air in ice” (MGa;). Both
dry snow (with ice inclusions in an air matrix, MG,a)
and wet snow are here studied. For dry snow, the vol-
ume fraction is fY = p(snow)/p(ice), where p(snow)
is the density of snow and graupel as deduced from the
Meso-NH mass-size relationships. In the case of wet
snow, the volume fraction of water inclusions gives an
indication often referred to as the wetness degree.

An important remark should be made here concerning
the choice of mixing rules. Uncertainties arising from
the choice of mixing rules are not considered in this
study. Johnson et al. (2012) studied the resulting dif-
ferences in mixing rule choice, specifically between the
two best-known rules which are the effective medium
approximation or the Bruggeman (1935) and the matrix
inclusion method or the MG formulation. The differ-
ences are quantified to be of minor importance (> 1.5K
and < 0.3 dB) for frequencies between 2.8 and 150 GHz
when MG, formulation is used. The differences be-
come significant between the two MG versions (at least
10 K and approximately 2 dB).

. Single-scattering properties: the single-scattering prop-

erties are calculated with the T-matrix code developed
by Mishchenko (2000), which enables the treatment of
spherical and non-spherical particles, as well as ran-
domly and horizontally oriented particles. Another ap-
proach is to calculate the single-scattering properties
of complex shapes with the discrete-dipole approxima-
tion (DDA, Purcell and Pennypacker, 1973). The DDA
method can be used for arbitrary sized, shaped and ori-
ented particles. Despite complicated non-spherical par-
ticles having more realistic shapes, their generation de-
pends on idealized models that do not fully capture the
large variability observed in nature. In the calculations
here, the frozen particles are described by spheroids
and their scattering properties are calculated from their
bulk properties, i.e. dielectric properties, size and as-
pect ratio. This allows the use of the efficient T-matrix
method. Since the spherical approximation is not always
adequate for complicated aggregates (e.g. Kim, 2006;

Atmos. Meas. Tech., 8, 1605-1616, 2015
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Figure 2. MHS observations at 89 and 157 GHz (top panel), as
compared with the corresponding simulated brightness tempera-
tures with the microphysical scheme intrinsic to Meso-NH (bottom
panel). The solid black line illustrates the CloudSat track.

Meirold-Mautner et al., 2007; Kulie et al., 2010; Now-
ell et al., 2013), we also explore an approach formu-
lated by Liu (2004) in which the single-scattering prop-
erties of aggregates are parametrized based on DDA
modelling. Liu (2004) notes that sector-like and den-
drite snowflakes have scattering and absorption proper-
ties between those of a solid ice equal-mass sphere of di-
ameter Do and an ice—air mixed sphere with a diameter
equal to the maximum dimension of the particle Dpax.
The dielectric properties of snow are then described by
the Maxwell-Garnett mixing formula and the diameter
of the ice equal-mass sphere is described by a softness
parameter SP = (D — Dg)/(Dmax — Do). The frequency-
dependent softness parameter (SP) gives the diameter of
the best-fit equal-mass sphere, i.e. a frequency depen-
dent effective density and a modified diameter is used
to calculate the single-scattering properties with the T-
matrix. This approach has already shown a high effi-
ciency in reproducing real observations (e.g. Meirold-
Mautner et al., 2007) and it is tested here.

4 Comparison of the simulations with coincident
observations

4.1 The observed and simulated scene

A close examination of MHS observations from the scene
of interest (top panels of Fig. 2) and the Meso-NH outputs
in Fig. 1 (and the hourly Meso-NH outputs not shown here)
reveals that the cloud system modelled by Meso-NH, evi-
denced by its brightness temperature depressions in the win-
dow channels of MHS, is slightly time lagged with respect
to the observations. The global structure of the cloudy scene,
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Figure 3. Histograms of the observed (solid line) and simulated
(dashed line) MHS brightness temperatures at 89 and 157 GHz with
the Meso-NH microphysical scheme. The data used to calculate
these distributions correspond to cloudy pixels (as determined my
Meso-NH) over land as presented in Fig. 2. The rms and bias of the
difference between the two are indicated for each frequency.

however, is fairly well modelled by Meso-NH, in agreement
with its location in the observations. With this in mind, the
objective of the radiative transfer simulations is to success-
fully reproduce the brightness temperature depressions re-
lated to the frozen phase of the cloud. It is not to simulate the
detailed spatial structure of the observations: differences in
time between the simulations and the observations (although
small), added to the uncertainties in the detailed spatial struc-
ture of the front with Meso-NH, would make this task unre-
alistic.

