
Atmos. Meas. Tech., 7, 1839–1860, 2014
www.atmos-meas-tech.net/7/1839/2014/
doi:10.5194/amt-7-1839-2014
© Author(s) 2014. CC Attribution 3.0 License.

Improved scattering radiative transfer for frozen hydrometeors at
microwave frequencies

A. J. Geer1 and F. Baordo1,*

1European Centre for Medium-Range Weather Forecasts, Shinfield Park, Reading, RG2 9AX, UK
* now at: Bureau of Meteorology, Melbourne, Australia

Correspondence to:A. J. Geer (alan.geer@ecmwf.int)

Received: 8 January 2014 – Published in Atmos. Meas. Tech. Discuss.: 18 February 2014
Revised: 16 May 2014 – Accepted: 19 May 2014 – Published: 25 June 2014

Abstract. To simulate passive microwave radiances in all-
sky conditions requires better knowledge of the scattering
properties of frozen hydrometeors. Typically, snow parti-
cles are represented as spheres and their scattering proper-
ties are calculated using Mie theory, but this is unrealistic
and, particularly in deep-convective areas, it produces too
much scattering in mid-frequencies (e.g. 30–50 GHz) and
too little scattering at high frequencies (e.g. 150–183 GHz).
These problems make it hard to assimilate microwave obser-
vations in numerical weather prediction (NWP) models, par-
ticularly in situations where scattering effects are most im-
portant, such as over land surfaces or in moisture sounding
channels. Using the discrete dipole approximation to com-
pute scattering properties, more accurate results can be gen-
erated by modelling frozen particles as ice rosettes or simpli-
fied snowflakes, though hexagonal plates and columns often
give worse results than Mie spheres. To objectively decide
on the best particle shape (and size distribution) this study
uses global forecast departures from an NWP system (e.g.
observation minus forecast differences) to indicate the qual-
ity of agreement between model and observations. It is easy
to improve results in one situation but worsen them in oth-
ers, so a rigorous method is needed: four different statistics
are checked; these statistics are required to stay the same
or improve in all channels between 10 GHz and 183 GHz
and in all weather situations globally. The optimal choice
of snow particle shape and size distribution is better across
all frequencies and all weather conditions, giving confidence
in its physical realism. Compared to the Mie sphere, most
of the systematic error is removed and departure statistics
are improved by 10 to 60 %. However, this improvement is
achieved with a simple “one-size-fits-all” shape for snow;

there is little additional benefit in choosing the particle shape
according to the precipitation type. These developments have
improved the accuracy of scattering radiative transfer suffi-
ciently that microwave all-sky assimilation is being extended
to land surfaces, to higher frequencies and to sounding chan-
nels.

1 Introduction

Microwave observations are widely used to infer atmospheric
temperature and water vapour, particularly in numerical
weather prediction (NWP, e.g.English et al., 2000). Increas-
ingly, NWP centres are making use of these observations in
cloudy and precipitating situations as well as in clear skies
(e.g.Bauer et al., 2011). This helps to infer water vapour in-
formation in cloudy and precipitating areas and it also gives
the possibility to assimilate the cloud and precipitation itself.
When all observations, whether clear, cloudy or precipitat-
ing, are assimilated using the same scattering-capable radia-
tive transfer model, this is often referred to as an “all-sky”
approach (e.g.Bauer et al., 2010). However, it has been dif-
ficult to use cloud- and precipitation-affected microwave ob-
servations in situations where atmospheric scattering is most
important, such as over land surfaces and in temperature and
water vapour sounding channels (e.g.Baordo et al., 2012;
Geer et al., 2012). This study aims to improve the quality
of radiative transfer for NWP by improving the modelling
of frozen hydrometeor optical properties. Observation mi-
nus forecast statistics from an NWP system will be used to
objectively guide the choices of frozen hydrometeor particle
model.
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Optical properties of single particles have typically been
estimated using Mie theory, with an ice or snow particle rep-
resented as a sphere containing a mixture of ice and air. It has
often been necessary to tune the choice of particle size distri-
bution and the sphere’s density (often also a function of parti-
cle size) to improve the quality of simulations (e.g.Wiedner
et al., 2004; Doherty et al., 2007; Sreerekha et al., 2008).
Though tuning schemes can be effective at one frequency,
they can make results worse at others. To obtain good re-
sults from Mie theorySurussavadee and Staelin(2006) went
as far as representing frozen particles with spheres that had
a different size and density at each frequency. It would be
preferable to use a particle model with a closer link to physi-
cal reality. The discrete dipole approximation (DDA,Purcell
and Pennypacker, 1973; Draine and Flatau, 1994) is becom-
ing more widely used in microwave applications. The DDA
represents a particle as a three-dimensional array of polaris-
able points and provides a better model of the optical proper-
ties of non-spherical particles than can be obtained from the
Mie sphere (Kulie et al., 2010; Petty and Huang, 2010) or
indeed from homogeneous spheroids (Leinonen et al., 2012).
Databases are available that contain the pre-computed DDA
optical properties of idealised ice and snow particles (e.g.
Liu, 2004, 2008; Hong, 2007; Hong et al., 2009), making
it practical to incorporate discrete dipole results into the fast
radiative transfer models required for data assimilation.

Mie spheres produce their worst results in areas of deep
convection. Figure1 shows Hurricane Irene on 25 Au-
gust 2011 at four microwave frequencies, with the radi-
ances represented in terms of brightness temperature (TB).
The first column shows observations from TMI (TRMM Mi-
crowave Imager) and SSMIS (Special Sensor Microwave Im-
ager Sounder); the second and third columns show simula-
tions from the European Centre for Medium-Range Weather
Forecasts (ECMWF) first-guess (FG) using either Mie sphere
or DDA models for snow. At 10 GHz, where the observations
sense principally rain emission, the simulations and observa-
tions are in reasonable agreement, though the model captures
only the central core of the hurricane and does not capture the
full intensity of the rain band to the north. At higher frequen-
cies the Mie simulations are badly wrong. At 37 GHz the ob-
servations reveal the hurricane as an area of warm brightness
temperatures in the range 260 K to 280 K, which could be
achieved by emission (predominantly from water cloud) at
an altitude of about 5 km. Instead, the Mie simulations show
the hurricane as a “black hole” with a radiant temperature of
around 210 K. In the Mie simulations, frozen hydrometeors
cause an excessive depression in brightness temperatures, i.e.
excessive scattering. By contrast, at 150 GHz, where scatter-
ing from upper-level ice and snow is expected to depress TBs
(e.g.Hong et al., 2005), the Mie simulations do not provide
enough scattering. The DDA simulations are based on the
Liu (2008) sector snowflake, a shape that will later be identi-
fied as optimal by this study. Overall, moving to DDA has re-
moved a lot of the excessive scattering at middle frequencies

(i.e. TBs have become higher at 37 GHz and 52.8 GHz) and
increased scattering at high frequencies (i.e. TBs have be-
come lower at 150 GHz). However, problems with the fre-
quency dependence of scattering from the Mie sphere are
not limited to tropical convective areas.Kim et al. (2007)
looked at winter light precipitation in the midlatitudes and
found that a Mie sphere with the same physical parameters
was unable to provide good results simultaneously at 89 GHz
and 150 GHz.

Even if we can abandon unrealistic particle models like
the Mie sphere, the problem remains that the particle sizes
and shapes are poorly known and subject to enormous nat-
ural variability. While there have been observational studies
of particle shapes and size distributions, they only represent
case studies and they cannot provide sufficient guidance for
an objective and globally applicable description of hydrome-
teor shapes and sizes. Also there have been many simulation
studies, often showing apparently good agreement with ob-
servations. However, the quality of agreement has not always
been quantified and the results have again been limited typi-
cally to case studies – such as a single midlatitude front – and
to a small range of microwave frequencies. A rare example
of a study with global, broad-frequency applicability is that
of Kulie et al.(2010), who looked at constraining the choice
of particle shape for DDA scattering computations using a
combination of radar and passive microwave observations.
Ultimately they did not recommend any particular shape be-
cause of the great variability of hydrometeor habits in the
atmosphere.

In the current study we hope to find simple models for
scattering from frozen particles that can improve or main-
tain agreement between model and observations across all
weather conditions and all microwave frequencies from
10 GHz to 183 GHz. A rigorous methodology will be applied
to quantify the fit between observations and model and to
make sure this is improved everywhere: to make sure that by
improving one aspect, we are not degrading another. Global,
broad-frequency applicability is a necessity for NWP and
moreover it should give greater confidence in the physical
basis of the chosen particle models.

