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Abstract

Microwave passive and active radiative transfer simulations are performed with the At-
mospheric 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 spa-
tial structures of the simulated and observed brightness temperatures show an overall
agreement since the large-scale dynamical structure of the cloud system is reasonably
well captured by Meso-NH. However, with the initial assumptions on the single scat-
tering properties of snow, there is an obvious underestimation of the strong scattering
observed in regions with large frozen hydrometeor quantities. A sensitivity analysis
of both active and passive simulations to the microphysical parameterizations is con-
ducted. Simultaneous analysis of passive and active calculations provides strong con-
straints on the assumptions made to simulate the observations. Good agreements are
obtained with both MHS and CloudSat observations when the single scattering prop-
erties are calculated using the “soft sphere” parameterization from Liu (2004), along
with the Meso-NH outputs. This is an important step toward building a robust dataset
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 im-
portant 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 fu-
ture 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 (< 90 GHz). At higher microwave frequencies, snowfall
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characterization from space is a challenging task, but possible through the analysis of
the scattering signal from frozen hydrometeors (e.g. Katsumata et al., 2000; Bennartz
and Bauer, 2003; Skofronick-Jackson and Johnson, 2011). The second, and main rea-
son, is the complex nature and high variability of the microphysical properties (size,
composition, density, and shape), and thus radiative properties, of the frozen particles
(Johnson et al., 2012). The sensitivity to scattering depends on 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 uncertain-
ties associated to ice contents in Numerical Weather Prediction and climate models
(Waliser et al., 2009; Eliasson et al., 2011). Furthermore, an understanding of the bulk
properties of frozen hydrometeors is essential to prepare for the next generation of mi-
crowave to sub-millimeter observations, i.e., the upcoming ESA MetOp-SG satellites
with sub-mm frequency channels. Robust methods have to be developed to retrieve
ice/snow parameters from satellite measurements. These methods are often based
on large data sets of simulated observations. The accuracy of the retrieval largely de-
pends on the quality of the simulated database and its representativity. As a first step
in the development of such simulated database, this paper analyzes the sensitivity of
simulated passive and active microwave observations to the microphysical properties
of the frozen phase. The objective is to assess our capacity to simulate passive and ac-
tive microwave observations in a consistent 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 results are
compared with coincident satellite observations. The mesoscale cloud model outputs
describe the atmospheric state of the scene at several time steps, including the rel-
evant parameters necessary to conduct radiative transfer simulations of both passive
and active real observations. The derived brightness temperatures (TBs) and equiva-
lent radar reflectivities (Z,) are compared to the available microwave observations from
the Microwave Humidity Sounder (MHS) and the Cloud Profiling Radar (CPR).
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This study is structured as follows. Section 2 presents one of the studied snow-
fall cases, and includes a description of Meso-NH model outputs and the coincident
satellite observations. Section 3 briefly describes ARTS, along with the recently incor-
porated radar simulator module and a description of the microphysical properties to
be analyzed. 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 atmospheric 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;
Chaboureau et al., 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) pre-
dicts the evolution of the mixing ratios (mass of water per mass of dry air) of five hy-
drometeor categories: cloud droplets, rain drops, pristine ice crystals, snowflakes, and
graupels. Meso-NH outputs include a full description of the atmospheric parameters
(pressure, temperature, and mixing ratios for the water vapor, and the five hydrome-
ter categories). The multiple interactions operating between the different water species
are accounted for through the parameterization of 35 microphysical processes includ-
ing nucleation, vapor/condensate exchanges, conversion, riming and sedimentation.
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Together with the mixing ratios for each hydrometer category, the intrinsic microphys-
ical scheme to Meso-NH describes 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 total number concentration N
given by N, = C/lﬁ , Where the subscript h denotes the hydrometeor category, C and
x are empirical constants derived from ground and in-situ measurements, and A, is
known as the slope parameter of the size distribution. The size distribution of the hy-

drometeors is assumed to follow the generalized Gamma distribution,
n(D)dD = N,g(D)dD
a -1
= th,lﬁ"D‘”’ exp (—(,lhD)")dD, (1)

where D is the maximum dimension of complex shaped particles 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 integrations using the mo-
ment formula,

Gp) 1T(v+p/a)
M(p) = = — , 4
0= =5 =% 0 @)
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where M(p) is the pth moment of g(D). Equation (4) can be used to compute the
different hydrometeor mixing ratios q;, according to:

PnGn = | m(D)n(D)dD = aN,M(b), (5)

where p;, is the density of dry air. Table 1 describes the constants that characterize
each of the hydrometeor species in the 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 season. This meteorological event led to huge disruptions
of the transportation network over a large part of France, especially in the areas of
Paris.

