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Abstract27

The Community Radiative Transfer Model (CRTM) is a fast model that requires bulk28

optical properties of hydrometeors in the form of lookup tables to simulate all-sky satel-29

lite radiances. Current cloud scattering lookup tables of CRTM were generated using30

the Mie-Lorenz theory thus assuming spherical shapes for all frozen habits, while actual31

clouds contain frozen hydrometeors with different shapes. The Discrete Dipole Approx-32

imation (DDA) technique is an effective technique for simulating the optical properties33

of non-spherical hydrometeors in the microwave region. This paper discusses the imple-34

mentation and validation of a comprehensive DDA cloud scattering database into CRTM35

for the microwave frequencies. The original DDA database assumes total random ori-36

entation in the calculation of single scattering properties. The mass scattering param-37

eters required by CRTM were then computed from single scattering properties and wa-38

ter content dependent particle size distributions. The new lookup tables eliminate the39

requirement for providing the effective radius as input to CRTM by using the cloud wa-40

ter content for the mass dimension. A collocated dataset of short-term forecasts from41

Integrated Forecast System of the European Centre for Medium-Range Weather Fore-42

casts and satellite microwave data was used for the evaluation of results. The results over-43

all showed that the DDA lookup tables, in comparison with the Mie tables, greatly re-44

duce the differences among simulated and observed values. The Mie lookup tables es-45

pecially introduce excessive scattering for the channels operating below 90 GHz and low46

scattering for the channels above 90 GHz.47

Plain Language Summary48

Radiative transfer (RT) models have a wide range of applications in remote sens-49

ing, satellite data calibration, instrument design, and weather forecasts. Although, the50

clear-sky simulations conducted by the RT models are relatively accurate, the accuracy51

of these models for simulating all-sky observations remains limited. One of the main rea-52

sons for inaccuracies in all-sky simulations is known to be the scattering databases used53

to calculate the optical properties of different cloud hydrometeors. We implemented and54

evaluated a large scattering database, computed using the Discrete Dipole Approxima-55

tion (DDA) technique, into the Community Radiative Transfer Model (CRTM). The re-56

sults showed that the simulations conducted using the DDA database are much more ac-57
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curate than the corresponding simulations conducted using the Mie scattering lookup58

tables which assumes spherical particles for all hydrometeors.59

1 Introduction60

Assimilation of all-sky satellite microwave (MW) observations into Numerical Weather61

Prediction (NWP) models plays an important role in improving routine weather fore-62

casts as well as prediction of extreme weather events such as tropical cyclones (Duncan63

et al., 2022). Unlike infrared observations which are normally saturated in the presence64

of optically thick clouds, MW instruments continue to provide useful information even65

in the presence of deep convective clouds. Data assimilation systems generally use a fast66

radiative transfer (RT) model as the forward operator to assimilate satellite observations67

into the first guess provided by the NWP models (Baordo & Geer, 2016; Moradi et al.,68

2020a; Geer et al., 2021).69

The Community Radiative Transfer Model (CRTM) is a fast model developed by70

the NOAA Joint Center for Satellite Data Assimilation (JCSDA) (Liu et al., 2008). CRTM71

is currently used as the observation operator within the NOAA Finite-Volume Cubed-72

Sphere Dynamical Core system (Tong et al., 2020), NASA Goddard Earth Observing73

System (Tong et al., 2020; Gelaro et al., 2017) and the Navy Earth System Prediction74

Capability (Barton et al., 2021) to enable assimilation of satellite observations into the75

NWP models. CRTM is also used across the NOAA National Environmental Satellite,76

Data, and Information Service (NESDIS) for simulating satellite observations for the qual-77

ity assurance and quality control of measurements from the underlying satellite instru-78

ments (Weng et al., 2013). In addition, CRTM is broadly used as forward model in in-79

verse retrieval systems for deriving geophysical variables from satellite measurements (Boukabara80

et al., 2011). Additionally, several Observing System Simulation Experiment (OSSE) frame-81

works currently employ CRTM to generate synthetic satellite observations which are used82

for the design or evaluation of future satellite instruments (Boukabara et al., 2016; Mc-83

Carty et al., 2021). Although, CRTM clear-sky simulations are reported to have reason-84

able accuracy in the MW frequencies (Moradi et al., 2020b), accurate simulations of all-85

sky microwave satellite observations is still a challenge for CRTM as well as many other86

RT models.87
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In addition to the geophysical variables (e.g., temperature, water vapor, and pres-88

sure) and cloud information (water content, effective radius, and cloud type), CRTM re-89

quires cloud optical properties for simulating all-sky satellite radiances. In practice, the90

optical properties of idealized ice and snow particles are precomputed and stored in lookup91

tables. Current CRTM scattering lookup tables were generated using the Mie-Lorenz the-92

ory (hereafter referred to as Mie theory for simplicity) which assumes spherical shapes93

for both liquid and frozen hydrometeors (Stegmann et al., 2018). Although the optical94

properties of liquid clouds can be modeled efficiently using the Mie theory by assuming95

spherical shapes for the hydrometeors (Eriksson et al., 2018), frozen hydrometeors (ice96

clouds, snow, graupel, and hail) exhibit a large variation in the shape. As a result, all-97

sky simulations conducted using the lookup tables generated using the Mie theory for98

the frozen particles largely deviate from the observations (Geer & Baordo, 2014; Eriks-99

son et al., 2015, 2018; Baordo & Geer, 2016). Although CRTM has a good accuracy in100

simulating clear-sky observations from the input profiles (Moradi et al., 2020b), using101

Mie theory to generate the scattering lookup tables is known to limit the accuracy of the102

CRTM all-sky calculations (Sieron et al., 2017).103

In order to reduce biases in the all-sky simulations conducted using the Mie lookup104

tables, it is often necessary to tune other cloud parameters such as size of the particles.105

These adjustments may improve the results for some channels but most likely increase106

the bias in the simulations for other channels. RT calculations performed using the Mie107

lookup tables also tend to produce the worst results over the convective regions caus-108

ing difficulties for assimilation of microwave observations over the rainbands of tropical109

cyclones (Geer & Baordo, 2014). The forward model error is indeed only one factor lim-110

iting the assimilation of all-sky microwave observations in NWP, alongside systematic111

errors in forecast models and the intrinsic lack of predictability of cloud and precipita-112

tion. In order to mitigate these large error sources in the all-sky assimilation, the NWP113

centers rely on mechanism such as inflating the observation error (Geer & Bauer, 2011;114

Zhu et al., 2015), correcting the observations using the variational bias correction, and115

excluding the observations when the forward operator is not able to simulate them with116

enough accuracy (Baordo & Geer, 2016).117

The exact solutions to Maxwell equations are only known for particular geometries118

such as spheres, spheroids, or cylinders, thus approximations are needed to calculate the119

optical properties of particles with arbitrary shapes. The discrete dipole approximation120
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(DDA) estimates the optical properties of objects in terms of discrete dipoles (DeVoe,121

1964). Several scattering lookup tables generated using the DDA technique are available122

for the microwave frequencies including, Liu (2004) (frequencies of 85.5, 150, 220 GHz),123

Liu (2008) (frequency range of 15-340 GHz), Hong (2007) (89-340 GHz), Hong et al. (2009)124

(100-1000 GHz), and Eriksson et al. (2018) (frequency range of 1-886 GHz). Ding et al.125

(2017) also generated a dataset for several non-spherical ice particles using the embed-126

ded T-matrix method for the frequency range of 1-874 GHz. We selected the database127

generated by Eriksson et al. (2018) (ARTS) based on the availability of the single scat-128

tering data, frequency and temperature range, and also number of shapes used to gen-129

erate the database. Although we evaluated the Liu (2008) (Liu08) database, this database130

only provides a few habits that can be used for snow clouds, thus the paper mainly fo-131

cuses on implementation and validation of the database created by Eriksson et al. (2018).132

Both ARTS and Liu08 assumes total random orientation in the calculation of single scat-133

tering properties, however a newer version of the ARTS database provides the scatter-134

ing properties for oriented ice particles (Brath et al., 2020). Note that ARTS database135

includes many habits that may have been used in other datasets, for instance, 8-column136

aggregate, solid hexagonal column, hexagonal plate, solid bullet rosette, spheroids, and137

sphere from the ARTS database are also included in the database developed by Ding et138

al. (2017).139

In addition to the in-depth analysis of the ARTS scattering database, we use a col-140

located satellite microwave and atmospheric dataset to evaluate the results of the CRTM141

all-sky simulations. Because of lack of documentation for the CRTM cloud coefficient142

files, bulk parameters stored in the CRTM lookup tables are discussed in great details143

in this paper to serve as a future guide for generating the scattering lookup tables for144