Although in an ideal world the choice of shape and size
distribution would be situation dependent, this would add
complexity to the radiative transfer model and make it harder
to objectively validate these choices. It would be better to
have an objectively tuned simple scheme than a complex one
that sounded realistic but was not properly tuned. Though the
use of a single size distribution and shape is an oversimplifi-
cation, the resulting errors need not cause serious problems
in the data assimilation context. As long as the errors are ran-
dom rather than systematic, the poorer accuracy of cloud and
precipitation radiative transfer can be accounted for with an
observation error model that assigns bigger errors in cloudy
and precipitating situations than in clear skies (e.g.Geer and
Bauer, 2011).
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Figure 1. Observed and simulated over-ocean brightness temperatures on 25 August 2011 in the region of Hurricane Irene. Simulations are
generated from ECMWF forecasts at T1279 horizontal resolution with snow hydrometeors represented either by Mie spheres or by DDA
sector snowflakes. Channels at 10 GHz (h= horizontal polarisation) and 37 GHz (v= vertical polarisation) come from an overpass of TMI at
21:18 UTC. Channels at 52.8 GHz and 150 GHz (both h polarisation) come from an SSMIS overpass at 22:12 UTC. The domain runs from
84◦ W to 70◦ W and from 22◦ N to 34◦ N; grid spacing is 2◦. Land-contaminated 10 GHz observations on the Florida coast are not used in
quantitative comparisons.

Furthermore, forecast models find it difficult to put cloud
and precipitation in exactly the right place with the right in-
tensity (e.g.Roberts and Lean, 2008; Fabry and Sun, 2010).
In practice, the observation errors assigned in all-sky data
assimilation are very large, reaching 20–40 K in convective
situations (Geer and Bauer, 2011). These observation errors
represent both radiative transfer error and “mislocation” er-
ror. In the presence of such large random errors, a radiative
transfer error of 2 K is irrelevant and the real concern is with
large systematic errors greater than 20 K, such as those in
Hurricane Irene in Fig.1. At this stage in the development of
all-sky data assimilation, it is the most obvious problems that

need fixing. As will be shown, the finer details of many cloud
and precipitation radiative transfer issues do not matter when
comparing current forecast models with real observations.

The data assimilation system, radiative transfer model and
observations are introduced in Sect.2 and the computation
of bulk optical properties is described in Sect.3. Methods for
using the fit between NWP model and observations to find
the best size distribution and particle shape are considered in
Sect.4. The results are presented separately for ocean and
land surfaces in Sects.5 and6.
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Figure 2. Bulk optical properties at 52.8 GHz and 253 K, as a func-
tion of snow water content. Optical properties of theLiu (2008)
shapes have been computed with theField et al.(2007) size distri-
bution. SomeLiu (2008) shapes have similar bulk scattering prop-
erties to others and are ignored: the five-bullet rosette is similar to
the six-bullet; the short column is similar to the thick plate.

2 Models and observations

2.1 Radiative transfer model

Radiative transfer simulations are provided by RTTOV-
SCATT, which is a fast model designed for assimilating mi-
crowave radiances in all-sky conditions (Bauer et al., 2006).
It is a component of the wider RTTOV package (Radiative
Transfer model for Television Infrared Observation Satellite
Operational Vertical sounder;Eyre, 1991; Saunders et al.,
2012). The radiative transfer equation is solved using the
delta-Eddington approximation (Joseph et al., 1976). Trans-
mittances for oxygen and water vapour are computed from
regression tables driven by atmospheric predictors, just as
in the normal RTTOV. Bulk optical properties for cloud wa-
ter, cloud ice, rain and snow are taken from look-up tables
that will be described in Sect.3.1. Ocean surface emissivity
is computed by version 5 of FASTEM (English and Hewi-
son, 1998; Liu et al., 2011; Bormann et al., 2012). Land-
surface emissivity comes from the TELSEM atlas (Aires

et al., 2011). The all-sky brightness temperature is computed
as the weighted average of the brightness temperature from
two independent sub-columns, one clear and one cloudy. The
weighting is done according to the effective cloud fraction
of Geer et al.(2009a) which provides a fast but approxi-
mate way to account for the effects of sub-grid variability in
cloud and precipitation, particularly the beam-filling effect
(e.g.Kummerow, 1998).

2.2 ECMWF system

ECMWF produces global forecasts and analyses using a
4D-Var data assimilation system (Rabier et al., 2000). Mi-
crowave imager radiances are assimilated directly in 4D-
Var alongside many other conventional and satellite obser-
vation types. Observations drive the data assimilation system
through the first guess (FG) departured, which is the dif-
ference between real and simulated observationsyo andyb:

d = yo
− yb. (1)

A simulated observation is computed as

yb
= H [M[xb(t0)]] + c. (2)

The backgroundxb(t0) is a forecast initialised from the
previous analysis, witht0 being the time of the start of the as-
similation window. The nonlinear forecast modelM[ ] prop-
agates this atmospheric state forward in time. In this paper
“first guess” refers to the complete forecast trajectory defined
by M[xb(t0)] through the 12 h assimilation window.H [ ] is
the observation operator which, in the case of microwave im-
ager observations, selects the nearest model profile to the ob-
servation (in time and space) and then runs RTTOV-SCATT.

A bias correctionc is included in the computation of the
FG departures. This is essential to remove the systematic
differences between simulations and observations that result
from a combination of instrument, observation operator and
forecast model biases. For microwave instruments, biases are
inferred as functions of predictors including the scan angle,
the surface wind speed and the layer thickness, though the ex-
act set of predictors is channel dependent. Bias coefficients
are derived within the analysis system using variational bias
correction (VarBC,Dee, 2004; Auligné et al., 2007). There
are no cloud-related predictors and the bias correction is not
intended to represent cloud- or precipitation-dependent bi-
ases. The convention in this paper is to consider the bias cor-
rection part of the simulation.

Further details of the all-sky microwave imager assimila-
tion at ECMWF are given byBauer et al.(2010), Geer et al.
(2010b) andGeer and Bauer(2010, 2011). For assimilation,
a wide range of quality control measures need to be applied,
but a smaller set of restrictions will be applied here: obser-
vations are restricted to latitudes equatorward of 60◦; scenes
containing sea ice or coasts are removed; the surface temper-
ature must be higher than 274 K over ocean and 278 K over

Atmos. Meas. Tech., 7, 1839–1860, 2014 www.atmos-meas-tech.net/7/1839/2014/



A. J. Geer and F. Baordo: Improved snow-scattering radiative transfer 1843

land to help avoid sea ice and snow cover. Unlike in Fig.1,
observations are averaged (or “superobbed”) in boxes of ap-
proximately 80 km by 80 km, in order to make the horizontal
scales of observed cloud and precipitation more similar to
their effective resolution in the model; the sensitivity of the
results to this choice is examined later.

The ECMWF model has four prognostic hydrometeor
types representative of large-scale cloud processes: cloud
water, cloud ice, rain and snow; also cloud and precipitation
fractions are provided on each model level (Tiedtke, 1993;
Forbes et al., 2011). In addition to this, the convective rain
and snow on each model level is diagnosed from a convec-
tion scheme which assumes that only 5 % of each grid box
contains convection. There is no explicit representation of
convective cloud. For input to RTTOV-SCATT, precipitation
fluxes are converted to mixing ratios by assuming a distribu-
tion of particle sizes and fall speeds consistent with the com-
putations in RTTOV-SCATT (Bauer, 2001). Convective and
large-scale precipitation are added together. Hence the hy-
drometeor inputs to RTTOV-SCATT are the vertical profiles
of cloud water, cloud ice, total rain and total snow, plus the
effective cloud fraction, which is a hydrometeor-weighted
average of the cloud, precipitation and convective fractions
across all vertical levels (Geer et al., 2009b). This study also
looks at splitting the snow category into large-scale and con-
vective hydrometeor types to better account for differences
in their microphysical characteristics.

To provide a set of FG model fieldsM[xb(t0)] and VarBC
bias correctionsc, the full assimilation system has been run
from 1 to 30 June 2012 using 91 levels in the vertical and a
horizontal resolution of approximately 40 km (T511 in spec-
tral terms). In the following experiments, only the radiative
transfer modelH [ ] is varied when computing the departures
d (Eqs.1 and2). Cycle 38r2 of the ECMWF system has been
used.

2.3 Observations

In order to investigate frequencies from 10 GHz to 183 GHz,
this study combines observations from TMI and SSMIS. Ta-
ble1 summarises the channels used.

TMI (Kummerow et al., 1998) on the Tropical Rainfall
Measuring Mission (TRMM) has a relatively high spatial res-
olution (between 60 km and 6 km, depending on the chan-
nel) and channels between 10 GHz and 85 GHz. TRMM’s
inclined orbit was designed to sample the entire diurnal cy-
cle of tropical precipitation, which limits the coverage to a
band between roughly 40◦S and 40◦N. TMI observations
have been obtained from NASA and are at version 6. Solar-
dependent anomalies are present in the data (e.g.Gopalan
et al., 2009) but they are accounted for in the ECMWF bias
correction (Geer et al., 2010a).