The first step in the radiative transfer simulations is to stay
as consistent as possible with Meso-NH. In order to do this,
the microphysical description of hydrometeors from Meso-
NH is first used. The mass—size relationships and the parti-
cle size distributions described in Sect. 2.1 (Egs. 1 and 2)
are adopted for the five species provided by Meso-NH (rain,
cloud, ice, snow and graupel) and all hydrometeors are con-
sidered spherical. The dielectric properties of rain, liquid
cloud and ice are described in Sect. 3.3. The resultant bright-
ness temperatures from these microphysical assumptions are
shown in Fig. 2 (bottom) as compared with the correspond-
ing MHS observations (top). With these hypotheses, the scat-
tering signal appears significantly less intense in the simula-
tions, failing to reproduce the observed signal. This simula-
tion will be referred to as the baseline configuration.

Figure 3 shows the distribution of the observed and sim-
ulated pixels presented in Fig. 2. Note that only pixels over
land and flagged as cloudy according to a Meso-NH cut-off
flag (0.05 kg m~?2) are included in the distributions. The sta-
tistical distributions show that for 89 and 157 GHz, observa-
tions are mostly sensitive to the snow mass column and the
distribution of simulated brightness temperatures is shifted
towards higher brightness temperatures (i.e. failing to repro-
duce the intense scattering that translates into the observed
brightness temperature depressions).

The radiative transfer simulations presented so far in Fig. 2
and Fig. 3 fail to reproduce the observed scattering signatures
because either (1) the amount of frozen particles produced
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Figure 4. CloudSat CPR ice mass content as retrieved by DAR-
DAR, CWC-RO and CWC-I0-RO. The total frozen mass contents
(graupel + ice + snow) modelled by Meso-NH are shown for refer-
ence.

by Meso-NH simulations is underestimated, or (2) there is
a misrepresentation of the scattering properties of the frozen
phase, more specifically of snow species, in the RT simu-
lations in terms of dielectric properties, effective size and
shape.

To test these two possibilities, the availability of coinci-
dent CloudSat observations can be exploited. CloudSat ob-
servations allow comparing its different retrieved ice wa-
ter path (IWP) with those modelled by Meso-NH for the
CloudSat footprint, as shown in Fig. 4. In order to carry
out this comparison, the three frozen species from Meso-
NH are summed (ice, graupel and snow) along the Cloud-
Sat footprint and compared with three different retrieval al-
gorithms. The ROIWP product is one of CloudSat standard
products and is available from the 2B-CWC-RO data set.
ROIWP is the radar only (RO) retrieved value of IWP, ob-
tained by assuming that the entire profile is ice, and zeroing
out cases where all cloudy bins are warmer than 273 K (as-
sumed to be liquid). The IOROIWP, similarly available from
the 2B-CWC-RO data set, assumes that the entire column
is ice only. DARDAR exploits lidar/radar synergy onboard
the A-Train. The CPR radar can penetrate thick systems of
precipitating clouds, but is mainly sensitive to large parti-
cles and does not detect small ones. The CALIOP lidar, on
the other hand, is sensitive to smaller particles, but gets at-
tenuated quickly. Therefore radar/lidar DARDAR approach
(Delanoé and Hogan, 2008, 2010) is complementary. De-
spite retrieved IWP having large errors, reported by Austin
et al. (2009) to be around 40 %, this qualitative comparison
gives an idea of the performance of the Meso-NH, with three
different retrieved products including DARDAR. Neglecting
the fine structures of the CloudSat products, Meso-NH total
IWP is comparable between 2.8 and 2.9° W (mainly due to
the strong presence of graupel). In the region between 2.3 and
2.5° W, Meso-NH is comparable to the IROIWP retrieval.
Overall, however, the Meso-NH outputs tend to underesti-
mate the total IWP when compared with CloudSat retrievals.
This is not surprising given the difficulties in modelling the
frozen phase, and the mentioned time lag between Meso-NH
model outputs and the observations.
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Figure 5. Selected transect of the case study: (a) the location of
the transect; (b) the integrated content of the different Meso-NH
hydrometeors along this transect; and (c) the incidence angle of the
MHS observations along the transect.
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Figure 6. The observed (right) and the simulated (left) brightness
temperature measurements from the MHS windows channels along
the transect of interest presented in Fig. 5. See Table 2 for more
information on each of the simulations illustrated.