CRTM. It should be noted that there is a RT model named Atmospheric Radiative Trans-145

fer Simulator (ARTS), however the simulations referred to as ARTS in this paper are146

the CRTM simulations conducted using the ARTS DDA scattering database.147

Section 2 discusses the satellite observations and atmospheric dataset used in the148

study, Section 3 summarizes the scattering database, Section 4 describes the RT model,149

Section 5 discusses the bulk optical properties required by CRTM including the new cloud150

lookup tables generated from the ARTS database, Section 6 discusses the results, and151

Section 7 summarizes the work.152
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2 Collocated Atmospheric and Satellite Observations153

CRTM requires a set of atmospheric and surface variables including profiles of tem-154

perature, water vapor, and pressure, sea surface temperature, as well as surface wind speed155

and direction in order to simulate the clear-sky brightness temperatures. In addition,156

profiles of cloud fraction and layer integrated water contents of snow, ice, liquid, rain,157

hail, and graupel hydrometeors are required to simulate cloud contaminated brightness158

temperatures. We used the short-term forecasts from the NWP system of European Cen-159

ter for Medium Range Weather Forecast (ECMWF), known as Integrated Forecast Sys-160

tem (IFS), as input to CRTM to simulate all-sky brightness temperatures then compared161

the CRTM simulations with observations from the Advanced Technology Microwave Sounder162

(ATMS) instrument. We originally used the ERA5 dataset, the 5th generation of the ECMWF163

atmospheric reanalysis, for the comparison between observed and simulated values, how-164

ever because of the lack of convective clouds in ERA5, we switched to a comprehensive165

dataset that was produced using IFS with both convective and large scale clouds included166

(Geer, 2022).167

The dataset was generated using IFS cycle 47r1 from a run of the forecast model168

with the initial conditions taken from the operational analysis at 00:00 UTC, Septem-169

ber 7, 2017 and validity times from 09:00 to 21:00 UTC on that day. The IFS model used170

a horizontal resolution of T1279co (equivalent to 8 - 9 km) and 137 hybrid vertical pres-171

sure levels with a temporal resolution of 7.5 minutes, although only every fourth model172

time-step was available for collocation. Interpolation of atmospheric and surface data173

to the location of ATMS observations was performed on the fly eliminating the need for174

later collocations (Geer, 2022). The temporal and horizontal resolutions of the IFS run175

introduces a time difference of less than 15 minutes and spatial distance of less than 5km176

between observations and the model grid. In addition to the atmospheric profiles and177

surface information, the IFS run provided profiles of mass mixing ratios of cloud liquid178

and ice water content as well as convective and large scale rain and snow water contents.179

These water content values were used to run the CRTM cloudy simulations. It is sug-180

gested to use convective snow water content for graupel and large-scale snow water con-181

tent for snow habits (Geer, 2022). In order to run a full ensemble of clouds, we split the182

convective snow water content evenly (50% each) between graupel and hail. Because of183

the similarity between scattering properties of hail and graupel, the difference between184
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CRTM simulations when the convective snow water content is assigned to hail and grau-185

pel or only graupel is very small and does not affect the conclusions.186

ATMS is the newest generation of microwave instruments flown on NOAA satel-187

lites with 22 channels operating roughly from 23 GHz to 190 GHz. Some of the ATMS188

channels which were designed to measure upper troposphere and stratospheric temper-189

ature have a weighting function well above the clouds, therefore they have a very low190

sensitivity to clouds. However, channels 1-8 operating from 23 GHz to 55 GHz are sen-191

sitive to liquid clouds, rain, and to a lower extent snow, graupel, and hail and channels192

16-22 operating around 90 GHz and above are sensitive to different frozen hydromete-193

ors such as ice clouds, hail, graupel, and snow (Kim et al., 2014; Goldberg et al., 2013;194

Moradi et al., 2015). The spatial resolution of the ATMS channels depends on both fre-195

quency and zenith angle. The ATMS footprint size at nadir is roughly 75 km for chan-196

nels 1-2, 32 km for channels 3-16, and 16 km for channels 17-22. However, the ATMS197

footprint size increases with the zenith angle so that at the edge of the scan-lines with198

a zenith angle of about 62◦, it translates to 323 km for channels 1-2, 136 km for chan-199

nels 3-16, and 68 km for channels 17-22 in cross-track direction (Kim et al., 2014).200

3 Scattering Databases201

3.1 CRTM cloud coefficients202

Current CRTM cloud coefficient files include mass extinction coefficient (m2kg−1),203

single scatter albedo (unitless), asymmetry parameter (unitless), and the phase function204

in terms of Legendre coefficients. The scattering parameters are separately provided for205

liquid and frozen hydrometeors in the CRTM cloud coefficients (note that we use the terms206

cloud and hydrometeor interchangeably throughout the paper). In the current coefficient207

files, these parameters are given as a function of temperature, effective radius, and fre-208

quency for liquid phase but only as a function of effective radius and frequency for frozen209

particles. The current scattering coefficients of CRTM are not well documented, but Stegmann210

et al. (2018) provides a good overview of the current status of the CRTM cloud coeffi-211

cients.212

The same scattering parameters are used for both water (WATER CLOUD) and rain213

(RAIN CLOUD) hydrometeors. The difference between rain and water clouds is that in the214

case of WATER CLOUD, the extinction coefficients of the first bin of effective radius in the215
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lookup tables are extracted then interpolated as a function of frequency and tempera-216

ture. For rain clouds, a three dimensional interpolation is performed (i.e. including the217

effective radius dimension) for both extinction coefficient and single scattering albedo,218

but interpolation for the phase function (Legendre terms) is only performed if number219

of elements for the phase function (n Phase Elements) is greater than zero and the scat-220

tering flag (Include Scattering) is set to True. The interpolation for Legendre terms221

is then performed as a function of temperature, frequency, and effective radius.222

The current lookup tables for frozen hydrometeors include scattering parameters223

for snow, graupel and ice/hail (the same coefficients are used for ice and hail). Similar224

to WATER CLOUD, the interpolation of extinction coefficient for ICE CLOUD is performed225

using the lowest bin of effective radius in the lookup tables as a function of frequency.226

For the rest of the frozen hyrometeors, the interpolation is done as a function of both227

frequency and the effective diameter. Similar to rain clouds, the interpolation for Leg-228

endre terms is only performed if the number of phase elements is greater than zero and229

the scattering flag is set to True. The interpolation for Legendre terms is then performed230

as a function of frequency and effective radius.231

The new DDA lookup tables include the backscattering coefficients in addition to232

the parameters included in the current lookup tables. Additionally, in the DDA lookup233

tables, instead of effective radius, the parameters are given as a function of the cloud wa-234

ter content in the unit of kg m−3. The current Mie lookup tables include 5, 10, and 31235

elements for temperature, effective radius, and frequency, respectively. The new DDA236

lookup tables are generated at much higher resolution with 8, 100, and 200 elements for237

temperature, water content and frequency, respectively.238

3.2 The ARTS database239

The ARTS DDA database was developed by Eriksson et al. (2018) and includes sin-240

gle scattering properties for both frozen and liquid hydrometeors. The ARTS database241

covers a wide range of frequencies (1-866 GHz), temperatures (190 K, 230 K, and 270242

K), and sizes. The frequencies were generally selected to match current and proposed243

passive microwave and radar instruments. The database is developed for both passive244

and active microwave instruments and provides scattering information for the full Stokes245

vector. The first version of the database is generated for 34 randomly oriented shapes246
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but we selected 19 of the most common habits to include in CRTM, see Figure 1 for the247

list of selected habits. The liquid droplets are currently only represented by a spherical248

shape in the publicly available ARTS dataset (Ekelund et al., 2020c), but including non-249

spherical raindrops and melting particles is planned for the future releases (Ekelund et250

al., 2020b; Eriksson et al., 2018).251

The ARTS database was generated using the package developed by Yurkin and Hoek-252

stra (2011), known as the Amsterdam DDA (ADDA). The dataset includes about 35-253

45 different sizes for single crystal data and 35 sizes for the aggregates. The maximum254

diameter (D) can reach up to 10 mm for single crystal habits and 20 mm for aggregates255

but it depends on the frequency, see Eriksson et al. (2018) for details. The ARTS database256

includes the extinction matrix, the absorption vector, and the phase matrix as well as257

information on the temperature and frequency. It should be noted that some RT solvers258

may require the scattering parameters in a different format such as the single scatter-259

ing albedo and the asymmetry parameter, but as discussed in Section 5, these param-260

eters can be derived from what has been provided in the ARTS database. The ARTS261

dataset has also been implemented in RTTOV (Radiative Transfer for TOVS) and it has262

been evaluated in the ECMWF data assimilation system (Geer et al., 2021; Geer, 2021).263