Meso-NH was initialized using ECMWF analyses available 8 December 2010 at
00:00 UTC and the lateral boundaries are linearly interpolated from ECMWF 6-hourly
analyses (successively taken at 06:00 UTC, 12:00 UTC, etc.). The simulation domain
contains 192 x 192 grid points at 20 km resolution, centered approximately in Paris.
A second model at 5 km resolution with 256 x 256 grid points is gridnested and cen-
tered at the same place. Both domains contain a vertical grid with 48 levels unevenly
spaced, with layer thickness 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 analyzed in this study. Figure 1 presents the total columns of water
vapor, cloud, rain, graupel, snow, and ice, as simulated by Meso-NH at 13:00 UTC.
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2.3 Coincident satellite observations

This study focuses on high frequency microwave radiative transfer simulations and
their evaluation with coincident passive and active observations. As mentioned ear-
lier, the A-train mission and NOAA-18 over-passed the region modeled by Meso-NH
at approximately 13:00 UTC. The satellite instruments of interest here are MHS (Bon-
signori, 2007) onboard 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 located 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 atmo-
spheric 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 angle along track). The polarization state is vari-
able and results from a combination of the two orthogonal linear polarizations (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 foot-
print of 1.4km (cross-track) and 1.7 km (along-track). The CPR minimum detectable
signal is approximately —30dBZ. The standard product, supplied as 2B-GEOPROF
(Mace, 2007), is the radar reflectivity with a resolution of 240 m in the vertical. Cloud-
Sat overflew France at 12:55 UTC and MHS observed the scene approximately 20 min
later. This represents an interesting opportunity to analyze the responses of both active
and passive instruments under snowfall conditions.
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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
different 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 description of the atmospheric state
modeled by Meso-NH. In order to accurately simulate satellite observations of this
real scene, a correct description of the surface properties is important, 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 emissivities 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 to ARTS

The equivalent radar reflectivity factor (Z,) is the main quantitive parameter measured
by radar instruments. In the absence of attenuation, the equivalent radar reflectivity
factor Z is given by integrating the backscatter cross sections of the individual particles
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over their size distribution:

/14

o= R / 64(D)(D)dD, )

0

w here 1 is the radar wavelength, |K,,,,|2 is the reference dielectric factor (a value of 0.75
is generally used for CloudSat), oy, is the backscatter cross section and n(D) is the
particle size distribution.

Recently, a module has been added to ARTS that allows the simulation of cloud
radar observations. 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 simulated
whether active or passive. Note that the module considers the two-way attenuation by
gases and hydrometeors, and that multiple scattering is ignored. The single scatter-
ing assumption is a frequently accepted simplification for precipitation and cloud radar
observations, although at high microwave frequencies Battaglia et al. (2008) showed
that multiple scattering can significantly enhance the reflectivity profiles 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.

3.3 The hydrometeor scattering properties

The microphysical properties of the five hydrometeor categories inherent to Meso-NH,
i.e., cloud, rain, ice, snow and graupel, are externally incorporated to ARTS via their
particle size distribution and single scattering properties. The scattering properties of
hydrometeors are related to their composition and density (and related dielectric prop-
erties), their size, their shape, and their orientation. Our analysis focuses on the evalua-
tion of the impact and validity of different microphysical parameters in radiative transfer
simulations by comparing them with the available passive and active observations.
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a. Density and shape: The shape of hydrometeors is not explicitly determined by

Meso-NH because they are not needed in the microphysical scheme, conse-
quently the volume and density of particles are free parameters. However, these
are crucial parameters in radiative transfer simulations as they affect the scattering
properties of particles. As introduced in Sect. 2.1, the mass of each hydrometer
category in Meso-NH is derived from the mass-size relation (of the type m = an).
For liquid clouds and rain, the particles are assumed to be spheres with m pro-
portional to D®. Although the shapes of graupel and small ice crystals are not
defined strictly as spheres by Meso-NH (b = 2.8 and b = 2.5, respectively), they
are approximated as such in the radiative transfer simulations of this study. Grau-
pel are rimed particles, for which is 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. However, snow particles are
not spheres, with mass m proportional to D" 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 aspect
ratio (Dungey and Bohren, 1993; Matrosov et al., 2005; Hogan et al., 2012). From
multiple aircraft observations, A. J. Heymsfield (personal communication, 2013)
confirms the importance of the bulk shape of particles as characterized by its as-
pect ratio, neglecting the microwave 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 Heymsfield (personal communication). In terms of den-
sity, the particle density for ice crystals is that of pure ice (0.941) and for snow and
graupel, it is derived from the Meso-NH mass-size relationship.