SSMIS (Kunkee et al., 2008) has a slightly lower spa-
tial resolution than TMI and no 10 GHz channel, but instead
it provides temperature sounding channels in the 50 GHz

oxygen line and moisture sounding channels in the 183 GHz
water vapour line. Though there are a number of satellites
with an SSMIS onboard, only Defense Meteorological Satel-
lite Program satellite F17 (DMSP-F17) has been used, in line
with ECMWF operational usage. The data have been pre-
processed to eliminate calibration anomalies followingBell
et al. (2008). There are still some anomalies of order 0.2 K
visible in the FG departures in the 50 GHz channels. These
anomalies are one of the main reasons the SSMIS 50 GHz
channels are not assimilated at ECMWF. However, as will
be demonstrated later, these anomalies are not large enough
to affect the results of this study, with its focus on scattering
signals of order 20 K.

3 Bulk optical properties

3.1 Computation

To solve the radiative transfer equation, RTTOV-SCATT
needs to know the bulk optical properties of the atmosphere
at each model level. Given the optical properties of a single
particle as a function of its maximum dimensionD, i.e. the
diameter in the case of a sphere, bulk scattering properties are
computed by integrating across the size distribution,N(D).
From the extinction and scattering cross sectionsσe(D) and
σs(D) and the asymmetry parameterg(D), it is possible to
compute the extinction coefficientβe, scattering coefficient
βs, and average asymmetry parametergbulk:

βe =

∞∫
0

σe(D)N(D)dD (3)

βs =

∞∫
0

σs(D)N(D)dD (4)

gbulk =
1

βs

∞∫
0

σs(D)g(D)N(D)dD. (5)

In practice, RTTOV-SCATT represents the scattering co-
efficient through the single-scattering albedo (SSA),ωo =

βs/βe.
To determine the size distributionN(D) from the hydrom-

eteor water content it is necessary to know the particle mass
as a function of its maximum diameter,

m(D) = aDb. (6)

In the case of a sphere with constant density, for example,
b = 3 anda is determined by the particle density. The water
content (hydrometeor mass per unit volume) is given by

l =

∞∫
0

aDbN(D)dD. (7)
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Table 1.Properties of the TMI and SSMIS channels used in this study

Name Frequency
[GHz]

Polarisation Instrument Channel
number

Main atmospheric sensitivity over ocean

10v 10.65 v TMI 1 Rain
10h 10.65 h TMI 2 Rain
19v 19.35 v SSMIS 13 Rain and cloud
19h 19.35 h SSMIS 12 Rain and cloud
22v 22.235 v SSMIS 14 Column water vapour
37v 37.0 v SSMIS 16 Cloud
37h 37.0 h SSMIS 15 Cloud
50.3 50.3 h SSMIS 1 Lower troposphere temperature and cloud
52.8 52.8 h SSMIS 2 Mid-troposphere temperature and cloud
53.6 53.596 h SSMIS 3 Upper tropospheric temperature
91v 91.655 v SSMIS 17 Water vapour, cloud, snow
91h 91.655 h SSMIS 18 Water vapour, cloud, snow
150 150 h SSMIS 8 Column water vapour
183± 7 183± 6.6 h SSMIS 9 Lower troposphere humidity
183± 3 183± 3 h SSMIS 10 Mid-troposphere humidity
183± 1 183± 1 h SSMIS 11 Upper troposphere humidity

It is then necessary to define a functional form for the size
distributionN(D). One parameter in the size distribution is
left free so that it can be adjusted according to the water con-
tent. In other words, givenl, a andb, the free parameter of
the size distribution can be determined. Size distributions are
usually designed in a way that makes for a convenient ana-
lytic solution (e.g. AppendixA; Marshall and Palmer, 1948;
Field et al., 2007; Petty and Huang, 2011). A common way
to look at Eq. (7) is to see that the water content defines the
bth moment of the size distribution.

Since the generation of the bulk optical properties is com-
putationally demanding, they are pre-tabulated for each hy-
drometeor type as a function of temperature, frequency and
water content. Given the water content of each hydrometeor
type present in the layer, the final bulk optical properties of
the layer are obtained by summing over hydrometeor types
in a manner analogous to the integrals in Eqs. (3)–(5). More
information can be found inBauer(2001), but note that the
melting layer effects described in that paper are not included
here.

Up until now in RTTOV-SCATT, all hydrometeors have
been modelled as spherical particles using Mie theory. Cloud
water and cloud ice have been modelled using a gamma size
distribution (e.g.Petty and Huang, 2011) and a constant den-
sity. Rain and snow have used aMarshall and Palmer(1948)
size distribution and again a fixed density. See AppendixA
for details. Frozen particles are assumed to be made up of
ice inclusions in an air matrix, with the dielectric properties
combined according to the approach ofBohren and Battan
(1982) andFabry and Szyrmer(1999). Replacing this with
the standard method ofMaxwell-Garnett(1904) makes very
little difference to the simulated brightness temperatures, and
it is unlikely that other schemes, such as those discussed by

Petty and Huang(2010), would make that much difference
either.

The authors have added into RTTOV-SCATT the facility to
use optical properties for non-spherical hydrometeors from
theLiu (2008) database. This is available with RTTOV ver-
sion 11. In theLiu database, optical properties are tabulated
as a function of frequency, temperature and particle size for
a variety of hexagonal ice columns and plates, rosettes com-
posed of between three and six orthogonal “bullets” and two
simple snowflake models, the “sector” and “dendrite”. See
Liu (2008) for further information. The particles have been
assumed to be randomly oriented, so the optical properties
are the average over a large number of random orientations.
In the computation of the bulk optical properties for RTTOV-
SCATT, the particle shape determines thea andb coefficients
of the mass–size relation (Eq.6). Coefficientsa andb ap-
propriate to theLiu shapes have been taken from Table 1 of
Kulie et al.(2010). Some minor issues around that choice are
described in AppendixB.

To simulate bulk optical properties from theLiu (2008)
shapes, theField et al.(2007) size distribution has been cho-
sen. It (or its predecessors) have been a typical choice in
recent studies (e.g.Doherty et al., 2007; Kulie et al., 2010;
Di Michele et al., 2012). This size distribution exists in trop-
ical and midlatitude versions; for simplicity the tropical ver-
sion has been used globally. In this study, where we are
searching for a more optimal model for scattering proper-
ties, we make the deliberate decision to keep the size distri-
bution fixed while varying the particle shape. Things would
have become far too complex if the size distribution were
also allowed to vary. However, sensitivity to the choice of
size distribution will be examined later.

Atmos. Meas. Tech., 7, 1839–1860, 2014 www.atmos-meas-tech.net/7/1839/2014/
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A final point of detail can be made. Integrals like Eqs. (3),
(4) and (5) are in practice computed numerically and the in-
tegration range is truncated rather than running from 0 to in-
finity. We do not believe this should affect the results sub-
stantially, but further information is given in AppendixC.

3.2 Comparison

Figure2 shows the bulk optical properties of theLiu (2008)
shapes with theField et al. (2007) size distribution, at
52.8 GHz as a function of snow water content. Mie sphere re-
sults are also shown, both for the Marshall–Palmer andField
et al. (2007) size distribution. Plates and columns tend to
have an SSA and extinction larger than or about the same
as the Mie sphere. Bullet rosettes and snowflakes tend to
have much lower SSA and extinction. Only by looking at the
asymmetry can the Liu shapes be clearly distinguished from
the Mie sphere. Mie theory gives very strong forward scat-
tering for larger size parameters, i.e. asymmetry approaching
1, so high snow water contents have strong forward scatter-
ing. The Liu DDA computations produce more balanced for-
ward and backward scattering, i.e. asymmetry is always in
the range 0 to 0.2. Figure3 looks at the variation with fre-
quency and shows that these conclusions are broadly true for
all frequencies between 50 GHz and 183 GHz. However, at
lower frequencies the Mie sphere with Marshall–Palmer size
distribution produces more scattering and extinction than any
Liu shape, consistent with the excessive scattering exhibited
by the Mie simulations in Fig.1 at 37 GHz and 52.8 GHz.

At ECMWF, before starting to work with the DDA shapes
of Liu (2008), a number of attempts were made to improve
the accuracy of the radiative transfer model while continuing
to represent snow hydrometeors using Mie spheres, taking
inspiration from other studies (e.g.Wiedner et al., 2004; Su-
russavadee and Staelin, 2006; Doherty et al., 2007; Johnson
et al., 2012). However, the ECMWF attempts were not suc-
cessful and there seems little point in detailing them here; as
mentioned in the introduction, improving results at one fre-
quency gives greater problems at another. To give just one
example, using theField et al.(2007) size distribution with
the Mie sphere would help moderate the amount of scatter-
ing at lower frequencies but, as can be inferred from the re-
ductions in extinction and SSA in Fig.3, it makes the prob-
lem of under-scattering at high frequencies even worse. The
Mie sphere results that follow will be based on the Marshall–
Palmer size distribution and the fixed 100 kg m−2 density, so
that comparisons can be made directly to the old RTTOV-
SCATT.

