
Snow scattering signals in ground‐based passive
microwave radiometer measurements

Stefan Kneifel,1 U. Löhnert,1 A. Battaglia,2 S. Crewell,1 and D. Siebler3

Received 11 January 2010; revised 7 April 2010; accepted 28 April 2010; published 31 August 2010.

[1] This paper investigates the influence of snow microphysical parameters on the
enhancement of ground‐based passive microwave brightness temperature (TB)
measurements. In addition to multispectral passive microwave observations between
20 and 150 GHz, a 35 GHz cloud radar and a 2‐D video disdrometer for in situ
measurements of snowfall were deployed as part of the “towards an optimal
estimation‐based snowfall characterization algorithm” campaign in the winter season
of 2008–2009 at an Alpine environment located at 2650 m mean sea level. These
observations are combined with nearby radiosonde ascents and surface standard
meteorological measurements to reconstruct the atmospheric state (i.e., fields of
temperature, humidity, snow, and liquid water contents) and are subsequently used as
input for a microwave radiative transfer (RT) model. We investigate the sensitivity of the
missing information about snow shape and snow particle size distribution (SSD) on
the microwave TB measurements using the disdrometer data as a rough constraint. For an
extended case study, we found that TBs at 90 and 150 GHz are significantly enhanced
because of scattering of surface radiation at snow crystals and that this enhancement is
clearly correlated with the radar derived snow water path (SWP < 0.2 kg m−2). RT
simulations highlight the strong influence of the vertical distribution of cloud liquid water
(liquid water path LWP < 0.1 kg m−2) on the TB, which in extreme cases, can fully
obscure the snow scattering signal. TB variations of the same magnitude can also be
caused by typical variations in SSD parameters and particle shape similar to results
obtained by space‐borne studies. Ground‐based stations with their infrastructural
capabilities in combining active and passive microwave observations have the potential to
disentangle the influences of different snow shape, SSD, and SWP in snow retrievals,
thus supporting current and future satellite missions.
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1. Introduction

[2] Snow is the predominant type of precipitation in sub-
polar and polar latitudes [e.g., Ellis et al., 2009] and plays an
important role in the hydrological cycle. In polar regions,
frozen precipitation determines the mass balance of the polar
ice sheets. The accumulated snow on the ground is important
for management of water resources, for the prediction of
severe flooding whenmelting occurs as well as for the Earth’s
energy balance through the surface albedo change.
[3] In general, snow, graupel, and hail are understood as the

precipitating part of cloud ice, which means the total mass of
frozen hydrometeors. The distinction to nonsedimentating

cloud ice, however, is not clearly defined as discussed by
Waliser et al. [2009], who show that for selected atmospheric
models the fraction of nonsedimentating cloud ice can range
between 10% and 30% of the total ice. Cloud ice is found to
consist of a large variety of different sizes and shapes. 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. The very complex micro-
physics of frozen hydrometeors are one reason for the enor-
mous uncertainties in predicting cloud ice with numerical
weather prediction and climate models [e.g., Stephens et al.,
2002; Waliser et al., 2009]. For example, the prediction of
total cloud ice by global circulation models deviate currently
by a factor of 20 [Waliser et al., 2009]. In general, the
uncertainty in the prediction of precipitating cloud ice, i.e.,
basically snow and graupel, is even larger, because additional
assumptions about the sedimentation and aggregation pro-
cesses have to be made. Recently, more sophisticated ice
microphysics parameterizations for a prognostic calculation
of the ice water content (IWC) and even higher moments
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[Lynn et al., 2005; Seifert and Beheng, 2006] have been
developed that are expected to better represent the large
number of degrees of freedom.
[4] Obviously, observational data for model evaluation and

improved understanding of the ice microphysics are strongly
needed. In situ measurements of ice clouds are provided by
airborne observations that give an insight into microphysical
processes and the variability of particle shapes and size dis-
tributions for different cloud systems [e.g., Heymsfield et al.,
2002; Field et al., 2005]. However, for model evaluations on
a global scale, satellite observations are essential and only
recently available [Liu, 2008a]. While visible and infrared
satellite remote sensing observations have been available for
decades and have beenwidely used to investigate cirrus clouds,
they show poor accuracy for clouds with high amounts of
integrated ice water path (IWP). In fact, visible and infrared
techniques tend to be most sensitive to the cloud top because
of their intrinsic incapability of sounding deeply within the
cloud structure. For this reason, many efforts have focused on
passive and active microwave (MW) techniques for the
observation of snow, but only for the last few years, obser-
vational data have been made available on a global scale.
[5] Since 2006 vertically resolved reflectivity data from the