In an attempt to produce more scattering, the simulations
in Fig. 2 are re-considered with the snow content in Meso-
NH multiplied by 1.25 in each layer. This value is chosen
from the analysis of Fig. 4 in order to level Meso-NH outputs
with the CloudSat retrievals. The ability of Meso-NH to sim-
ulate the different hydrometeors is discussed in the follow-
ing section. For now, multiplying the Meso-NH snow content
by 1.25 does not change the results by more than 1 K along
the transect. This means that the microphysical properties re-
quire further study. The microphysical parameters describing
snow particles are subject to many uncertainties, originating
from the microphysical scheme of Meso-NH or from the in-
terpretation of the Meso-NH information in terms of scatter-
ing efficiency. To answer this question we proceed to analyse
the sensitivity of active and passive simulations.

Atmos. Meas. Tech., 8, 1605-1616, 2015
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Table 2. A description of the different microphysical assumptions made in the radiative transfer simulations presented. The baseline simu-
lation consists of using the Meso-NH microphysical scheme and assuming that snow and graupel species are perfect spheres and that their
dielectric properties are defined by the dry snow approach. The effect of the different simulations is here presented as the maximum TB
depression at 157 GHz along the transect, where the TB depression is defined as TB¢jear—TBsimulation, Which should be compared with the

max TB depression observed by MHS at 157 GHz of 62 K.

Simulation ~ Settings Effect (max. TB Representation
depression (K) at 157GHz) Fig. 6
Baseline Meso-NH, dry snow, sphere 18 Black dashed line
(also shown in Fig. 7a)
A Meso-NH, dry snow, sphere, PSDsnow 21 Not shown
described by PSDgraupel
B Meso-NH, dry Snow, horizontally 21 Not shown
aligned spheroids, ar=1.6
Meso-NH, wet snow, sphere 19 Not shown
D Meso-NH, dry snow, p=0.1g cm*3, sphere 30 Not shown
E Meso-NH, dry snow, p=0.1g cm—3 31 Black solid line
horizontally aligned spheroids, ar=1.6 (also shown in Fig. 7a)
F Meso-NH, dry snow, p=0.1gcm=3 84 Not shown
Pgraupel =0.49 cm—3
G Meso-NH, dry snow, p=0.1g cm—3 37 Black dotted line
horizontally aligned spheroids, ar =1.6
PSDsnow described by PSDgraupel
H Meso-NH, dry Snow, horizontally 48 Red dotted line

aligned spheroids, ar = 1.6,
approximation from Liu (2004)

(also shown in Fig. 7¢)

| Simulation H with
IWCsnowX1.25

59 Blue dotted line
(also shown in Fig. 7f)

4.2 Evaluation of active and passive simulations: a
detailed analysis along a transect

In this section we analyse the sensitivity of the RT simula-
tions to different microphysical assumptions of the frozen
phase, focussing on the CloudSat footprint and a specific
transect as described in Fig. 5. The latter transect corresponds
to a specific MHS scan from close to nadir to its outermost
angle north, and it is characterized by the dominance of snow
in the Meso-NH outputs (Fig. 5b). The objective is to repro-
duce consistently the brightness temperature depressions re-
lated to the frozen phase of the cloud and the radar reflectiv-
ity with realistic microphysical properties. Again, it is not to
simulate the detailed spatial structure of the observations.
The microphysical description of the hydrometeors from
Meso-NH (see the baseline simulation in Fig. 2) is the start-
ing point for the radiative transfer simulations (the black
dashed line in Fig. 6). Consistent with Fig. 2, this base-
line simulation fails to reproduce intense scattering. Start-
ing from the initially selected parameters, different configu-
rations were run. Table 2 summarizes the results of different

Atmos. Meas. Tech., 8, 1605-1616, 2015

tests along the transect of interest and provides the maximum
brightness temperature (TB) depression at 157 GHz. Some of
these results are shown in Fig. 6.