We limited the rain droplet size to 10 mm while calculating the bulk scattering prop-264

erties because larger drop sizes may not be realistic. However, we used all the sizes pro-265

vided in the database for all other habits.266

3.3 The Liu database267

Liu (2008) generated the DDA optical properties database using the DDSCAT pack-268

age (Draine & Flatau, 2000) for the frequency range of 15-340GHz, five temperatures269

between 233 to 273 K, as well as 11 different particle shapes. The shaped used in Liu270

(2008) can be classified into ”columns and plates”, ”rosettes”, and ”snowflakes”. Liu (2008)271

considered two types of snowflakes including a sector-like particle and a dendrite snowflake.272

The sector-like snowflake was represented by three identical ellipsoids. The readers are273

referred to Figure 1 in (Liu, 2008) for the visual representation of the habits. As microwave274

frequencies are almost insensitive to small particles, the database was generated for rather275

large ice particles so that the maximum diameter reaches up to 4,835 µm for the columns,276

5,059 µm for the plates, 10,000 µm for the rosettes, and 12,454 µm for the dendrite snowflake.277

Since the Liu08 database only provides a limited number of habits that can be mostly278
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(a) PlateType1 (b) ColumnType1

(c) IceSphere

(d) IconCloudIc

(e)
6BulletRosette

(f) Perpendicu-
lar4BulletRosette (g)

Flat3BulletRosette

(h)
SectorSnowflake

Single Crystal Habits

(i) EvansSnowAg-
gregate

(j) 8ColumnAg-
gregate

(k) LargeColum-
nAggregate

(l) LargeBlockAg-
gregate

(m) Large-
PlateAggregate

(n) IconHail (o) IconSnow (p) GemHail

(q) GemSnow (r) GemGraupel
(s) LiquidSphere

Aggregates and Liquid Habits

Figure 1: Single crystal, aggregates, and liquid habits from the ARTS database included

in the CRTM cloud lookup tables. The images for the individual habits were taken from

the ARTS database (Eriksson et al., 2018).
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considered as cloud ice, it can not be used as a stand alone dataset to generate the scat-279

tering lookup tables required by CRTM. Therefore, we have only compared some indi-280

vidual Liu08 habits with their corresponding ones in the ARTS lookup tables.281

3.4 Accuracy of the DDA datasets282

There are two possible causes for inaccuracy in the DDA calculations: i) the in-283

terdipole spacing not being small enough and ii) lack of enough number of orientations284

to represent random orientations (Liu, 2008). Draine and Flatau (1994) recommend the285

following criteria to minimize the error due to the interdipole spacing: |m|ks < 0.5, where286

m is the refractive index, k is the wavenumber calculated as 2π/λ (λ is wavelength), and287

s is the dipole size which represents the interdipole spacing as well. This recommenda-288

tion for the interdipole spacing has been followed by both Liu (2008) and Eriksson et289

al. (2018). Liu (2008) also reports that the effect of reducing the dipole size by half is290

less than 2% on scattering and absorption cross sections as well as asymmetry param-291

eters when averaged over all frequencies and particle sizes. The orientation in DDSCAT292

is represented by three Euler angles and Liu (2008) performed 16, 17, and 16 orienta-293

tions for different Euler angles. Liu (2008) concludes that doubling the number of ori-294

entations has an effect less than one percent on the results of absorption and scattering295

cross sections as well as asymmetry parameters. The ADDA package used by Eriksson296

et al. (2018) handles either fixed or random orientations. The random orientation starts297

with two scattering calculations for two angles in opposite directions (i.e., 180 degrees298

apart), then the integrated average is iteratively updated adding new angles for scatter-299

ing calculations until a convergence is achieved (Eriksson et al., 2018).300

4 Radiative Transfer Equation301

CRTM uses lookup tables for calculating atmospheric transmittance as well as scat-302

tering and absorption by clouds. These quantities are first calculated for individual lay-303

ers based on the inputs provided to the model, then the RT solvers are used to integrate304

absorption and scattering by atmosphere and clouds from surface to the top of atmo-305

sphere. The Radiative Transfer Equation for a one dimensional atmosphere can be ex-306

pressed in its derivative form as:307

µ
dIν
dτ

= −Iν(τ,Ω) +
ω

4π

∫ 2π

0

∫ 1

−1
P (τ ; Ω; Ω′)I(τ,Ω′)dΩ′ + S(τ ; Ω; Ω0) (1)
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where, I is the intensity, τ is the optical thickness, µ is the cosine of the zenith angle θ,308

µ0 is the cosine of the solar zenith angle, Ω is the beam solid angle accounting for both309

zenith (θ) and azimuth (φ), Ω0 is the solar angle, ω is the single scattering albedo, P is310

the phase function, and S is the source function (Liou, 2002; Chandrasekhar, 2011; Liu311

et al., 2018). The source function in its general form, which includes the solar contribu-312

tion as well, can be expressed as:313

S = (1− ω̄)B(Tτ ) +
ω̄F0

4π
e−τ/µ0P (Ω,Ω0) (2)

where, Tτ is the temperature at layer τ , B is Planck function, and F0 is solar spectral314

constant (Liu et al., 2018). There is no analytical solution for Equation 1, thus this equa-315

tion can only be solved using numerical methods also known as scattering solvers (Stamnes316

et al., 1988; Liu & Weng, 2006; Heidinger et al., 2006).317

CRTM includes two scattering solvers, the Advanced Doubling Adding (ADA) Method318

(Liu & Weng, 2006) and the Successive-Order-of-Interaction (Heidinger et al., 2006). The319

default scattering solver in CRTM is currently the ADA method which requires extinc-320

tion coefficient, single-scattering albedo, and phase function in terms of Legendre poly-321

nomials to perform scattering calculations. The current version of the CRTM neither con-322

siders three dimensional scattering due to inhomogeneity in clouds and surface, nor the323

polarization induced due to clouds and other particles.324

5 Bulk Optical Properties325

The mathematical description of the DDA technique is beyond the scope of this326

paper, but in its simplest form the extinction (σe) and absorption (σa) cross sections are327

calculated within the DDA technique as follows (Yurkin & Hoekstra, 2011):328

σe = 4πkΣi(PiE
inc∗
i ) (3)

σa = 4πkΣi(PiE
∗
i ) (4)

where, Einc and E are the incident and total electric field, ∗ denotes complex conjugate,329

P is the polarization of the subvolume i, and k is the free-space wave vector (Yurkin &330

Hoekstra, 2007; Penttilä et al., 2007). The ADDA package provides absorption and ex-331

tinction cross sections as well as Mueller matrix (M) and amplitude scattering matrix332

(S). The scattering cross section (σs) can be calculated either as σs = σe − σa or us-333
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ing the Mueller matrix as follows:334

σs =
1

κ2

∫
4π

M11dn
′ (5)

where κ is the wavenumber. Likewise, the phase matrix (Z) is calculated using the Mueller335

matrix as follows:336

Z =
1

κ2
M (6)

Now, the backward and forward scattering cross sections, σbs and σfs respectively,337

are simply equal to the first element of the phase matrix (Z11) at specific scattering an-338

gles (θ) of 180◦ and 0.0◦:339

σbs = Z11(θ = 180) (7)

σfs = Z11(θ = 0.0) (8)

The single scattering efficiencies (Q) as well as the size parameter (x) are then cal-340

culated as:341

Q =
4σ

πD2
veq

(9)

x =
πDveq

λ
(10)

Dveq =

(
6m

πρ

)1/3

(11)

where σ is the cross section (in m2) for absorption, extinction, or scattering, m is the342

mass of particles (in kg), λ is wavelength (in m), ρ is the density that varies with par-343

ticle size, and Dveq is volume equivalent diameter (in m). These relations ensure that344

both x and Q are calculated with respect to Dveq and are unitless. The single scatter-345

ing efficiencies are not directly used to calculate the bulk scattering properties, but are346

used in Section 6.1 to discuss the optical properties of the ARTS database.347

The bulk extinction βe, scattering βs, and absorption βa coefficients are then cal-348

culated by integrating over the number density of particles per unit diameter of parti-349

cle (m−3m−1), n(D):350

βy =

∫ ∞
0

σy(D)n(D)dD (12)

where D represents the maximum diameter defined as the diameter of smallest sphere351

that can enclose the particle and subscript y refers to extinction, absorption, and scat-352

tering. Note that although the particles are theoretically integrated from 0 to ∞, in prac-353
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tice the scattering database includes a limited number of sizes so the integration is per-354

formed from Dmin to Dmax. The number density n(D) is estimated using the particle355

size distributions (PSD) which are discussed in Section 5.1.356

CRTM requires mass scattering coefficients which can be calculated by dividing bulk357

extinction, absorption, and scattering coefficients by water content (Ψ, also see Equa-358

tion 32) which itself can be calculated as follows:359

Ψ =

∫
m(D)n(D)dD (13)

where the mass of individual particles can be calculated as m(D) = αDβ (coefficients360