. Dielectric properties: For pure water, the dielectric properties in the microwave

region are computed with limited uncertainties using Liebe et al. (1991), for in-
stance. Similarly for pure ice, the Matzler (2006) model is commonly adopted. For
other frozen species, however, density is a key parameter in the calculation of
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the dielectric properties. Snow and graupel can be considered as heterogeneous
media, made of ice and air (dry snow and graupel) and possibly ice, air and water
(wet snow). The dielectric properties can then be deduced from a number of mix-
ing formulas. The most common, and the one used in this study, is the Maxwell
Garnett formula that gives the effective dielectric constant of a mixture as a func-
tion of the dielectric constants of the host material and inclusions. For dry snow
and graupel, the host is air and the inclusion is ice. For wet snow, the Maxwell
Garnett formula is applied twice, once to calculate dry snow and a second time to
mix dry snow and water.

. Single scattering properties: The single scattering properties are calculated with

the T-matrix code developed by Mishchenko (2000), which allows the treatment
of spherical and non-spherical particles, as well as randomly and horizontally
oriented particles. Another approach is to calculate the single scattering proper-
ties of complex shapes with the discrete-dipole approximation (DDA) (Purcell and
Pennypacker, 1973). The DDA method can be used for arbitrary sized, shaped
and oriented particles. Despite complicated non-spherical particles having more
realistic shapes, their generation depends 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 aspect
ratio. This allows the use of the efficient T-matrix method. Since the spherical ap-
proximation is not always adequate for complicated aggregates (e.g. Kim, 2006;
Meirold-Mautner et al., 2007; Kulie et al., 2010; Nowell et al., 2013), we also ex-
plore an approach formulated by Liu (2004) where the single scattering properties
of aggregates are parameterized based on DDA modeling. Liu (2004) notes that
sector-like and dendrite snowflakes have scattering and absorption properties be-
tween those of a solid ice equal-mass sphere of diameter D, and an ice-air mixed
sphere with a diameter equal to the maximum dimension of the particle D,,,. The
dielectric properties of snow are then described by the Maxwell Garnett mixing

7186

| J1adeq uoissnosiq | Jaded uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiq

©)
do

AMTD

7,7175-7206, 2014

Coupling
Meso-scale/RT
model

V. S. Galligani et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/7175/2014/amtd-7-7175-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/7175/2014/amtd-7-7175-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

formula and the diameter of the ice equal-mass sphere is described by a softness
parameter SP = (D — D) /(Dpax — Do)- The frequency dependent softness param-
eter (SP) gives the diameter of the best-fit equal-mass sphere, i.e., a frequency
dependent 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
efficiency 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 modeled by Meso-NH is slightly time lagged with
respect to the observations. The global structure of the cloudy scene, however, is fairly
well modeled by Meso-NH in agreement with its location in the observations. With this
in mind, the objective of the radiative transfer simulations is to successfully reproduce
the brightness temperature depressions related to the frozen phase of the cloud. It is
not to simulate the detailed spatial structure of the observations: differencies in time
between the simulations and the observations (although small), added to the uncer-
tainties in the detailed spatial structure of the front with Meso-NH would make this task
unrealistic.

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 particle size distributions
described in Sect. 2.1 are adopted for the 5 species provided by Meso-NH (rain, cloud,
ice, snow and graupel) and all hydrometeors are considered spherical. The resultant
brightness temperatures from these microphysical assumptions are shown in Fig. 2
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(bottom) as compared with the corresponding MHS observations (top). With these hy-
potheses, the scattering signal appears significantly less intense in the simulations,
failing to reproduce the observed signal.

Figure 3 shows the distribution of the observed and simulated pixels presented in
Fig. 2. Note that only pixels over land and flagged as cloudy according to a Meso-NH
cut-off flag (0.05kg m'2) are included in the distributions. The statistical distributions
show that for 89 and 157 GHz, observations 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 reproduce the intense scattering that
translates into the observed brightness temperature depressions).

The radiative transfer simulations presented so far in Figs. 2 and 3 fail to reproduce
the observed scattering signatures because either (1) the amount of frozen particles
produced by Meso-NH simulations is underestimated, or (2) there is a misrepresenta-
tion of the scattering properties of the frozen phase, more specifically of snow species,
in the RT simulations in terms of dielectric properties, effective size, and shape.