4 Choosing the best DDA shape for NWP

4.1 Overview

As explained previously, the aim is to find the bestLiu (2008)
particle shape or shapes using observation minus forecast
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Figure 3. As Fig.2 but showing bulk optical properties against fre-
quency for a snow water content of 0.1 g m−3. Points are plotted for
a selection of SSMIS frequencies: 19.35, 37, 50.3, 91.655, 150 and
183± 6 GHz.

statistics as an objective criterion. The search is split into a
coarse search and a fine search. The coarse search concen-
trates on the main issue, which is the representation of scat-
tering from snow hydrometeors. It seeks one globally appli-
cable DDA shape to represent the snow hydrometeor cate-
gory. Cloud ice is less important in the radiative transfer for
two reasons. First, the ECMWF model produces much less
cloud ice than snow. For example, at a grid point in the core
of Hurricane Irene, the model produces roughly 40 kg m−2 of
snow but only 5 kg m−2 of cloud ice. Second, ice particles are
typically smaller than snow particles and hence are less effec-
tive scatterers. For simplicity in the coarse search, the optical
properties of cloud water, cloud ice and rain will be held fixed
and will continue to be represented by Mie spheres. The fine
search then looks for a DDA shape to represent cloud ice,
and investigates the use of separate DDA shapes for convec-
tive and large-scale snow.

A further issue in the data assimilation context is the like-
lihood of biases in the moist physics of the forecast model,
which can lead to systematic errors in modelled cloud or
precipitation. Cloud-related biases have so far proven very
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Figure 4. Histograms of first guess departures [K] for the 52.8 GHz
channel on SSMIS using different scattering models. Bin size is
2.0 K. The sample is composed of all superobs in June 2012 passing
the basic quality control tests described in Sect.2.2.

difficult to control using bias correction schemes, partly be-
cause it is hard to find simple predictors to describe complex,
situation-dependent biases (e.g.Geer and Bauer, 2010). The
pragmatic solution to choosing a particle shape for data as-
similation is to find the one that leads to the smallest dif-
ferences between simulations and observations in a global,
statistical sense, acknowledging that these choices may be
compensating for other forecast model or radiative transfer
model biases.

4.2 Quantifying the fit of model to observations

Typically the fit between model and observations is quanti-
fied using the mean, standard deviation or rms of FG depar-
turesd (Eq.1). However, for observations sensitive to cloud
and precipitation, the standard deviation and rms are af-
fected by the well-known “double-penalty” effect: to achieve
a small rms, it is better not to forecast cloud and precipi-
tation at all, than to forecast it at the wrong time or in the
wrong place. As discussed in the Introduction, cloud and pre-
cipitation are not predictable on small scales in current NWP
models so the departuresd are affected by mislocation errors.
Hence it would be misleading to rely solely on the standard
deviation or rms ofd when choosing the best DDA particle
shape. Here we introduce a number of alternatives that are
resistant to the double penalty effect.

Figure4 shows histograms of FG departures at 52.8 GHz
computed using the Mie sphere and two of the best DDA
shapes in this study (three-bullet and sector snowflake). The
majority of departures are small and are associated with clear
and cloudy situations. In fact, 99.7 % of Mie sphere depar-
tures are smaller than 10 K in an absolute sense. The logarith-
mic y axis helps focus on the small proportion of scenes with
poorly simulated precipitating situations, i.e. those that cause
large FG departures. A positive departure indicates cases
where brightness temperatures are lower in the simulation
that in the observation. Since the scattering signal dominates
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Figure 5. How the measure of histogram fit is constructed, using
the 52.8 GHz channel on SSMIS as an example.(a) Histograms of
observed and simulated brightness temperature [K] using different
scattering models. Bin size is 2.5 K; Empty bins have been filled
with the value 0.1.(b) Log of the ratio of histograms (simulation
divided by observation).

at 52.8 GHz, these are generally situations where either the
forecast model generates more snow than is observed or the
radiative transfer model simulates excessive scattering. An
unbiased model would produce a symmetric histogram be-
cause there would be an equivalent set of negative depar-
tures coming from situations where there is more snow in
the observations than in the model. Following this reasoning,
the Mie simulations must be producing too much scattering.
This can of course be more easily inferred from Fig.1. The
point of Fig.4 is to make it easier to determine which of the
DDA simulations is best: the three-bullet appears to produce
slightly too much scattering at this frequency and the sec-
tor snowflake too little. To quantify this, the skewness can
be used. The skewness has strong sensitivity to outliers (see
e.g.Wilks, 2006) but this is a desirable property when we are
looking for the large but infrequent errors associated with
snow-scattering situations. The skewness is−2.6,+2.4 and
7.7 for the sector snowflake, three-bullet and Mie sphere in
Fig. 4. On this measure, and for this frequency, the three-
bullet rosette is best.

An alternative way to avoid the double penalty issue is
to compare histograms of observed and simulated bright-
ness temperature (e.g.Doherty et al., 2007). Figure5a shows
these histograms at 52.8 GHz. It is again obvious that the Mie
sphere simulations are badly wrong, because they produce
brightness temperatures as low as 185 K when observations
never go lower than about 220 K. The three-bullet is better,
in that it generates TBs no lower than 220 K, but compared
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to observations there are too many occurrences in bins at
222.5 K and 227.5 K. The sector snowflake does not produce
TBs lower than 230 K, which is perhaps equally undesirable.

To measure the consistency between two distributions in a
statistical sense, it is common to use either the Chi squared or
Kolmogorov–Smirnov tests (χ2 or K–S, see e.gWilks, 2006)
or theKullback and Leibler(1951, K–L) divergence. How-
ever, the K–S and K–L tests are unsuitable because they are
insensitive to the parts of the histogram with small popula-
tions. Further, theχ2 test does not work well when there are
small or non-existent populations in the observed histograms.
Hence, the following statistical measure is proposed:

h =

(∑
bins

∣∣∣∣log
#simulated

#observed

∣∣∣∣
)

/#bins observed. (8)

This statistic penalises discrepancies between histograms
using the log of the ratio of populations in each bin (i.e the
number simulated divided by the number observed). It is sim-
ilar to the K–L divergence but crucially it does not weight the
penalty in each bin by the number of observations in each
bin. The measure in Eq. (8) becomes infinite when either of
the bin populations is zero. To prevent this, empty bins have
been assigned a population of 0.1. This number can be tuned
to give a greater or smaller penalty to situations with empty
bins; 0.1 seemed to give a good balance.

Figure5b shows the log ratios corresponding to the three
histograms in Fig.5a. The unphysically low TBs produced by
the Mie simulations are penalised by log ratios of+1 to +2
in the bins below 220 K. In the bins at 222.5 K and 227.5 K,
the three-bullet produces too many occurrences so each bin
is penalised with a positive log ratio. In contrast, the sector
snowflake predicts no occurrences in this range so it is pe-
nalised with negative log ratios around−1. In the more com-
mon range of brightness temperatures in this channel (230 K
to 265 K), observations and simulations agree well, so the
penalties are small. There is also a slight overestimate in the
number of simulated brightness temperatures in the highest
populated bin at 267.5 K, which results in a log ratio of+0.7,
but this cannot be associated with snow scattering since it af-
fects all three simulations equally. To complete the statistic,
the absolute value of the log ratio is summed across all bins
and divided by the number of bins in which observations oc-
cur. This statistic produces values of 0.27, 0.23 and 1.54 for
the sector snowflake, three-bullet and Mie sphere in Fig.5.

A final measure of fit is based on maps of mean FG de-
partures like those shown in Fig.6. Here, the excessive scat-
tering produced by the Mie sphere is indicated by a band
of positive departures along the Intertropical Convergence
Zone (ITCZ), i.e. in areas where deep convection is frequent.
There is a smaller band of positive departures along the SH
storm tracks at around 40◦ S. The sector snowflake com-
pletely eliminates these features, whereas the three-bullet
rosette still produces slightly too much scattering in the trop-
ics since some areas of positive bias remain. This can be
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Figure 6. June 2012 mean FG departures in the 52.8 GHz channel
on SSMIS for three choices of snow optical properties. Means are
computed in bins of 5◦ by 5◦ in latitude and longitude.

quantified by calculating an rms across all latitude–longitude
bins in which a mean FG departure has been computed. In
this example, the values of the rms are 0.17 K, 0.22 K and
0.45 K for the sector snowflake, three-bullet and Mie sphere.