nadir‐viewing 94 GHz cloud profiling radar on the CloudSat
satellite are available [Stephens et al., 2002] that allow to
derive vertical profiles of IWC. Passive observations at
atmospheric window channels (e.g., 89 and/or 150 GHz) are
provided by the advanced microwave sounding units‐B
onboard the NOAA‐15 satellite and the Advanced Micro-
wave Scanning Radiometer–EOS onboard the NASA Aqua
satellite. Thick ice and snow clouds were found to reduce the
brightness temperature (TB) signal of the Earth’s upwelling
thermal radiation at frequencies greater than ∼90 GHz [e.g.,
Katsumata et al., 2000; Bennartz and Petty, 2001; Bennartz
and Bauer, 2003]. This TB depression is caused by the
increase of scattering by frozen hydrometeors with increasing
frequency and hydrometeor size. Thus, the scattering effects
can be used to derive integrated snow water path (SWP) [e.g.,
Noh et al., 2006] but are not able to provide any information
about vertical ice distribution. The passive sensors and radar
data were thus combined [Skofronick‐Jackson et al., 2003;
Evans et al., 2005; Seo and Liu, 2005;Noh et al., 2006;Grecu
and Olson, 2008] to develop retrievals for snowfall para-
meters like snowfall rate, snow water content (SWC), and
snow size distribution (SSD).
[6] Any snow retrieval is based on assumptions about

crystal habit and SSD that have a large impact on the radiative
properties and hence the quality of the retrieval. While in the
past, it was common to use spheroids composed of an ice‐air
mixture [e.g., Skofronick‐Jackson et al., 2003; Hogan et al.,
2006] several studies started to replace spherical approx-
imations by more realistical ice crystals like hexagonal col-
umns, plates, rosettes, or dendrites [e.g., Evans et al., 2005;
Seo and Liu, 2005; Noh et al., 2006; Grecu and Olson,
2008]. Observations, however, revealed [e.g., Heymsfield et
al., 2002; Brandes et al., 2007] that natural snow also con-
tains large amounts of aggregate habits. Currently, only a few
studies [Ishimoto, 2008; Petty and Huang, 2010] started to
investigate the scattering properties of large aggregate
snowflakes; however, their impact on snow retrievals still
remains an open question. Another source of uncertainty is
the presence of supercooled liquid water that is found in ice

clouds even at very low temperatures [e.g., Boudala et al.,
2004]. In particular, higher MW frequencies are affected as
both, snow scattering, and liquid water emission increase
with frequency. An additional difficulty in deriving the liquid
water contribution is due to the poor knowledge of the
refractive index of supercooled liquid water. Partly because
laboratory measurements for liquid water at low temperatures
are extremely rare [Ellison, 2006], mass absorption coeffi-
cients, calculated by different models [Ray, 1972; Liebe et
al., 1991; Stogryn et al., 1995; Ellison, 2006] deviate at
31.4 GHz and 0°C by about 5% and the spread increases up
to 50% at −30°C. Similar differences occur at higher fre-
quencies (90 and 150 GHz).
[7] As an addition to global satellite observations, ground‐

based observations can provide long‐term data of the vertical
column at a fixed site. Within the “towards an optimal esti-
mation based snowfall characterization algorithm” (TOSCA)
campaign, ground‐based data of snowfall from a unique
combination of remote sensing and in situ measurements
were collected. The remote sensing instrumentation com-
bined active radar systems at 24 and 35 GHz with passive
microwave observations in the frequency range from 20 to
150 GHz. The data set was complemented by optical disd-
rometers, nearby radiosonde ascents and several standard
meteorological measurements. This data set can be used to
investigate sensor synergies and to develop retrievals that can
yield optimum strategies for space‐borne sensors. Ground‐
based passive and active observations have the important
advantage in comparison to airborne and space‐borne mis-
sions, of being much less influenced by surface reflections
and changing surface emissivities. With ground‐based
microwave radiometers (MWR), especially at the higher
frequencies 90 and 150 GHz, we expect, in contrast to the
previously mentioned TB depression, that the scattering ef-
fects in the upward looking geometry will produce a TB
enhancement. This enhancement is caused by the snow
crystal scattering of the upwelling radiation (surface emis-
sion) and is significant at frequencies larger than 90 GHz. To
our knowledge, these effects have not yet been investigated
for the quantitative estimation of snow microphysics.
[8] This study exploits the unique TOSCA data set with a

focus on the passive microwave observations. Cloud radar
reflectivity profiles provide information about the vertical
distribution and temporal variability of snow. Ground‐based
observations with the 2‐D video disdrometer (2DVD) allow
us to derive the SSD and provide information about snow
shape. The multispectral passive measurements enable us to
distinguish between the different contributions of cloud liq-
uid water emission and snow scattering to the total signal.
Together with a radiative transfer model, we use these mul-
tispectral measurements as a test bed for our microphysical
assumptions to give answers to the following main scientific
questions: (1) Is it possible to observe the theoretically pro-
posed snow scattering signal as a TB enhancement in the
ground‐based MW measurements and if yes, what is the
magnitude of those signals and are they similar to model
simulation results? (2) How do the scattering signals depend
on variations in the different microphysical parameters like
SWP, liquid water path (LWP), SSD, and snow shape?
[9] The paper is structured as follows: In section 2 we

shortly describe the measurement campaign, the deployed
instrumentation, and the applied retrieval methods. The
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