To test these two possibilities, the availability of coincident CloudSat observations
can be exploited. CloudSat observations allow comparing its different retrieved ice wa-
ter path (IWP) with those modeled 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 CloudSat footprint. The RO-IWP
product is one of CloudSat standard products and is available from the 2B-CWC-RO
dataset. RO-IWP is the radar only (RO) retrieved value of IWP, obtained by assuming
that the entire profile is ice, and zeroing out cases where all cloudy bins are warmer
than 273K (assumed to be liquid). The 10-RO-IWP, similarly available from the 2B-
CWC-RO dataset, assumes that the entire column is ice only. DARDAR exploits li-
dar/radar synergy onboard the A-Train. The CPR radar can penetrate thick systems
of precipitating clouds, but is mainly sensitive to large particles and does not detect
small ones. The CALIOP lidar, on the other hand, is sensitive to smaller particles, but
gets attenuated quickly. Therefore radar/lidar DARDAR approach (Delanoé and Hogan,
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2008, 2010) is complementary. Despite 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 DAR-
DAR. Neglecting the fine structures of the CloudSat products, Meso-NH total IWP is
comparable between 2.8° W and 2.9° W (mainly due to the strong presence of graupel
— not shown). In the region between 2.3° W and 2.5° W, Meso-NH is comparable to the
IROIWP retrieval. Overall, however, the Meso-NH outputs tend to to underestimate the
total IWP when compared with CloudSat retrievals. This is not surprising given the dif-
ficulties in modeling the frozen phase, and the mentioned time lag between Meso-NH
model outputs and the observations.

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 to match the Cloud-
Sat retrievals discussed above. This does not change the results by more than 1K
along the transect. This means that the microphysical properties require further study.
The microphysical parameters describing snow particles are subject to many uncertain-
ties, originating from the microphysical scheme of Meso-NH or on the interpretation of
the Meso-NH information in terms of scattering efficiency. To answer this question we
proceed to analyze the sensitivity of active and passive simulations.

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

In this section we analyse the sensitivity of the RT simulations 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 reproduce
consistently the brightness temperature depressions related to the frozen phase of the
cloud and the radar reflectivity with realistic microphysical properties. Again, it is not to
simulate the detailed spatial structure of the observations.
7189
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Our objective in the radiative transfer simulations is to stay as consistent as possi-
ble with Meso-NH despite the underestimation in total IWP shown in Fig. 4. For this
reason, the microphysical description of the hydrometeors from Meso-NH as used in
Fig. 2 is the starting point for the radiative transfer simulations shown in Fig. 6 (shown
by the black dashed line). As expected, this configuration fails to reproduce intense
scattering. With these initially selected parameters, different configurations were run
with different assumptions (not shown): (a) the snow size distribution was replaced by
the particle size distribution of graupel, (b) perfect spheres were replaced by horizon-
tally aligned spheroids of aspect ratio 1.6, (c) the dielectric properties of snow species
were calculated with the Maxwell Garnett mixing formula but with different wetness de-
grees. All these microphysical assumptions failed to change significantly the simulated
brightness temperatures by more than 5K along the transect. Similarly to the conclu-
sions 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 re-
lationship, 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 fix value of 0.1 gcm™, a value that is often used in
the literature for snow, leads to a significant depression of the brightness temperatures
(now shown). Similar results are obtained with horizontally aligned spheroids of aspect
ratio 1.6 (solid black line). So far the density for graupel was parameterized according
to Meso-NH. Setting the graupel density to a fixed value of O.4gcm'3, a value often
used in the literature for graupel, yields brightness temperatures that are much lower
than those observed by MHS (not shown).

To assess the impact of the PSD on the radiometric signals for the configuration
that shows good consistency with the simulations and the physical sense (snow hor-
izontally aligned spheroids with a fixed density of 0.1 gcm‘3 and graupel species as
parameterized with Meso-NH) the Meso-NH snow PSD was replaced by Meso-NH
PSD of graupel for spherical particles with fixed density (black dotted line). The particle

3
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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 approximate the single scattering
properties of snow species calculated with the DDA method is analyzed. For 85 and
150 GHz, a softness parameter SP = (D — Dy)/(Dmax — Do) Was derived by Liu (2004)
yielding the diameter of the best-fit equal mass sphere. The frequency dependent soft-
ness parameter SP gives the diameter of the best-fit equal-mass sphere, i.e., a fre-
quency dependent effective density and a modified diameter is used to calculate the
single scattering properties with the T-matrix. As shown in Fig. 6, the results are very
encouraging in accordance with the observed TBs (red dotted line). Analyzing the sen-
sitivity of these assumptions to the snow content by multiplying it by 1.25 each at-
mospheric layer shows that the improvement is not significant in terms of brightness
temperatures (blue dotted line).