α and β describes the mass-size relation and are provided in the DDA database for each361

habit). The mass scattering coefficients (ky in m2 kg−1) then can be calculated as fol-362

lows:363

ky =
βy
Ψ

=

∫
σ(D)n(D)dD∫
m(D)n(D)dD

=

∫
σ(D)n(D)dD∫

ρ(D)V (D)n(D)dD
(14)

where the volume V can be calculated as V = πD3/6 and density ρ varies with the par-364

ticle size such that ρ = m(D)/V (D). Other parameters required by CRTM include asym-365

metry factor (g) and single scattering albdeo (ω). The bulk asymmetry factor or param-366

eter (gbulk) is calculated using the single asymmetry factor (g) and PSD as follows:367

g =
1

4π

∫ 2π

0

∫ π/2

−π/2
P cos θ sin θdθdφ (15)

gbulk =

∫
g(D)σs(D)n(D)dD∫
σs(D)n(D)dD

(16)

where θ and φ are the zenith and azimuth angles and P is the normalized phase func-368

tion.369

Single scattering albedo (ω) is the ratio of scattering to extinction cross section (ω =370

σs/σe) and the bulk ratio (ωbulk) can be calculated as:371

ωbulk =
ke − ka
ke

=
ks
ke

=

∫
ω(D)σe(D)n(D)dD∫
σe(D)n(D)dD

(17)

CRTM also requires phase function represented using Legendre Polynomials. Since372

CRTM calculations are performed for unpolarized radiances, only the first element of373

the phase matrix (Z11) is required. This is in turn weighted as follows:374

P11 =
4πZ11

σs
(18)

The bulk phase function (P11,bulk) then can be calculated as:375

P11,bulk =

∫
P11(D)σs(D)n(D)dD∫

σs(D)n(D)dD
(19)
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Since CRTM prescribes the phase function in terms of Legendre polynomials, the376

bulk Legendre terms (Lbulk) can be directly calculated as follows:377

Lj,bulk =

∫
Lj(D)σs(D)n(D)dD∫

σs(D)n(D)dD
(20)

where Lj is the jth Legendre polynomial for a single particle with the maximum dimen-378

sion D. Note that even the first element of the phase function is a vector depending on379

the scattering angle, therefore Equations 18 to 20 need to be repeated for different scat-380

tering angles.381

5.1 Particle Size Distributions382

Particle size distributions are used to calculate the number density of particles per383

unit diameter of the particles, n(D) with the unit m−3m−1 or m−4 for simplicity, which384

is necessary to calculate the bulk scattering properties required by CRTM. We used the385

mid-latitude version of Field et al. (2007) to compute the particle size distribution for386

the frozen particles and Abel and Boutle (2012) to calculate the drop size distribution387

for rain.388

Field et al. (2007) developed a two moments PSD using the aircraft measurements389

from mid-latitude and tropical campaigns for frozen hydrometeors. The Field et al. (2007)390

PSDs require second and third moments (M2 and M3 respectively). The βth moment391

is computed using cloud water content as IWC = αMβ (α and β are the mass-size re-392

lation coefficients). M2 is equal to Mβ if β = 2, otherwise the following relation will393

be used to calculate both M2 and M3 from Mβ :394

Mn = A(n) exp (B(n)Tc)M
C(n)
2 (21)

A(n) = exp(13.6− 7.76n+ 0.479n2) (22)

B(n) = −0.0361 + 0.0151n+ 0.001n2 (23)

C(n) = 0.807 + 0.00581n+ 0.0457n2 (24)

where, Tc is temperature in ◦C, Mn is the moment of n to be predicted, and all the con-395

stants (A, B, and C) only depends on n. The particle density then can be calculated us-396

ing the second and third moments as well as the dimensionless size (x) and the rescaled397
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dimensionless concentration (Φ) as follows:398

n(D) = Φ23(x)
M4

2

M3
3

(25)

x = D
M2

M3
(26)

Φ23(x) = 152 exp(−12.4x) + 3.28x−0.78exp(−1.94x) Tropical (27)

Φ23(x) = 141 exp(−16.8x) + 102x−2.07exp(−4.82x) Midlatitude (28)

We used Abel and Boutle (2012) gamma distribution for the raindrop size distri-399

bution (DSD) which can be expressed as:400

n(D) = N0D
µ exp(−λD) (29)

where n(D) indicates the number concentration of raindrops as a function of diameter,401

N0 is the intercept, λ is the slope, and µ is the shape parameter of the distribution. The402

intercept (N0) is then calculated from the mass mixing ratio of rain (qR):403

N0 =

(
N1 −N2

2

)
tanh

[
qR0 − qR

4qR0

]
+
N1 +N2

2
(30)

As recommended by Abel and Boutle (2012), N1, N2, and qR0 are set to 9×109 m−3m−1,404

2×106 m−3m−1, and 1×10−4 kgkg−1, respectively. The slope parameter (λ) is then405

calculated using the following relation by assuming x1 = N0, x2 = 0, and µ = 0:406

λ =

[
πρwx1Γ(4 + µ)

6ρairqR

] 1
4+µ−x2

(31)

where, Γ is the Gamma function, and ρair and ρw are the densities of air (1.225 kg.m−3407

and liquid water (1000 kgm−3).408

Geer et al. (2021) suggest using the ratio of input water content (Ψ) to implied or409

computed water content (Ψc), r = Ψ/Ψc, to scale the calculated n(D) as n′(D) = n(D)×410

r. The implied water content (Ψc) can be calculated using the mass of the particles and411

number density as follows:412

Ψc =

∫ Dmax

Dmin

m(D)n(D)dD =

∫ Dmax

Dmin

αDβn(D)dD (32)

The mass of particles, m(D), may not necessary be equal to αDβ if the mass is pro-413

vided by the DDA recorded mass.414

The maximum values for the order of magnitude of renormalisation |log10(r)| for415

different habits are shown in Table 1. Most habits show a renormalisation magnitude416
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less than 0.1, except for SectorSnowflake, LargePlateAggregate, LargeBlockAggregate,417

and LargeColumnAggregate with a magnitude of renormalisation greater than 0.3. The418

maximum renormalization orders found by Geer et al. (2021) were also mostly less than419

0.1 but there were orders reaching nearly 0.5 for the Field et al. (2007) tropical PSD and420

up to 9.1 for the Field et al. (2005) PSD. Hence these results seem consistent and the421

explanation for different renormalisation factors is unlikely to be the approach to numer-422

ical integration, but rather the choice of PSD.423

In addition to mid-latitude version of Field et al. (2007) and Abel and Boutle (2012),424

several other PSDs were examined including Field et al. (2007) Tropical, Field et al. (2019),425

McFarquhar and Heymsfield (1997), and modified gamma distribution recommended by426

Geer et al. (2021). In most cases, the water content calculated using the number den-427

sity (Equation 32) was a few order of magnitude different from the water content used428

as input to estimate the PSD parameters. Field et al. (2007) which was parameterized429

using measurements from the tropical campaigns generally performed satisfactory for most430

habits, excluding some snow types such as GemSnow. GemSnow has a much larger for-431

ward scattering especially for small particles and its phase function has a very strong peak432

where the scattering angle is close to zero degrees. The mid-latitude version of Field et433

al. (2007) generally better distributes the mass between smaller and larger particles than434

the tropical version, helping to smooth out the peak of the phase function. This helps435

the Legendre polynomials with limited number of degrees (16 degrees) to better fit the436

phase function. Otherwise, a relatively large difference (up to 30%) was introduced be-437

tween the phase function reconstructed from the Legendre polynomials and the origi-438

nal phase function.439

6 Results440

The ARTS database provides the scattering parameters with different resolutions441

for frequency and size dimensions, however CRTM requires these parameters to be pro-442

vided for all the habits in consistent grids for frequency, temperature (liquid clouds), and443

effective radius or water content. Therefore, the first step in generating CRTM cloud co-444

efficients from the DDA database was to properly interpolate the scattering parameters445

to common grids of frequency and temperature. Current CRTM cloud coefficients use446

the effective radius for the interpolation of scattering properties over the mass/size di-447

mension. However, the effective radius is not often provided by the NWP models as out-448
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put, therefore different relations have been developed to estimate effective radius from449

parameters such as temperature and water content (Sieron et al., 2017; Kim et al., 2020).450