Figure6 exposes an issue with the DMSP-F17 SSMIS ob-
servations in the 50 GHz temperature sounding channels. Im-
proving the snow-scattering model has enhanced the visibil-
ity of a band of negative departures across the NH at 30◦ N.
With the Mie sphere (Fig.6a) these negative departures were
visible mainly on the E sides of the N Pacific and N Atlantic,
regions of climatologically little deep convection, i.e. areas
less affected by the problems with the Mie sphere. With the
sector or three-bullet (Fig.6b and c) a band of around−0.2 K
encircles the globe at this latitude. This is probably due to the
previously mentioned issues with the SSMIS measurements,
i.e. solar heating or solar intrusion effects. However, with a
magnitude around 0.2 K, the bias at 30◦ N can have no real
effect on the FG departure histograms or the histogram fit,
where the statistics respond to differences in brightness tem-
peratures of order 10 K (Figs.4 and5). Using a variety of
ways to measure the fit to observations makes the study more
robust against issues like this.
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5 Results over ocean

5.1 Coarse search

Results are presented for the Mie sphere and the four
DDA shapes that produce the most realistic simulations:
three-bullet and six-bullet rosettes and dendrite and sector
snowflake. As will be seen from the statistics, these shapes
fall either side of the ideal fit, scattering either slightly
too much or slightly too little (as illustrated in Fig.4).
Also examined is the thin plate, which is the next available
DDA shape producing more scattering than the three-bullet
(Fig. 2). The poor results from the thin plate serve to illus-
trate that the appropriate choice of DDA shape (and/or size
distribution) is crucial.

Figure 7 summarises the statistics of fit across all chan-
nels. Panel (a) shows the rms of FG departures as a per-
centage of those from the Mie sphere simulations. The DDA
thin plate results are substantially worse than the Mie sphere
and have been allowed to go off scale. The four best DDA
shapes provide reductions of 30–40 % in the 50.3 GHz and
52.8 GHz channels and smaller reductions at 37 GHz and
53.6 GHz. However, in the higher frequencies, particularly
in the 183± 7 channel, the six-bullet, sector and three-bullet

increase the rms of the FG departures. These shapes produce
more scattering than the Mie sphere, but that is a good thing
at these frequencies (see Fig.1), so the increase in rms must
come from the double penalty issue.

The skewness of the departure histogram is shown in
Fig 7b. The most obvious feature is the positive skewness
of the Mie sphere departures in most channels from 19 GHz
to 53.6 GHz and the negative skewness at 150 GHz and
183 GHz. In other words, scattering is excessive at low fre-
quencies and insufficient at high frequencies. It is still tricky
to find a DDA shape that has minimal skewness, i.e. an ap-
propriate amount of scattering, at both high and low fre-
quencies. The six-bullet has little skewness at 52.8 GHz and
53.6 GHz, but negative skewness at 150 GHz and 183 GHz.
In contrast, the three-bullet does alright at 150 GHz and
183 GHz, but produces too much scattering, i.e. positive
skewness, at 52.8 GHz and 53.6 GHz. Some DDA shapes are
poor at all frequencies: the thin plate always produces exces-
sive scattering; the dendrite too little. The sector snowflake
is slightly under-scattering as has already been illustrated at
52.8 GHz (Sect.4.2) but it provides consistent results across
the frequencies.
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It is initially strange to see that snowflakes and rosettes
produce more scattering than the Mie sphere at high frequen-
cies (e.g. Fig7b). Referring back to the bulk scattering prop-
erties in Fig.3, snowflakes and rosettes produce lower SSA
and extinction than the Mie sphere. However, the explana-
tion is in the asymmetry parameter: Mie spheres produce far
stronger forward scattering than any of the DDA shapes. If
most scattering is in the forward direction, much more radia-
tion from warmer lower levels will get through to the sensor;
in other words scattering is less effective at causing bright-
ness temperature depressions. This explains why the DDA
shapes are able to avoid the problem of excessive scattering
at lower frequencies while still providing enough brightness
temperature depression at higher frequencies. It is because
they do not generate such intense forward scattering as the
Mie solution.

The histogram discrepancy statistic (h, Eq.8) is shown in
Fig. 7c. The Mie sphere, the thin plate and the dendrite are
the worst by this measure, which penalises both excessive
scattering (thin plate, Mie sphere at lower frequencies) and
insufficient scattering (dendrite, Mie sphere at higher fre-
quencies). The three-bullet, six-bullet and sector snowflake
produce discrepancies less than 0.5 across most of the fre-
quency range, with no obvious “best” shape. This means that
all three produce reasonably physical distributions of bright-
ness temperature.

One feature of note in Fig.7c is the behaviour of the
histogram discrepancies at 10 GHz. All DDA shapes are
marginally worse than the Mie sphere. If the results are af-
fected at 10 GHz, this suggests that the Mie sphere was gen-
erating scattering from snow hydrometeors at unphysically
low frequencies. Much more work would be required to in-
vestigate properly, but the likelihood is that unphysical scat-
tering from snow at 10 GHz was compensating for another
bias in the model.

Figure7d shows the rms of latitude–longitude mapped bi-
ases. As for Fig.7a, the values are given as a percentage
of the Mie sphere rms FG departures. Again this helps to
normalise the biases according to the brightness temperature
errors in each channel. The 10 GHz channels stand out by
this measure: monthly mean biases are order 30 % of the
rms of FG departures. In other words, bias is quite large
compared to the signal in these channels; the large uncor-
rected biases are one main reason preventing operational as-
similation of the 10 GHz channels at ECMWF. Ignoring the
10 GHz channels, the Mie sphere, the thin plate, the dendrite
and the three-bullet all produce biases greater than 20 % in
some channels. Figure6 has already illustrated the situation
at 52.8 GHz, where excessive scattering from the Mie sphere
causes large biases in the ITCZ. At higher frequencies the
three-bullet is worse than the Mie sphere, despite appearing
a strong candidate for “best” particle shape according to the
other measures. The bias maps for these higher frequencies
(e.g. Fig.8; others not shown) show that biases in the tropics
are successfully minimised by the relatively strong scattering
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Figure 8. June 2012 mean FG departures in the 183± 7 GHz chan-
nel on SSMIS; other details as Fig.6.

from the three-bullet, but this amount of scattering is exces-
sive in the midlatitudes. The sector snowflake is a compro-
mise which produces slightly too little scattering in the trop-
ics and slightly too much in midlatitudes. There are certainly
limits to the “one-shape-fits-all” strategy.

In Table2, statistics have been aggregated across all chan-
nels. This is done by computing the mean across all channels
of the statistics shown in Fig.7. An exception was the skew-
ness from Fig.7b, where an rms across all channels is a more
appropriate way of aggregating the data. By these measures,
the sector snowflake, three-bullet and six-bullet are all much
better than the Mie sphere. Though the sector snowflake pro-
duces slightly too little scattering in tropical convection it
gives consistently good results by all four measures of fit.

5.2 Fine search

The fine search considers three categories of frozen hydrom-
eteor. Cloud ice, previously simulated using a Mie sphere, is
instead simulated using a DDA shape, and the snow hydrom-
eteor category is split into a convective part and a large-scale
part according to which model parameterisation produced the
precipitation. Table3 lists the shapes that were tried in each
hydrometeor category, listed roughly in order of their scatter-
ing ability. To keep the number of combinations within prac-
tical limits, only two cloud ice shapes were tried, yielding a
total of 24 separate experiments.
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Table 2. Measures of fit between model and observations in the coarse search over ocean, summarised across all channels. To summarise
the rms, histogram fit and rms of mapped biases, a mean is computed across all channels. For the skewness, an rms is computed across the
channels. In all cases lower numbers indicate better agreement between model and observations.

Scattering model
for snow

rms of FG
departures [%]

Skewness of FG
departures

Brightness temper-
ature histogram fit

rms of mapped
biases [%]

Mie sphere 100.0 3.99 0.62 22.6
DDA dendrite 93.3 2.71 0.47 18.8
DDA six-bullet 94.8 1.81 0.36 18.2
DDA sector 94.8 1.50 0.35 18.1
DDA three-bullet 100.1 1.00 0.35 20.8
DDA thin plate 124.3 3.64 0.89 36.6

Table 3.Frozen hydrometeor shapes used in the fine search, ranked
roughly from lowest to highest scattering.

Large-scale
snow

Cloud ice Convective
snow

Dendrite Dendrite Dendrite
Six-bullet Sector Sector
Sector Thin plate

Block

As illustrated by Fig.8, the sector snowflake produces
excessive scattering at 183 GHz in the midlatitudes, but in-
sufficient in the tropics. Hence, the six-bullet and dendrite
shapes were tested as alternatives in the large-scale snow
category with the intention of reducing scattering at midlati-
tudes. Conversely, the thin plate and block column were tried
in the convective snow category with the intention of increas-
ing scattering in the tropics. For cloud ice, sector and dendrite
snowflakes were tried. Using snowflakes to represent cloud
ice might sound unphysical, but exploratory tests found that
representing cloud ice with the thin hexagonal plate caused
excessive scattering (i.e. too-low TBs) in midlatitude frontal
cloud. Rather, the best results for cloud ice were to be found
with low-scattering shapes like the snowflakes.