The following assumptions have been tested one at a
time: (a) the intrinsic Meso-NH snow size distribution
was replaced by the intrinsic Meso-NH particle size dis-
tribution of graupel, (b) perfect snow spheres were re-
placed by horizontally aligned spheroids of aspect ratio
1.6, (b) the dielectric properties of snow species were
calculated with the Maxwell-Garnett mixing formula but
with different wetness degrees according to a wetness de-
gree W (%) =0 for T <258.15K, W (%) =T-258.15 for
258.15K < T <273.15K, and W (%) =15 for T <273.15K
from Skofronick-Jackson et al. (2002). All these microphys-
ical assumptions failed to change significantly the simulated
brightness temperatures by more than 5 K along the transect
at 157 GHz as detailed in Table 2. As mentioned above, Ta-
ble 2 is used in this section to illustrate the sensitivities be-
ing studied by providing the maximum brightness tempera-
ture (TB) depression at 157 GHz, i.e. the difference between
TBelearsky and the simulation, along the transect of interest,
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Figure 7. The simulated CPR (94 GHz) radar reflectivity is shown in panels (a)—(f). See Table 2 for more information on each of the
simulations illustrated. The CloudSat CPR radar reflectivity (94 GHz) is also shown in (g) downscaled to the Meso-NH resolution for

reference.

so as to avoid clutter in Fig. 6. Of importance here is that
similarly to the conclusions drawn in Meirold-Mautner et al.
(2007), snow particles that are likely to scatter radiation at
89 and 157 GHz have very low density under the Meso-NH
mass—size relationship, and as a consequence they are mostly
composed of air and have a very limited impact on the signal.

Changing the density of snow to a fixed value of
0.1gcm—3, a value often used in weather model microphys-
ical schemes for snow (i.e. Thompson et al., 2004), leads to
a significant depression of the brightness temperatures (D
in Table 2). Similar results are obtained with horizontally
aligned spheroids of aspect ratio 1.6 (simulation E in Table 2
and solid black line in Fig. 6). So far the density for graupel
was parametrized according to Meso-NH. Setting the graupel
density to a fixed value of 0.4gcm—3, a value often used in
weather model microphysical schemes (simulation F in Ta-
ble 2), yields brightness temperatures that are much lower
than those observed by MHS.

To assess the impact of the PSD on the radiometric sig-
nals for the configuration that shows good consistency with
the simulations and the physical sense (snow horizontally
aligned spheroids with a fixed density of 0.1gcm—2 and
graupel species as parametrized with Meso-NH, i.e. simula-
tion E in Table 2), the Meso-NH snow PSD was replaced
by Meso-NH PSD of graupel for spherical particles with

www.atmos-meas-tech.net/8/1605/2015/

fixed density (simulation G in Table 2 and black dotted line
in Fig. 6). The particle size distribution of graupel assumes
fewer larger particles, and more abundant smaller particles.
This causes large brightness temperature depressions.

Finally, the approach suggested by Liu (2004) to approx-
imate the single-scattering properties of snow species calcu-
lated with the DDA method is analysed. As shown in Fig. 6,
the results are very encouraging in accordance with the ob-
served TBs (simulation H in Table 2 and red dotted line in
Fig. 6). Analysing the sensitivity of these assumptions to
the snow content by multiplying it by 1.25 each atmospheric
layer shows that the improvement is not significant in terms
of brightness temperatures (simulation | in Table 2 and blue
dotted line in Fig. 6).

The CloudSat response is then simulated based on the
analysis conducted for the passive simulations. Figure 7 (left
column) presents the active simulations using the coincident
Meso-NH species contents as shown in Fig. 4. The first step
was to simulate the active response assuming the initial mi-
crophysical properties from the Meso-NH scheme (the base-
line configuration), which proved to underestimate the scat-
tering efficiency for passive radiative transfer simulations.
The results are shown in Fig. 7a for perfect spheres. The over-
all 2-D structure of the observed reflectivity, given the scales
of the Meso-NH output, are captured reasonably well (Meso-
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Figure 8. MHS observations at 89 and 157 GHz (top panels),
as compared to its radiative transfer simulations using the base-
line configuration (i.e. assumptions intrinsic to the microphysical
scheme of Meso-NH; middle panels), and the Meso-NH intrinsic
scheme together with the Liu (2004) approximation and multiply-
ing the snow quantities systematically by 1.25 (bottom panels). The
solid black line illustrates the CloudSat track.