In addition, using model prognostic variables such as cloud water content (instead of ef-451

fective radius) in the scattering lookup tables has been a standard practice in other fast452

radiative transfer models such as RTTOV for several decades (Bauer et al., 2006). There-453

fore, we modified CRTM to use cloud water density, referred to as cloud water content454

as well and defined as mass per volume (kg.m−3), for the mass dimension of the cloud455

lookup tables. The mass scattering parameters of the CRTM DDA lookup tables are then456

interpolated based on the cloud water content profiles provided as input to CRTM. Layer-457

integrated cloud water content (kg.m−2) is already required as input to CRTM for per-458

forming the scattering calculations and cloud water density can be calculated as the layer-459

integrated cloud water content divided by the layer thickness. Therefore, using cloud wa-460

ter density for the mass dimension of the lookup tables does not demand any new in-461

put parameter for the CRTM all-sky simulations.462

Table 1 includes the list of cloud types that can be defined in CRTM control files463

when the ARTS scattering lookup tables are used. This table also indicates the corre-464

sponding ARTS habits for the CRTM default clouds, i.e., SNOW CLOUD, GRAUPEL CLOUD,465

HAIL CLOUD and ICE CLOUD. The new cloud coefficient covers a frequency range of 1.0466

GHz to 200 GHz with a resolution of 1.0 GHz. The water content ranges from 10−6 kg.m−3467

to 10−2 kg.m−3 with 200 elements equally spaced in the logarithmic scale. The optical468

properties of the liquid clouds were generated for temperatures of 230, 240, 250, 260, 270,469

280, 290, and 300 Kelvin. We used a Piecewise Cubic Hermite Interpolating Polynomial470

(Fritsch & Butland, 1984) for interpolation over the frequency and size dimensions and471

linear spline for interpolating over the temperature dimension. These two interpolation472

techniques do not produce artifacts when generating high resolution grids of frequency473

and temperatures. The only exception is for the PlateType1 with some artifacts observed474

for the low frequencies. CRTM does not take into account the temperature dependency475

of the optical properties of frozen hydrometeors, therefore we chose 260 K as the refer-476

ence temperature to generate the scattering lookup tables for frozen hydrometeors.477

6.1 ARTS Single Scattering Properties478

The extinction, absorption, forward-scattering, and backscattering efficiencies cal-479

culated using the ARTS database for a few different ARTS habits are shown in Figure480
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2 and the same parameters for the rest of the ARTS habits are shown in Figure A1 in481

the Appendix A. The scattering parameters shown in these figures were computed for482

a temperature of 260 K and a frequency of 183 GHz. Overall, all four scattering param-483

eters rapidly change with the size parameter so that they are almost negligible for small484

size parameters (less than 0.5). This will translate to insensitivity of microwave spec-485

trum to small particles if accompanied with low number density. However, in practice486

the number of smaller particles can be orders of magnitude higher which will compen-487

sate for this, e.g., see Figure 2 in Ekelund et al. (2020a). GemSnow and LargeColum-488

nAggregate show lower absorption and extinction than Flat3BulletRosette and Colum-489

nType1. The liquid clouds generally show much higher absorption than frozen clouds490

(see Figure A1). The forward and backward scatterings are calculated for phase func-491

tion at 0.0◦ and 180◦, respectively. The forward scattering is generally dominant, espe-492

cially for GemSnow and LargeColumnAggregate with relatively lower backscattering than493

Flat3BulletRosette and ColumnType1. A combination of forward and backward scat-494

tering can be used to determine which habits cause larger or smaller scattering. While495

backward scattering removes the scattered signal from the direction of propagation, the496

MW signal scattered forward will be still within the field of view of the instrument (the497

same direction of propagation).498

6.2 CRTM Bulk Scattering Properties499

The mass scattering parameters for several ARTS habits, parameters actually stored500

into CRTM cloud coefficients, are shown in Figure 3. In addition to these parameters,501

Legendre coefficients for the phase function are also stored in the cloud coefficient files.502

These parameters for the rest of the ARTS habits are shown in Figure A2 in the Appendix503

A. Figure 3 includes the mass scattering parameters for two different frequencies, 183504

GHz and 90 GHz, and the difference among scattering parameters for different frequen-505

cies clearly shows the frequency dependency of these parameters. The liquid clouds (rain506

clouds) generally have much higher absorption values than frozen clouds. The mass ex-507

tinction and absorption coefficients for liquid clouds are also very close, especially for low508

cloud water content values, showing little scattering for small rain/liquid particles. The509

extinction and absorption coefficients for frozen clouds are clearly much larger at 183 GHz510

than at 90 GHz. The single scattering albedo values are very small for liquid sphere con-511

firming little scattering for these type of clouds. The habits presented in Figure 3 (es-512
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Figure 2: Extinction, absorption, forwardscattering, and backscattering efficiencies for

different ARTS habits computed at a frequency of 183 GHz and a temperature of 260 K.

Both size parameter (X) and single scattering efficiencies (Q) are unitless.

pecially GemSnow and CloudType1) indicate a single scattering albedo close to unity513

at 183 GHz for cloud water content values greater than 10−4 kg.m−3. This shows large514

scattering to extinction ratio for these habits at high frequencies like 183 GHz. Again,515

the larger scattering coefficients only translates to larger scattering signal if the forward516

scattering is not dominant compared with backward scattering.517

Figure 4 shows the bulk phase function for two different habits as well as several518

frequencies versus scattering angle. It also shows the differences between the phase func-519

tions constructed using the Legendre polynomials with 16 degrees and the original bulk520

phase functions used to compute the Legendre coefficients. GemSnow shows a much stronger521

forward scattering than GemHail for higher frequencies (180 GHz), however the differ-522

ences are smaller for the lower frequency channels. The difference between Legendre fit523

and original phase function is less than 0.2% with the differences being larger for higher524

frequencies than the lower frequencies. The reason for spikes in the errors is that Leg-525

endre fits wiggle around the original phase functions so that the error fluctuates between526

zero and its maximum. The magnitude of error would significantly decrease if we increase527

the degree of Legendre polynomials, but this would require a substantial code change528

in CRTM and the small fitting errors for Legendre polynomials do not justify this effort.529
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Figure 3: The mass extinction and absorption coefficients (both in m2kg−1) as well as

bulk single scattering albedo and asymmetry factor (both unitless) for several habits at

260 K.
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Figure 4: Bulk phase function (left) and the error of the phase functions reconstructed

using the corresponding Legendre polynomials (right) for GemHail (top) and GemSnow

(bottom). The error was calculated as the differences between the original phase func-

tion minus the one constructed using the Legendre polynomials. Different colors indicates

different frequencies. The values plotted are for a cloud water content of 5x10−3 kg.m−3.

However, a polarized version of CRTM is under development that may require re-evaluating530

the degree of Legendre polynomials.531

6.3 Sensitivity of Microwave Observations to Clouds532

The sensitivity of microwave observations to clouds varies as a function of shape/habit,533

size, and orientation of the particles as well as the frequency of channels. In order to eval-534

uate the sensitivity of microwave radiances to clouds over the rainbands of tropical cy-535

clones, we used the IFS simulations over the rainbands of Hurricane Irma on Septem-536
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ber 7, 2017 at 18:00 UTC. We conducted a series of CRTM simulations by assigning dif-537

ferent IFS cloud water content values to their corresponding habits in the ARTS DDA538

database. This included assigning the rain water content (both convective and large scale)539

to RAIN CLOUD, cloud liquid water content to LIQUID CLOUD, cloud ice water content to540

either ICE CLOUD or IceSphere, large scale snow water content to different habits suit-541

able for falling snow, and splitting the convective snow water content between HAIL CLOUD542

and GRAUPEL CLOUD. The ARTS equivalent for the default CRTM cloud types are shown543

in Table 1. These simulations were once conducted for the ATMS instrument and once544

for a hypothetical instrument with a large number of channels and a spectral coverage545

of 10 GHz to 250 GHz.546

Figure 5 shows the results for the hyperspectral instrument after being averaged547

over the entire domain (rainbands) of Hurricane Irma and presented as a function of chan-548

nels’ frequency. The all-sky simulations (ALL-SKY) in Figure 5 were conducted using an549

ensemble of clouds by assigning the IFS water content values to corresponding ARTS/CRTM550

habits as explained in the previous paragraph. In this case, the large-scale snow water551

content was assigned to LargePlateAggregate. All other simulations were performed552

using a single hydrometeor type. For instance, only large scale snow water contents were553

used to run the simulations for SectorSnowflake using the sector snowflake habit and554

all other hydrometeors (hail, graupel, ice, rain, liquid) were excluded from the scatter-555

ing calculations. Similarly, MIE:SNOW CLOUD indicates the simulations using Mie lookup556

tables with large-scale snow water content being assigned to SNOW CLOUD. In case of clear557

sky simulations, all clouds were excluded in the calculations by setting number of clouds558

in CRTM to zero. The top panel in Figure 5 shows the actual brightness temperatures559

and the lower panel shows the cloud signal calculated as cloud contaminated brightness560

temperatures minus clear-sky brightness temperatures. In this figure, both ICE CLOUD561

and IceSphere utilize the scattering properties of IceSphere but CRTM only consid-562

ers the lowest bin in lookup tables for ICE CLOUD. The cloud type shown as MIE:SNOW CLOUD563

uses the Mie lookup tables but all other simulations were performed using the ARTS DDA564

lookup tables.565

The measured or simulated brightness temperatures in the microwave spectrum in566

clear-sky are affected by surface emissivity, water vapor continuum, and a few distinct567

absorption bands including water vapor absorption bands at 22 GHz and 183 GHz, and568

oxygen absorption bands around 60 GHz and 118 GHz. It should be noted that Figure569
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5 is generated using a subset of very moist atmospheric profiles over the oceanic rain-570

bands of Irma. The shape of the spectrum can significantly vary if this figure is gener-571

ated using simulations from dry atmospheric profiles or profiles over land. Nevertheless572

in this specific case, water vapor absorption at 22 GHz helps to lift the weighting func-573

tions from the radiometrically cold surface of the ocean with a very low emissivity, there-574

fore causes the brightness temperatures for channels operating close to the water vapor575

absorption band at 23 GHz to be warmer than the brightness temperatures for adjacent576

frequencies. Both oxygen bands and water vapor absorption band at 183 GHz overall577

lower the brightness temperatures for corresponding channels. The weighting function578

for the channels operating near the center of the oxygen bands peak high in the atmo-579

sphere so that these channels are either insensitive to clouds or are not as sensitive to580

clouds as channels with the weighting functions peaking in the mid or lower troposphere.581