It is hard to visualise the results of the search in three di-
mensions, so Fig.9 ranks the results on a scale where the
worst fit in each of the four statistics is normalised to one.
There are 26 experiments included: all 24 combinations plus
the Mie sphere and sector snowflake experiments from the
coarse search. The average ranking across all four scores is
given in Table4. Only a few illustrative experiments are iden-
tified in the figure. The Mie sphere (diamond symbol) is by
far the worst in terms of skewness and histogram fit and it
is among the worst in terms of rms and mapped bias. The
sector snowflake from the coarse search (square symbol) is
highly ranked in all statistics except histogram fit. In fact in
the average ranking the sector snowflake comes joint third
out of the 26. The two fine-search combinations that beat it
use six-bullet for large-scale snow and sector for convective
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Figure 9. Measures of fit in the fine search, averaged across all
channels, ranked from best (1) to worst (26) and then normalised
so that the worst equals one. The positions of a few important ex-
periments are identified by symbols.

snow. These two combinations have the same average rank
and the only difference between them is the cloud ice, repre-
sented either by dendrite or sector snowflakes. This suggests
that the choice of particle shape is less important for cloud
ice than for precipitation. A triangle on Fig.9 identifies the
six-bullet/dendrite/sector combination. However, in terms of
fit, there is only a marginal advantage over the sector experi-
ment from the coarse search.

The final combination identified on Fig.9 uses the sector
snowflake for all three frozen hydrometeor categories (star
symbol). This is best in terms of the skewness statistic but it
is not particularly good in terms of rms and mapped bias.
This again illustrates that where a single statistic is opti-
mised, others will often degrade. This is further justification
for basing the conclusions on more than one statistic.

For modelling convective snow, the attempt to increase
the amount of scattering by using thin plate or block
shapes was not successful. These shapes produce most
of the worst-ranked experiments in Table4. In contrast,
some of the higher-ranked experiments represent convective
snow using the dendrite snowflake, which is in general the
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Table 4. Fine-search combinations ranked according to their aver-
age position in the statistics of fit.

Average
rank

Large-scale
snow (or all
snow)

Cloud ice Convective
snow

7.50 six-bullet dendrite sector
7.50 six-bullet sector sector
9.00 sector Mie N/A
9.00 six-bullet sector dendrite
9.25 sector dendrite sector
9.75 sector dendrite dendrite
11.00 six-bullet dendrite dendrite
11.00 sector sector dendrite
11.00 sector sector sector
12.00 dendrite sector sector
12.50 six-bullet dendrite thinplate
13.00 dendrite dendrite sector
13.25 sector dendrite thinplate
13.25 six-bullet sector thinplate
13.50 dendrite sector thinplate
14.25 dendrite sector dendrite
14.75 sector sector thinplate
15.00 dendrite dendrite block
15.25 dendrite dendrite dendrite
15.75 dendrite dendrite thinplate
16.00 dendrite sector block
17.25 six-bullet dendrite block
18.50 sector dendrite block
19.50 six-bullet sector block
20.75 Mie Mie N/A
21.25 sector sector block

least-scattering shape. This suggests that if scattering is lack-
ing in the tropics, it is the large-scale snow category rather
than the convective category that needs attention. Perhaps the
scattering properties of large-scale snow need to be different
between the tropics and the midlatitudes.

In these attempts to further improve the modelling of scat-
tering, it has been very hard to do better than the sector
snowflake experiment from the coarse search. Almost all the
available improvement over the Mie sphere has been gained
by going to the DDA sector shape in the coarse search. Addi-
tional refinements bring very little further benefit; this helps
justify the strategy outlined in the Introduction of looking for
a simple scheme that can be well tuned, rather than getting
lost in a complex approach that is hard to tune or validate ob-
jectively. Improvements over the “one-size-fits all” approach
will be found eventually, but they will require substantial fur-
ther work.

5.3 Sensitivity to assumptions and inaccuracies in ra-
diative transfer

The main fixed assumption in this study has been the trop-
ical Field et al. (2007) size distribution for snow. If the

50 100 150
Frequency [GHz]

50

100

150

200

250

300

T
B

 [K
]

Figure 10. Influence of the size distribution on theLiu (2008) sec-
tor snowflake results, for a single case in the centre of Hurricane
Irene. The thin solid line shows results with theField et al.(2007)
size distribution; the thin dashed line shows the Marshall–Palmer
results. The thick dashed line shows the observations.

Marshall and Palmer(1948) size distribution had been used
instead, the results would have been much worse, with all
the DDA shapes producing far too much scattering. As an ex-
ample, Fig.10 shows simulated and observed TBs from the
centre of Hurricane Irene. Applying Marshall–Palmer to the
sector snowflake reduces TBs (i.e. it substantially increases
the amount of scattering) compared to theField et al.results,
and brings the simulations further from the observations. The
Field et al.distribution emphasises the very small sizes in the
distribution, with a consequent reduction in the numbers of
large particles, and hence a reduction in the amount of scat-
tering compared to the Marshall–Palmer distribution. This
shows that conclusions on the “best” particle shape are en-
tirely dependent on the chosen size distribution. However, at
least the chosenField et al.size distribution produces more
physically plausible results with DDA shapes than does the
Marshall–Palmer.

We did not evaluate the midlatitude version of theField
et al. (2007) size distribution, but sensitivity tests with the
sector snowflake showed that changing from the tropical to
the midlatitude version reduces brightness temperatures. In
convection and frontal systems, reductions are of order 5 K
at 90 GHz and higher frequencies. The sector snowflake with
the tropical size distribution already generates slightly too
much scattering in the midlatitudes, so going to the midlat-
itude size distribution would make things worse unless we
also changed the particle shape.

For the future, we could consider using ensembles of par-
ticle shapes. One advantage, demonstrated byKulie et al.
(2010), is the ability to blend together the optical proper-
ties of more than one shape. We have seen that the optical
properties from availableLiu (2008) shapes can fall either
side of the best fit to observations (e.g. Fig.5) and a blend of
the two best shapes might give a better fit. A second advan-
tage (e.g.Baran and Labonnote, 2007) is that the ensemble
weighting need not be constant with size, and small particles
could be represented more realistically by pristine hexagonal
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prisms and larger shapes by snowflakes. We might also have
got better results had we included models for ice aggregates
(e.g.Petty and Huang, 2010). Finally, we have only consid-
ered randomly oriented particle shapes, but preferential ori-
entation might have some effect on the brightness tempera-
tures, though at 183 GHz and below the effects may be ob-
vious only in limited areas and are unlikely to be larger than
around 5 K (e.g.Prigent et al., 2001; Davis et al., 2005).

In addition to the settings that directly affect the bulk
scattering properties of frozen hydrometeors, there are many
other uncertainties in cloud and precipitation radiative trans-
fer. Uncertainties in particle shape and size distribution af-
fect rain hydrometeors too. Further,Bennartz and Greenwald
(2011), among others, have raised concerns about the accu-
racy of the solver for scattering radiative transfer and the ac-
curacy of the plane parallel approximation, in other words the
lack of sub-grid and 3-D cloud and precipitation structure.

The solver for scattering radiative transfer in RTTOV-
SCATT is the delta-Eddington method. As a variant of the
two-stream solution, the delta-Eddington method might ap-
pear crude in comparison to the many other solvers avail-
able (e.g.Thomas and Stamnes, 1999). Indeed four-stream
rather than two-stream solvers have been recommended for
improved accuracy in scattering calculations in the Com-
munity Radiative Transfer Model (Bennartz and Greenwald,
2011). However, the delta-Eddington has been shown to be
accurate (e.g.Smith et al., 2002; Kim et al., 2004). A re-
verse Monte Carlo solver was experimentally implemented
in RTTOV-SCATT to compare to the accuracy of the delta-
Eddington, but it was found that differences between the two
solvers were small in the NWP context. The use of the delta-
Eddington solver is not an important source of error.

Sub-grid variability is represented in RTTOV-SCATT us-
ing the effective cloud fraction ofGeer et al.(2009a, b).
This is a computationally efficient, “first order” solution that
represents the model grid-box brightness temperature as a
weighted average of the completely clear and completely
cloudy brightness temperature. If computational efficiency
were irrelevant, it might be preferable to use the multiple
independent column approach (ICA) to describe the effects
of sub-grid cloud and precipitation variability. In this ap-
proach, the grid box is divided into multiple sub-columns,
and the cloud and precipitation is distributed among those
sub-columns according to cloud overlap rules. The DDA sec-
tor snowflake simulations of Sect.5.1 were repeated using
the ICA approach with 20 sub-columns (20ICA). The cloud
and precipitation overlap scheme ofO’Dell et al. (2007)
was used to fill the sub-columns. Without going into de-
tail, results were not too different compared to the normal
RTTOV-SCATT, and there were both degradations and im-
provements. As an example, the rms of FG departures was
changed, for good or ill, by no more than 7 %. As originally
shown byGeer et al.(2009a), the effective cloud fraction
used in RTTOV-SCATT is a reasonable approximation to the
ICA, at least in the context of data assimilation.