NH has 5 km resolution, while the nadir CloudSat footprint
has 1.4 km resolution). It is evident, however, that such mi-
crophysical assumptions also underestimate the backscatter-
ing properties, for the same reason as with passive simula-
tions. Replacing the Meso-NH parametrization of mass by a
fixed density of 0.1 gcm~3 is done as for passive simulations
(simulation D only yields a slight improvement — not shown).
Figure 7b shows fixed-density horizontally aligned spheroids
of aspect ratio 1.6 (simulation E in Table 2). Only a slight
improvement is observed with higher reflectivities where the
Meso-NH total ice content is higher and closer to retrieved
products (mainly around 2.4 and east of 3° W - see Fig. 4).
The approximation by Liu (2004) is also tested for the active
response for perfect spheres (not shown) and in Fig. 7c for
horizontally aligned spheroids of aspect ratio 1.6 (simulation
H in Table 2). The reflectivity is still systematically underes-
timated, regardless of the hypothesis.

Based on conclusions drawn from Fig. 4 and the analy-
sis of passive simulations, Fig. 7 (right column) presents the
same active simulations as above, but multiplying the snow
quantities systematically by 1.25 to account for the underes-
timation of the Meso-NH IWP. Note that Fig. 4 shows that
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Meso-NH model outputs west of 2.3° significantly underes-
timate the integrated frozen phase content, which coincides
with a large difference in the simulated versus observed radar
reflectivity in the upper part of the cloud, which is composed
of smaller pristine ice particles. The ability of models to
accurately describe the conversion mechanisms — e.g. from
pristine ice crystals to aggregated snow or the interaction of
cloud ice with the liquid phase — is still poorly understood.

For the rest of the CloudSat track analysed, however, it
is fair to assume that the Meso-NH output are reasonable,
and that despite uncertainties, the underlining complexities
arise from determining accurate scattering properties. Focus-
ing on the 1.25 multiplication factor derived from the anal-
ysis of Fig. 4, the comparisons with the observations are
not better in the case of the Meso-NH hypothesis, but they
are significantly improved with the approximation by Liu
(2004). As previously discussed, this same configuration was
shown to work well with the passive simulations. This is
very encouraging, and shows that we can reasonably simu-
late both passive and active observations, with careful and
consistent assumptions about the parameters that determine
the scattering properties. Figure 8 shows the simulations for
those MHS channels most sensitive to the frozen phase us-
ing these last assumptions (the approximation by Liu (2004),
and multiplying the snow quantities systematically by 1.25),
as compared to the previously introduced observations and
simulations. The new simulations enhance scattering. Fu-
ture work is planned in order to incorporate publicly avail-
able databases of DDA from Liu (2004) directly, in order to
avoid the approximation used in this study and developed by
the same author. A number of studies have started the com-
plex task of using DDA databases directly, such as Geer and
Baordo (2014) who implemented with success the original
DDA tables provided by Liu (2004) and others in their cal-
culations.

5 Conclusions

Microwave passive and active radiative transfer simulations
are presented for a specific snowfall mid-latitude scene, using
outputs from the Meso-NH mesoscale cloud model and com-
pared to the corresponding microwave observations available
from MHS and CloudSat. The sensitivity of radiative transfer
simulations to the microphysical characteristics of the frozen
particles (size, density, dielectric properties) is the focus of
this study.

The radiative transfer simulations were performed by cou-
pling ARTS and its recently incorporated active simulator
module, to the mesoscale cloud model Meso-NH. Perform-
ing a comparison of simulations and observations over a
large range of frequencies and exploiting the passive/active
synergy is a challenging but useful task because it imposes
strong constraints on the assumptions made to simulate the
observations.
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Disregarding the detailed spatial structures which would
make this task unrealistic, an overall agreement is obtained
between the simulated and the observed brightness temper-
atures (passive) and radar reflectivities (active). The large-
scale dynamical structure of the cloud system is reasonably
captured by Meso-NH. However, comparisons between the
radiative transfer simulations and the available observations
show a misrepresentation in the areas of strong scattering.
From our sensitivity analysis, the failure to reproduce the ob-
served strong scattering signals arises from the interpretation
of Meso-NH microphysical parametrizations of snow parti-
cles in the radiative transfer simulations.

Nonetheless, both passive and active radiative transfer
simulations showed very encouraging results, as we can
reasonably simulate available observations from consistent
assumptions on the parameters that determine the scatter-
ing properties, especially with the Liu (2004) approxima-
tion. The Liu (2004) approximation provides a frequency-
dependent effective density for snow particles that results in
more realistic scattering properties. Hence, it is important to
conclude that the microphysical assumptions in the Meso-
NH scheme are realistic, provided that they are well inter-
preted in the scattering calculation. This is an important step
towards building a robust data set of simulated measurements
to train a statistically base retrieval scheme.
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