Figure 6 shows the spatial distribution of the differences between cloudy and clear-582

sky simulations performed using the ARTS lookup tables (the same simulations used in583

Figure 5 but not spatially averaged). The first row shows the difference between all-sky584

simulations and clear-sky simulations. The third to last rows show the differences be-585

tween simulations performed using individual cloud types and clear-sky simulations. All586

the simulations were conducted using the ARTS lookup tables, except for MIE-SC that587

used SNOW CLOUD from the Mie lookup tables and LIU08-SS that was conducted using588

the SectorSnowflake from the Liu08 lookup table. Note that the color-bars are in log-589

arithmic scale, red color showing emissions (when cloudy brightness temperatures are590

higher than the clear-sky simulations) and blue color showing scattering (cloud contam-591

inated brightness temperatures are colder than clear-sky simulations). The abbreviations592

used in Figure 6 are defined in Table 1.593

Figures 5 and 6 show that the frequencies below 90 GHz are mostly affected by emis-594

sion from RAIN CLOUD and WATER CLOUD, and frequencies above 90 GHz are mainly af-595

fected by scattering from frozen hydrometeors. Although, hail and graupel may, on av-596

erage, only introduce a few kelvin difference in brightness temperatures (Figure 5 ) but597

that is because the mass mixing ratios for convective snow clouds that are used to de-598

fine the water content profiles for hail and graupel (see Figure 6) are relatively low. The599

snow clouds (SectorSnowFlake and LargePlateAggregate) show a major depression in600

brightness temperatures both in Figure 5 and Figure 6. Both ICE CLOUD and IceSphere601

use the same water content profiles and ICE CLOUD also uses the scattering properties602
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from IceSphere in the ARTS lookup tables. The difference between the two is because603

of special treatment of CRTM for ICE CLOUD. This clearly shows that taking the low-604

est bins from the lookup tables for ICE CLOUD largely eliminates the scattering affect from605

the ice water content. Therefore, it is highly recommend to use IceSphere when run-606

ning CRTM with the ARTS DDA lookup tables.607

The Mie lookup tables show sensitivity to snow clouds (MIE-SC) all the way down608

to 10 GHz. In addition, unlike the DDA lookup tables for snow habits, the sensitivity609

to snow clouds does not substantially change above 130 GHz for the Mie lookup tables,610

except for the channels operating on the 183 GHz band, see Figure 5 . Figure 6 also in-611

cludes the SectorSnowflake from Liu08 database for the comparison between Liu08 and612

ARTS lookup tables. The scattering properties of SectorSnowflake from the Liu08 database613

(LIU08-SS) are almost identical to that of SectorSnowflake from ARTS. The same con-614

clusion also applies to the Flat3BulleteRosette showing that although ARTS and Liu08615

databases were generated using two different DDA packages, the results are independent616

of what package was used to generate the DDA single scattering properties.617

Rain introduces some noticeable emission for the lower frequency channels (espe-618

cially channel 1 to 4) as well as some minor emission (over the rainbands) and scatter-619

ing (near the core of the cyclone) for channel 16. Water clouds show a large emission sig-620

nal in simulated brightness temperatures for channels 1-4 and to a lower extent chan-621

nel 16. Water clouds also show some small scattering signals near the core of the cyclone.622

The scattering signal of all the clouds together (first row) show an emission signal for623

channels 1-4 and the outer rainbands of the cyclone for channel 16 and scattering sig-624

nal for channels 16 and above. They also show a scattering signal for channels near the625

oxygen absorption band at 60 GHz, but the effect diminishes for the channels operat-626

ing closer to the center of the band.627

6.4 Effect of Temperature Dependency and PSD on Simulations628

We generated the CRTM lookup tables for frozen habits using the fixed temper-629

ature of 260 K and Field 2007 PSD, which means that we do not model temperature de-630

pendencies of the optical properties or of the PSD. In order to explore the impact of PSD631

and also dropping any temperature dependence, we generated two new sets of lookup632

tables for frozen particles, one using a reference temperature of 240 K and Field et al.633

–25–



manuscript submitted to JGR: Atmospheres

Figure 5: The cloud signal as a function of frequency calculated using the ARTS DDA

database for different habits. The top panel shows the actual brightness temperatures

(Tb) simulated for specific habits/shapes and the lower panel shows the cloud signal

(∆Tb). The cloud signal is calculated as the cloudy simulations conducted using a single

habit/shape minus clear-sky brightness temperatures. The all-sky simulations (ALL-SKY)

shows the simulations conducted using an ensemble of clouds and MIE:SNOW CLOUD shows

the simulations using the Mie lookup tables for SNOW CLOUD
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Figure 6: Cloud signal estimated using the difference between simulated cloudy and

clear-sky brightness temperatures. The first row from the top shows the difference be-

tween all-sky and clear-sky simulations and the other rows show the difference between

simulations performed using individual clouds and clear-sky simulations. LIU08-SS and

MIE-SC indicate the simulations conducted using the Liu08 SectorSnowflake and the Mie

SNOW CLOUD, respectively. All other simulations were performed using the ARTS lookup

tables. The abbreviations for habits are included in Table 1. The ATMS channel numbers

are printed on the top of each column and the frequency of each channel is given within

the brackets in GHz (F0 is equal to 183.31 GHz). All the colorbars have a unit of Kelvin.
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(2007) PSD (hereafter refereed to as F240) and another set using the PSD used in the634

Geophysical Fluid Dynamics Laboratory (GFDL) cloud microphysics scheme (Zhou et635

al., 2022) and a reference temperature of 260 K (hereafter refereed to as G260). The orig-636

inal lookup tables were generated using a reference temperature of 260 K and Field et637

al. (2007) PSD (hereafter refereed to as F260). We then performed a new set of all-sky638

simulations similar to what was explained in Section 6.3 for a hyper-spectral microwave639

instrument.640

The top panel in Figure 7 shows the difference between F260 and F240 as a func-641

tion of frequency, which indicates the effect of temperature dependency of scattering prop-642

erties of frozen particles on simulated brightness temperatures. We only used the pro-643

files where sum of the snow and ice water contents was greater than zero. The differences644

are generally small, less than 0.5 K for most cases, but some of the profiles show a large645

difference up to 5 K for channels with a frequency above 120 GHz. The differences are646

also small for channels that are not too sensitive to the frozen hydrometeors, for instance647

channels near 183 GHz and 118 GHz with weighting functions peaking largely above the648

clouds. The lower panel in Figure 7 shows the difference in simulated brightness tem-649

peratures due to the choice of PSD (F260 - G260). The brightness temperatures sim-650

ulated using F260 are overall lower than those simulated using G260. The differences are651

overall less than 10 K for most cases but there are profiles where the differences can reach652

up to 65 K. Again the sensitivity is lower for the channels close to 118 GHz and 183 GHz653

where the weighting functions peak generally above the clouds.654

The cases with differences larger than 0.5 K for temperature dependency and 30655

K for the PSD dependency were identified to be the profiles located over the rainbands656

of Hurricane Irma with a mid tropospheric (500 hPa) temperature near the melting point657

(273 K). We selected 500 hPa temperature for analysis because most of the channels sen-658

sitive to frozen hydrometeors have a significant contribution from mid troposphere. Fur-659

ther analysis showed that the temperature dependency is very similar among the habits,660

but the PSD dependency largely depends on the habit selected to prescribe the snow wa-661

ter content in the simulations. For instance, the results for GemSnow showed little de-662

pendency on the choice of PSD and only for frequencies above 200 GHz.663
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Figure 7: Difference in simulated brightness temperatures due to the choice of reference

temperature or PSD used to generate the cloud lookup tables. The results are for all-sky

simulations with LargePlateAggregate being used to prescribe the snow water content.