The problem with all plane-parallel radiative transfer, in-
cluding the ICA, is that it does not represent the slanting
path of the radiation through the atmosphere. For slant paths,
emission from the sides of clouds can be as important as
emission from the tops (e.g.Weinman and Davies, 1978;
Roberti et al., 1994). A typical microwave imager zenith an-
gle is 53◦, so microwave imagers are particularly suscepti-
ble to these effects.O’Dell et al. (2007) andBennartz and
Greenwald(2011) have found that slant path errors can be as
much as 20 K in microwave imager channels in cases where
(to simplify a little) the instrument’s field of view is domi-
nated by cloud sides rather than cloud tops. There are two
obvious situations where this may occur: in maritime cumu-
lus and convection. In convection, precipitation shafts may
form only a small part of the horizontal domain, but viewed
obliquely, these shafts become a much more important part
of the radiative transfer. Further improvements in scattering
radiative transfer in convective situations may just as likely
come from representing 3-D issues as from further attention
to the snow microphysics.

A final concern is the observation resolution. Brightness
temperature histograms such as Fig.5a are affected by the
size of the instrument’s field of view. Extreme values of TB
such as those associated with convection are often very lo-
calised, so the larger the field of view, the less likely it is
to observe an extreme TB. This study has made compar-
isons using superobs in 80 km squares to roughly match the
effective resolution of the model’s cloud and precipitation.
To check the sensitivity of the results to the resolution, the
coarse-search experiments were repeated using the full native
resolution of TMI and SSMIS (i.e. not using superobs) and a
T1279 (roughly 16 km) model resolution for 4 days of Hurri-
cane Irene during August 2011. Again, the sector snowflake
was the best-performing experiment. This suggests that the
results are robust.

6 Results over land

Results over land surfaces are presented separately because
they are quite different from those over ocean. Figure11
shows the statistics of fit for the coarse-search experiments
over land. With land surface emissivities in the range 0.7
to 1, cloud and precipitation emission in the lowermost tro-
posphere is less important and the greatest atmospheric sig-
nal comes in the higher frequencies from frozen hydromete-
ors. Over land, both the Mie sphere and the lower-scattering
DDA shapes (e.g. sector snowflake, three-bullet, six-bullet)
produce too little scattering, resulting in negative skewness
(Fig. 11c) and poor values of the histogram fit (Fig.11d). In-
stead it is the strongly scattering thin plate that gives good re-
sults by these measures. However, the thin plate causes large
increases in rms errors in the higher frequencies (Fig.11b)
and in the mapped biases (Fig.11e) because of excessive
scattering in the midlatitudes (no figure shown).
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The effective cloud overlap ofGeer et al.(2009a, “Cav”)
has not previously been tested over land surfaces, so two
additional experiments were run with the sector snowflake.
One, the same as presented in the over-ocean results, used
the 20ICA approximation. The other one used the old “Cmax”
cloud overlap over land surfaces. This takes the largest cloud
fraction in the model profile to represent the effective cloud
fraction. The results fromCav and the 20ICA were quite
consistent (not shown) indicating that theGeer et al.cloud
overlap is a reasonable approximation to 20ICA results over
land, just as it is over ocean. Surprisingly, however, theCmax
cloud overlap produced good results over land with the sector
snowflake and in fact it was the best performer in the coarse
search. This is clear to see in Fig.11. UsingCmax always pro-
duces higher effective cloud fractions than theCav approach.
A higher effective cloud fraction means an increase in the
weight given to the cloudy column in RTTOV-SCATT and
thus a greater influence of scattering on the simulated bright-
ness temperature. UsingCmax helps compensate for the lack
of scattering produced by the sector snowflake. The success
of the sector snowflake andCmax cloud overlap has practical
benefits, even if the physical realism of theCmax approxima-
tion is questionable. It means it is possible to get good results

across land and ocean surfaces using the sector snowflake for
all snow, as long as the cloud overlap is varied fromCav to
Cmax according to whether the surface is ocean or land. This
is straightforward to implement technically in the ECMWF
system, and it will likely be adopted for future operational
implementation (Baordo et al., 2013)

The fine search over land was carried out usingCav be-
cause it is the truest representation of the 20ICA results
(even if Sect.5.3 questions whether 20ICA is the ideal ref-
erence, given that 3-D effects may be important). The fine
search is summarised in Fig.12 but it is not examined in
much detail apart from mentioning that it indicates that the
real issue over land is the treatment of snow in convec-
tion. Use of thin-plate or block column shapes for convec-
tive snow produces substantial improvements in skewness
and histogram fit without degrading the mapped bias. All the
best experiments used thin plate or block column for con-
vective snow. The best combination was six-bullet (large-
scale snow)/dendrite (cloud ice)/block (convective snow), in-
dicated by a star. The only difference from the winner over
ocean is the use of block rather than sector snowflake for
convective snow. This suggests that the large-scale snow and
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cloud ice can be modelled in the same way over ocean and
land but convective snow requires very different treatment.

One possible explanation for the discrepancy between land
and ocean surfaces is forecast model bias. Figure13 shows
brightness temperature histograms for the 183± 1 GHz
channel on SSMIS, which is sensitive to upper tropospheric
moisture (e.g.Buehler and John, 2005) and to deep convec-
tion (e.g.Hong et al., 2005). It should not be affected by is-
sues with the land surface emissivity. Low brightness tem-
peratures, which will be taken to signify deep convection,
are around twice as common over land as over ocean (e.g.
TB < 235 K in 0.6 % of observations over ocean compared
to 1.2 % over land). The simulations show the opposite and
this is true even in the forecast model itself (for example,
integrated snow water path> 2 kg m−2 in 1.6 % of simula-
tions over ocean compared to 1.2 % over land). However, it
is still possible that there are errors in the radiative transfer
model that only manifest themselves over land surfaces, or
maybe there are real physical differences between land and
ocean, such as in the microphysics of snow and graupel. Fur-
ther work is needed.

7 Conclusions

Simulating the bulk optical properties of snow hydromete-
ors using Mie spheres and the Marshall–Palmer size distribu-
tion leads to unphysically high amounts of scattering in mid-
dle frequencies (30–50 GHz) and too little scattering at high
frequencies (150–183 GHz). Changing the density model or
the size distribution can improve results at some frequencies
but it is hard to avoid degrading the results at other frequen-
cies. Using discrete dipole results is a better choice but the
problem remains as to how to choose an appropriate particle
shape (or shapes) and a size distribution.

The ECMWF data assimilation system provides a frame-
work in which modelled clouds and precipitation can be used
to drive a radiative transfer model and hence to compare
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Figure 13.Normalised histograms of 183± 1 GHz brightness tem-
peratures in June 2012 over land and ocean. Model results are gener-
ated using the sector snowflake experiment from the coarse search.

simulated brightness temperatures to their observed equiv-
alents. The statistics of the departures between model and
observations can be used to optimise the choice of size distri-
bution and particle shape for snow. The chosen statistics were
the rms and skewness of the departures, a statistic to quan-
tify the discrepancies between simulated and observed his-
tograms of brightness temperatures, and the rms of mapped
departure biases. The latter three statistics are resistant to
the double penalty problem, and help to indicate whether
changes in the rms have occurred for good or bad reasons.

Because of the lack of predictability of clouds and precip-
itation at the smaller scales in NWP models, the error budget
of any comparison between model and observations is of-
ten dominated by the imperfect shape, size and intensity of
modelled cloud and precipitation features, leading to rms er-
rors of 20–40 K in brightness temperature terms. This makes
it hard to objectively justify the less radiatively significant
changes to a radiative transfer model, but equally it allows
the use of relatively imprecise radiative transfer modelling
in the observation operator. Nevertheless, the errors from us-
ing Mie spheres to model snow hydrometeors were obvious
in this context, and they appear to have been the largest re-
maining source of error in the ECMWF all-sky assimilation
of microwave observations.

Compared to using the Marshall–Palmer distribution and
the Mie sphere to represent snow particles, the tropical ver-
sion of theField et al.(2007) size distribution with theLiu
(2008) sector snowflake can reduce rms errors by 40 % in
the 50 GHz channels and by smaller amounts in other chan-
nels. Simulated brightness temperatures are improved by up
to 70 K in deep convective situations. The over- and under-
prediction of scattering at different frequencies, character-
istic of the Mie spheres, has mostly been removed. Any
Liu shape with similar bulk optical properties to the sector
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snowflake (e.g. three- and six-bullet rosettes) produces fairly
similar results.

The story is somewhat different over land surfaces, possi-
bly due to different bias characteristics in the forecast model
over ocean and over land. The forecast model appears to pro-
duce less frequent deep convection over land as over ocean,
contradicting what is seen in the observations, which have
roughly twice as much convection over land than over ocean
(note that this applies to the sample of observations in this
study and is not intended as a general statement). Good re-
sults over land are again achieved with a sector snowflake,
but it is necessary to boost the amount of scattering by us-
ing a larger effective cloud fraction (precisely, by usingCmax
rather thanCav). This helps increase the amount of scattering
affecting the simulated brightness temperatures.