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 is to simulate
the active response assuming the initial microphysical properties from the Meso-NH
scheme, which proved to underestimate the scattering efficiency for passive radiative
transfer simulations. The results are shown in Fig. 7a for perfect spheres. The overall
3-D structure of the observed reflectivity, given the scales of the Meso-NH output, are
captured reasonably well (Meso-NH has 5 km resolution, while the nadir CloudSat foot-
print has 1.4 km resolution). It is evident, however, that such microphysical assumptions
also underestimate the backscattering properties, for the same reason as with passive
simulations. Replacing the Meso-NH parameterization of mass by a fixed density of
0.1g cm™2 as done for passive simulations only yields a slight improvement. Figure 7b
shows fixed density horizontally aligned spheroids of aspect ratio 1.6. Only a slight im-
provement is observed with higher reflectivities where the Meso-NH total ice content is
higher and closer to retrieved products (mainly around 2.4° W and east of 3° W — see
Fig. 4). The Liu (2004) approximation is also tested for the active response for perfect
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spheres (not shown) and in Fig. 7c for horizontally aligned spheroids of aspect ration
1.6. The reflectivity is still systematically underestimated, regardless of the hypothesis.
Based on conclusions drawn from Fig. 4 and the analysis of passive simulations, Fig. 7
(right column) presents the same active simulations above, but multiplying the snow
quantities systematically by 1.25 to account for the underestimation of the Meso-NH
IWP. The comparisons with the observations are not better in the case of the Meso-NH
hypothesis, but they are significantly improved with the Liu (2004) approximation. 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 simulate 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 using these last assump-
tions (the Liu, 2004 approximation and multiplying the snow quantities systematically
by 1.25), as compared to the previously introduced observations and simulations. The
new simulations enhance scattering.

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 compared to the corresponding microwave observations available from MHS and
CloudSat. The sensitivity of radiative transfer simulations to the microphysical charac-
teristics of the frozen particles (size, density, dielectric properties) is the focus of this
study.

The radiative transfer simulations were performed by coupling ARTS and its recently
incorporated active simulator module, to the mesoscale cloud model Meso-NH. Per-
forming a comparison of simulations and observations over a large range of frequen-
cies 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 unrealis-
tic, an overall agreement is obtained between the simulated and the observed bright-
ness temperatures (passive) and radar reflectivities (active). The large scale dynamical
structure of the cloud system is reasonably captured by Meso-NH, however, compar-
isons between the radiative transfer simulations and the available observations show
a misrepresentations in the areas of strong scattering. From our sensitivity analysis,
the failure to reproduce the observed strong scattering signals arises from the interpre-
tation of Meso-NH microphysical parameterisations of snow particles in the radiative
transfer simulations.

Nonetheless, both passive and active radiative transfer simulations showed very en-
couraging results, as we can reasonably simulate available observations from consis-
tent assumptions on the parameters that determine the scattering properties, specially
with the Liu (2004) approximation. 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 interpreted in the scattering
calculation. This is an important step towards building a robust dataset of simulated
measurements to train a statistically base retrieval scheme.

Acknowledgements. The ARTS community is appreciated for providing, developing and main-
taining such an open source software.
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Table 1. Parameters of the Meso-NH microphysical scheme described by Egs. (1) through (5)

(given in mks units).

Category a v a b c o} C X
g.(cloud) 3 3 524 3 32x10 2

g; (ice) 3 3 082 25 800 1

qs (snow) 1 1 002 1.9 5.1 0.27 5 1
Qg (graupel) 1 1 196 2.8 124 066 5x10° -05
q, (rain) 1 1 524 3 824 0.8 10’ -1
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Figure 1. The Meso-NH fields at 13:00 UTC of the heavy snowfall scene over France on 8 De-
cember 2010. Coincident observations from MHS and CloudSat are available.
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Figure 2. MHS observations at 89 GHz and 157 GHz (top panel), as compared with the corre-
sponding simulated brightness temperatures with the microphysical scheme intrinsic to Meso-

NH (bottom panel).
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Figure 3. Histograms of the observed (solid line) and simulated (dashed line) MHS brightness @
temperatures with the Meso-NH microphysical scheme. The data used to calculate these dis-

tributions 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.
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Figure 6. The observed (right) and simulated (left) brightness temperature measurements from
the MHS window channels along the chosen transect presented in Fig. 5.
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Figure 7. The simulated CPR (94 GHz) radar reflectivity. See individual figure titles for more

information. CloudSat CPR radar reflectivity (94 GHz) is also shown.
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