Tb F260 and Tb F240 show the brightness temperatures simulated using lookup tables

generated using Field et al. (2007) PSD and a reference temperature of 260 and 240 K

respectively, and Tb G260 shows the brightness temperatures simulated using a refer-

ence temperature of 260 K and Zhou et al. (2022) PSD. The colorbars show number of

occurrences as a function of channels’ frequency.
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6.5 Simulated vs. Observed ATMS Measurements664

Figure 8 shows the CRTM simulated brightness temperatures using DDA and Mie665

cloud coefficients versus ATMS observed values over the rainbands of Hurricane Irma666

on September 7, 2017 at 18:00 UTC. Similar to what we explained in Section 6.3, the667

cloud water content values were assigned to corresponding default CRTM/ARTS habits,668

except for alternating the large-scale snow water content among different ARTS habits669

suitable for snow clouds. The habits shown in Figure 8 include LargePlateAggregate,670

LargeBlockAggregate, EvansSnowAggregate, and SectorSnowflake. All the simula-671

tions were performed using the ARTS lookup tables, except the last row (MIE-SC) that672

used SNOW CLOUD from the Mie lookup tables. The ARTS DDA simulations for channels673

1-8 largely perform better than the Mie simulations. As mentioned before, the weight-674

ing functions for some of the ATMS temperature sounding channels (channels 9-15) peak675

mostly above the clouds, therefore the brightness temperatures become less and less sen-676

sitive to clouds so that the results of both Mie and DDA become very similar (not shown).677

The Mie lookup tables generate excessive scattering for channels 1-8 and 16, but678

not enough scattering for the water vapor channels. In the specific case of Hurricane Irma,679

the ARTS lookup tables do not generate enough scattering for channel 16, but the ARTS680

results are much more consistent with observations for water vapor channels than for chan-681

nel 16. The simulations for LargePlateAggregate and SectorSnowflake look visually682

similar and closer to the ATMS observations than the simulations performed using EvansSnowAggregate.683

These results are consistent with Geer and Baordo (2014) who performed a similar study684

using RTTOV model and reported much larger negative biases for Mie simulations than685

for the DDA simulations at 37 GHz. This was attributed to the excessive scattering from686

frozen hydrometeors in the Mie simulations. They also reported that Mie calculations687

do not generate enough scattering for upper level ice and snow at 150 GHz (Geer & Baordo,688

2014). It should be noted that the choice of the snow habit that yields the best agree-689

ment with the observations depends on the NWP model that provides the input atmo-690

spheric and cloud profiles. Therefore, this analysis should be repeated for each NWP and691

data assimilation system.692

Although, the data assimilation communities employ statistics such as bias and stan-693

dard deviation to analyze observed minus simulated values, however as discussed in Geer694

and Baordo (2014), these statistics lead to so called ”double penalty” because the cur-695
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Figure 8: ATMS observed vs. CRTM simulated Tbs for Hurricane Irma, Sept 07, 2017

at 18 UTC, using IFS as input and different CRTM lookup tables. The simulations

were conducted using all cloud water content variables provided in IFS and default

CRTM/ARTS habits for all cloud types, except varying the habit used for large scale

snow water content. The first row in top panel shows ATMS observations and all other

rows show simulations performed using CRTM with either ARTS or Mie lookup tables.

The abbreviations for habits are included in Table 1. The ATMS channel numbers are

printed on the top of each column and the frequency of each channel is given within the

brackets in GHz (F0 is equal to 183.31 GHz). All the colorbars have a unit of Kelvin.
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rent NWP models cannot predict the clouds in local scales, thus relying on departures696

can be misleading. Another method that can be used to evaluate the differences between697

the observed and simulated brightness temperatures is using the frequency distributions.698

Geer and Baordo (2014) suggested the following statistical parameter, hereafter referred699

to as histograms discrepancy index (HDI), to evaluate the difference between the frequency700

distributions (when the bin population is zero, it is set to 0.1 to avoid infinity):701

Gi = 100

(∑
bins

∣∣∣∣log
#simulated

#observed

∣∣∣∣
)
/#bins observed (33)

Table 2 shows the HDI values calculated for both the domain of Hurricane Irma702

and cloudy global observations for some nominal ATMS channels and different CRTM703

cloud coefficient tables. Since there is no difference between the CRTM simulations for704

the clear-sky scenes, we have only used the profiles where vertically integrated cloud wa-705

ter content was greater than zero to calculate the HDI. Lower values implies better agree-706

ment between simulated and observed values. The DDA database substantially outper-707

forms the Mie database for channels 1-9 over both the domain of Irma and globally, ex-708

cept for channel 7 over the domain of Irma where Mie results are slightly better than the709

DDA results. These channels are mostly sensitive to water and rain clouds. The differ-710

ence between the DDA and Mie lookup tables is larger over the domain of Irma than the711

global domain. This is because of the presence of deep convective clouds over the rain-712

bands of Irma where the DDA performs much better than Mie, however fewer observa-713

tions are affected by the convective clouds over the global domain relative to the total714

number of cloudy scenes.715

The weighting functions for temperature sounding channels (channel 9-15) gener-716

ally peak above the clouds so these channels only in specific cases where clouds can reach717

upper troposphere may be impacted by clouds. Since the convective clouds induced by718

tropical cyclone can reach upper levels of troposphere, channels like 9 and 10 still show719

some sensitivity to upper level clouds. Therefore, there is no statistical difference between720

the DDA and Mie lookup tables for channel 9 in a global domain, but the DDA simu-721

lations are still in a better agreement with the observations than the Mie simulations over722

the domain of Irma. Channel 11 of ATMS is relatively insensitive to clouds so both the723

DDA and Mie lookup tables perform the same for this channel. The same conclusion ap-724

plies to channels 12-15 (not shown). The Mie simulations are more consistent with the725

observations from the ATMS channel 16 (88.2 GHz) than the DDA simulations especially726
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over the rainbands of Hurricane Irma. However, the DDA simulations are in a better agree-727

ment with the observations for channels 17 (165.5 GHz) and up which are sensitive to728

water vapor and frozen clouds.729

Overall, Flat3BulletRosette, SectorSnowflake, and Prependicular4BulleteRosette730

perform better than other DDA habits over the domain of Irma and the EvansSnowAggregate731

simulations show the least agreement with the observations especially for channels op-732

erating above 90 GHz. These habits are followed by LargePlateAggregate and SixBulleteRosette733

in terms of yielding best agreement with the observations. In a global domain, IconSnow,734

LargePlateAggregate, and SectorSnowflake show the best agreement with the obser-735

vations. In a global domain, EvansSnowAggregate, LargeBlockAggregate, and LargeColumnAggregate736

yield the least agreement with the ATMS observations. Overall except for a few cases,737

any DDA habit outperforms the Mie results. Channels below 82 GHz are not substan-738

tially impacted by the choice of snow habit especially in a global domain. However, the739

DDA lookup tables still perform much better than the Mie lookup tables for these chan-740

nels as well. PlateType1 shows a relatively large error for channel 2 compared with other741

habits, but this seems to be due to an artifact in the DDA lookup tables.742

The results are consistent with Geer (2021) who reported that LargePlateAggregate,743

and SectorSnowflake yield the best agreement with the observations using model pro-744

files from a similar version of the IFS forecast model but with the RTTOV-SCATT ra-745

diative transfer model and the tropical PSD of Field et al. (2007) for snow hydrometers.746

However, our results are not consistent with Fox (2020) who reported that LargeColumnAggregate747

yields the smallest root mean square of the differences between observed and simulated748

values using atmospheric profiles from a regional model and the F07 tropical PSD. In749

addition, unlike Fox (2020) who reported poor results for EightColumnAggregate, in our750

analysis EvansSnowAggregate yields the least agreement with observations over both751

global and Irma domains. However, both the input profiles and also the RT model used752

by Fox (2020) were different from what we have evaluated in this paper. Ekelund et al.753

(2020a) reported best agreement with GMI observations for LargeColumnAggregate and754

EvansSnowAggregate, but EvansSnowAggregate yields the least agreement in our anal-755

ysis over both Irma and global domains. The consistency between Geer (2021) and this756

study despite the fact that we have used different PSDs and radiative transfer models,757

CRTM uses a more sophisticated scattering solver (advanced doubling adding) than RT-758

TOV delta-Eddington, show that the input atmospheric and especially cloud water con-759
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tent profiles may still play the major role in the agreement between simulations and ob-760

servations.761

Since both sector snow flake and large plate aggregate perform well over both global762

and Irma domains, either can be used to define the snow hydrometeors in CRTM. How-763

ever, we recommend to define snow hydrometeors using LargePlateAggregate because764