Attempts were made to further improve the fit between
model and observations by using DDA shapes for cloud ice
and by splitting the snow hydrometeor type into a convec-
tive and a large-scale category. However, there was little ad-
ditional benefit compared to the simple approach of using
the DDA sector snowflake to represent all snow. More com-
plex approaches will surely bring improvements in the fu-
ture, but it has been hard to do this so far. The “one-size-fits-
all” sector-snowflake model is straightforward to implement
and it provides major benefits over the Mie sphere, so it will
be adopted at ECMWF and will be the default in RTTOV-
SCATT.

Practically, the discrete-dipole shapes produce better re-
sults not because of some broad, tunable change in scattering
properties at all frequencies, but because scattering declines
more rapidly at the lower frequencies compared to the Mie
sphere. This advantage appears to come from a combina-
tion of two main differences between Mie sphere and non-
sphere bulk optical properties (Figs.2 and3): (a) the faster
decline in extinction and SSA towards lower frequencies and
(b) the fact that the discrete dipole shapes produce much less
forward-peaked scattering than do the Mie spheres at high
snow water contents.

If we consider the work of improving cloud and precipi-
tation radiative transfer as a multi-dimensional optimisation
problem, we have explored one dimension here: that of the
particle shape. Other “dimensions” have been held fixed sim-
ply to make the problem tractable: the particle size distribu-
tion, the possibility that the amount of cloud and precipita-
tion generated by the forecast model is incorrect, the treat-
ment of sub-grid variability and 3-D radiative transfer. Fur-
ther, it may be hard to generalise because the hydrometeor
categories used in the ECMWF model are different to those
in other models or retrieval schemes. Hence it is fair to ques-
tion whether theField et al.(2007) size distribution with the
sector snowflake will always be the best “one-size-fits-all”
method of representing snow. Nevertheless, among the sen-
sitivity tests that were carried out over the ocean, no better
configuration could be found. The results were reasonably
good across different weather situations in the tropics and
midlatitudes and across all microwave channels from 10 GHz
to 183 GHz, which is a major improvement over the Mie
sphere. The “multi-dimensional search” is probably going in
the right direction.

To make further improvements in scattering radiative
transfer in cloud and precipitation, it is clearly necessary to
continue optimising the choice of size distribution and parti-
cle shapes, and to look again at properly representing the dif-
ferent optical properties cloud ice, convective and large-scale
snow. But that is hard, as shown in this study. 3-D radiative
transfer effects can also affect brightness temperatures by 10
to 20 K. Dealing with the 3-D radiative transfer issue may
also be important for future improvements, especially in con-
vection.

Finally, the new optical properties have improved snow-
scattering radiative transfer to the point that it has become
possible at ECMWF to start operational assimilation of
183 GHz water vapour sounding channels in all-sky condi-
tions. This brings real forecast benefits (Geer, 2013).
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Table A1. Details of the particle size distributions and particle den-
sities used with Mie spheres in RTTOV-SCATT. All units are SI
and the parameters refer to the modified gamma distribution given
by Petty and Huang(2011). Particle dimension is the diameter of
the Mie sphere, not its melted equivalent.

Hydrometeor N0 µ 3 γ Density [kg m−3]

Rain 4×106 0 free 1 1000
Snow 8×106 0 free 1 100
Cloud water free 2 2.13×105 1 1000
Cloud ice free 2 2.05×105 1 900

Appendix A

This appendix summarises the particle size distributions and
densities used in computing the bulk scattering properties of
Mie spheres in RTTOV-SCATT. The parameters of the par-
ticle size distributions are expressed in the framework of the
modified gamma distribution (e.g.Petty and Huang, 2011):

N(D) = N0D
µ exp(−3Dγ ). (A1)

TableA1 gives the actual values ofN0, µ, 3 andγ . Note
that one parameter is always left free so the size distribution
can be adjusted according to the hydrometeor water content
(Eq.7). All units are SI and the dimensionD is the diameter
of the Mie sphere. Hence, rain and snow are described by a
Marshall and Palmer(1948) size distribution whereas cloud
particles are described by a gamma distribution.

Appendix B

As mentioned in Sect.3.1, there are a few issues with the
choice ofa andb coefficients in the mass–size relationship.
These issues are unimportant to the results but they are worth
recording because the derivation of mass–size relationships
is non-trivial and rarely fully documented. Because of this,
an early decision in this study was to adopt the power law re-
lationships from Table 1 ofKulie et al.(2010). As described
earlier, it is assumed that the dependence of mass on particle
size can be expressed asm(D) = aDb. However, this may be
more of a mathematical convenience than a reality in some
cases.

In the case of theLiu (2008) hexagonal prisms, given
their stated length-to-width ratios, the power-law relation is
exactly applicable and the coefficientsa and b can be de-
rived analytically (to do this it is worth bearing in mind
that the longest dimension,D, is the line between diamet-
rically opposite vertices in a hexagonal prism).Kulie et al.
(2010) made a minor mistake and used the density of wa-
ter (1000 kg m−2) rather than of ice (916 kg m−2). However,
the resulting difference in the bulk optical properties for
one shape (correct versus incorrect particle density) is much
smaller than the difference between bulk optical properties of
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Figure B1. Particle mass as a function of size for the Liu sector
snowflake. Thex axis scale is in microns for convenience but the
fits reported on the legend are based on SI units.

the different hexagonal prism shapes. The mistake has been
inherited by the current work but it only affects the hexagonal
prisms and it does not affect our conclusions on the qualities
of those shapes.

In the case of theLiu (2008) rosettes it is also possible to
derivem(D) analytically, but the mathematics are inconve-
nient and they do not lead to an exact power law solution.
Also, the description of the construction of these shapes is
not fully enough specified (e.g. whether the bullets intersect
in the centre point or are just stuck together). The sector
snowflake does have a power law solution but there is no
practical way of analytically computing a mass–density rela-
tionship for the complex dendrite snowflake shape.

Practically, a better way to derive the coefficientsa andb

is to make a functional fit to the mass of the actual shapes
used in the DDA computations. The mass is reported in the
Liu database as a function of particle size. However, the way
these shapes have been implemented leads to small steps and
jumps in the mass as a function of dimension; in practice the
mass is not an exact power law function of dimension.

As an example, Fig.B1 shows the mass of the sector
snowflake, both as reported from the Liu database and as
modelled with a variety of power law relationships: theKulie
et al.(2010) fit, an alternative fit by the current authors, and
the analytical solution based on the description of this shape
in Liu (2008). All of these are quite similar, but all fail to fit
the actual values from the Liu database at very small particle
dimensions where it diverges from a simple power law rela-
tionship. However, these particle sizes are the least important
to the radiative transfer. Also there is an example of a “step”
feature in the Liu database at around 400 microns, which also
cannot be exactly represented by the power law. However, the
practical effect on scattering properties is small.

Atmos. Meas. Tech., 7, 1839–1860, 2014 www.atmos-meas-tech.net/7/1839/2014/



A. J. Geer and F. Baordo: Improved snow-scattering radiative transfer 1857

Appendix C

The integrals in Eqs. (3), (4) and (5) are computed numeri-
cally and the range of particle sizes in the integration is trun-
cated (rather than running from 0 to infinity). For snow parti-
cles, independent of the size distribution, the lower bound
is 100 microns. In the case of theField et al. (2007) size
distribution, this helps prevent extrapolation of the size dis-
tribution into a zone which is not constrained by observa-
tional data. In the case of Mie spheres, the upper bound
is 2× 105 micron. In the case of theLiu (2008) particles,
the upper bound is set by the largest particle available in
the database. For bullet rosettes and the sector snowflake
it is 1× 105 micron; for hexagonal shapes it is between
2.6× 104 micron and 5× 104 micron.

For some combinations of size distribution and particle
shape there can be a significant amount of particle mass at
sizes outside the truncation range. Equation (7) is evaluated
numerically across the truncated integration range, produc-
ing a numerical estimate of the water content,lNUM . If the
size distribution has been severely truncated, this may be sub-
stantially different from the water contentl used originally to
generate the size distribution. To protect against this problem
(and also to protect against numerical integration errors) the
theoretical size distributionN(D) is rescaled by the factor
f = l/ lNUM before it is used in the bulk scattering integra-
tions. In other words, particle mass is being recovered that
would otherwise be left outside the size range used in the
numerical integration, and would not be contributing to the
scattering properties.

In practice, rescaling factors of greater than 10 % tend to
occur only for certain combinations of size distribution and
particle shape, and generally only for small water contents
(i.e. situations with very little radiative impact) and large wa-
ter contents (i.e. situations that are infrequent). We do not
think there will be much real impact from the truncation.
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