LargePlateAggregate is a more physically realistic model of snow than the sector snow765

flake, which is overly smooth for high frequency radiative transfer. More precisely, large766

plate aggregate has justifiable features on smaller spatial scales, which may not matter767

at 183 GHz but might well give better results in the sub-mm spectral domain. Also, ag-768

gregate models appear to produce better results than pristine crystals for a range of re-769

mote measurements including triple-frequency radar signatures (e.g. Tyynela and von770

Lerber (2019)) and they reflect the prevalence of aggregates in midlatitude snowfall (e.g.771

Jiusto and Weickmann (1973)).772

7 Conclusions773

Radiative transfer models are extensively used for the assimilation of satellite ob-774

servations into NWP models as well as retrieving geophysical products from satellite mea-775

surements. CRTM is a community model developed by NOAA JCSDA and widely used776

for different purposes requiring RT calculations. CRTM requires bulk scattering lookup777

tables in order to perform all-sky RT calculations. However, the current lookup tables778

for microwave frequencies were generated based on the Mie theory by assuming spher-779

ical frozen particles. The scattering lookup tables generated using the DDA technique780

has shown to largely improve the RT scattering calculations in the MW region (Geer &781

Baordo, 2014). We discuss the implementation and validation of a DDA database that782

was originally developed for the ARTS RT model into CRTM. However, the ARTS database783

only provides single scattering properties of different habits, while CRTM requires bulk784

scattering properties. The CRTM cloud coefficients were previously generated based on785

the effective radius for representing the size of the particles. However, the effective ra-786

dius is not often included among the output fields by the NWP models, thus need to be787

estimated from other geophysical variables such as water content. Therefore, in addi-788

tion to calculating the CRTM bulk scattering properties from the DDA single scatter-789

ing database, the CRTM was also largely modified to use cloud water content (kg.m−3),790

instead of effective radius, for performing the interpolation over the mass of particles.791
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CRTM already requires water content as input, thus no extra variables are required for792

performing scattering calculations using the new ARTS DDA database.793

Although these results clearly show the advantage of the ARTS database over the794

Mie dataset, different error sources such as error in the observations, displacement of clouds795

in the IFS forecast, or errors in the input atmospheric and cloud profiles contribute to796

the differences between simulated and observed values. Aside from the improvements in797

the simulations shown throughout the paper, a major advantage of the new dataset is798

a large number of habits that can be used to tune the data assimilation systems to per-799

form well in different weather conditions. For instance, CRTM simulations conducted800

using the IFS short term forecast as input show that Sector Snowflake and LargePlateAggregate801

overall perform better than other DDA habits. However, similar to Ekelund et al. (2020a)802

who reported that no conclusive decision can be made in terms of best habit, we also found803

a large variation in the choice of best habit for different channels and also whether the804

histogram differences are calculated over the domain of Irma or globally. These recom-805

mended habits also likely depend on the atmospheric and cloud profiles used as input806

to the RT model. In addition, we selected the best PSD based on the renormalization807

factor but the results show that the simulated brightness temperatures largely depend808

on the PSD used to compute the bulk scattering properties. Therefore, we recommend809

that this analysis should be repeated for each NWP and data assimilation system for a810

large number of synoptic weather events. Other sources of errors in the RT all-sky cal-811

culations that were not investigated in this study include, the accuracy of scattering solvers,812

the plane parallel approximation, and also ignoring 3D structure of clouds and precip-813

itation in the RT calculations. However, these errors have been the subject of other stud-814

ies (McLinden & Bourassa, 2010; Barlakas et al., 2022; Hogan & Shonk, 2013). Addi-815

tionally, some of the advanced optimized scattering solvers implemented into CRTM are816

expected to have enough accuracy for the assimilation of satellite observations or other817

general remote sensing applications such as product retrieval (Bennartz & Greenwald,818

2011).819

Appendix A ARTS Scattering Parameters820

This section includes the extra figures for ARTS single scattering parameters and821

also CRTM mass scattering parameters computed using the ARTS scattering dataset.822
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Figure A1: Extinction, absorption, forwardscattering, and backscattering efficiencies for

different ARTS habits computed at a frequency of 183 GHz and a temperature of 260 K.

Both size parameter (X) and single scattering efficiencies (Q) are unitless.
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Figure A1: Continued.
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Figure A2: Mass extinction (ke) and absorption (ka) coefficients (both in m2kg−1) as

well as bulk single scattering albdeo (ωbulk), and asymmetry parameter (gbulk) (both unit-

less) for different habits calculated at 260 K. The legends for habits and frequencies are

applicable to all the depicts in the same group
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Figure A2: Continued.
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Figure A2: Continued.
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Appendix B Open Research823

CRTM is a community model publicly available from the JCSDA (Joint Center for824

Satellite Data Assimilation, 2020). ATMS data are available from NOAA CLASS (National825

Oceanic and Atmospheric Administration, 2017) and IFS data were provided by Geer826

(2022). The ARTS single scattering database is also publicly available at Zenodo (Ekelund827

et al., 2020c).828
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Table 1: List of the ARTS habits implemented into the new CRTM cloud coefficient. The

defaults for the CRTM common cloud types are also included in the end of the table. The

maximum values for the order of magnitude of renormalisation (Renorm) were calculated

based on the Field et al. (2007) mid-latitude PSD for frozen hydrometeors and the Abel

and Boutle (2012) PSD for liquid hdrometeors.

Id CRTM cloud name ARTS habit name Renorm Dmin Dmax

PT1 PlateType1 PlateType1 0.02409 13.2 10000.0

CT1 ColumnType1 ColumnType1 0.00963 14.4 10000.0

SBR SixBulletRosette 6BulletRosette 0.02391 15.6 10000.0

P4BR Perpendicular4 BulletRosette Perpendicular4BulletRosette 0.02555 18.0 10000.0

F3BR Flat3 BulletRosette Flat3BulletRosette 0.02674 19.9 10000.0

ICI IconCloudIce IconCloudIce 0.02311 12.9 10000.0

SS SectorSnowflake SectorSnowflake 0.26293 20.0 10238.0

ESA EvansSnowAggregate EvansSnowAggregate 0.02616 32.0 11755.3

ECA EightColumnAggregate 8ColumnAggregate 0.00165 19.4 9714.3

LPA LargePlateAggregate LargePlateAggregate 1.17367 349.1 22859.7

LCA LargeColumnAggregate LargeColumnAggregate 0.70131 368.4 19980.7

LBA LargeBlockAggregate LargeBlockAggregate 1.44166 348.6 21875.9

ISN IconSnow IconSnow 0.17836 120.0 19999.7

IH IconHail IconHail 0.09865 120.0 5349.1

GG GemGraupel GemGraupel 0.07473 120.0 6596.7

GS GemSnow GemSnow 0.12869 169.7 10458.6

GH GemHail GemHail 0.1083 120.0 5031.4

IS IceSphere IceSphere 0.00075 1.0 47354.0

LS LiquidSphere LiquidSphere 0.00063 1.0 47354.0

SC SNOW CLOUD LargePlateAggregate 1.17367 349.1 22859.7

GC GRAUPEL CLOUD GemGraupel 0.07473 120.0 6596.7

HC HAIL CLOUD GemHail 0.1083 120.0 5031.4

IC ICE CLOUD IceSphere 0.00075 1.0 47354.0

WC WATER CLOUD LiquidSphere 0.00063 1.0 47354.0

RC RAIN CLOUD LiquidSphere 0.00063 1.0 47354.0
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Table 2: Difference between observed and simulated values calculated using the statisti-

cal parameter suggested in Geer and Baordo (2014) to compare the histograms. The left

column shows the scattering database and particle shapes and the last column shows the

sum for all the channels. The abbreviations for habits are included in Table 1. The chan-

nel frequencies are given in GHz, f11 is equal to 57.290344±0.217 GHz and f0 is 183.31

GHz. The first group of statistics show the statistics for the domain of Irma with 2524

observations and the second group shows the statistics for the global domain with 26088

observations used to calculate the statistics.

Chan Num 1 2 3 4 5 7 9 11 16 17 18 19 20 21 22 Sum

Chan Freq 2
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f0
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1.
8

f0
±

1

ARTS-PT1 41 65 24 23 59 42 34 49 48 29 28 31 35 36 41 583

ARTS-CT1 41 53 24 21 66 40 34 49 49 30 29 28 37 35 41 578

ARTS-SBR 41 54 22 23 65 40 34 49 54 31 28 30 34 34 38 578

ARTS-P4BR 41 53 22 21 66 40 34 49 56 32 24 29 32 35 38 574

ARTS-F3BR 41 52 21 21 67 40 34 49 56 32 25 28 32 36 38 573

ARTS-ICI 41 52 23 24 64 42 34 49 50 28 28 32 34 37 43 583

ARTS-SS 41 53 23 23 67 40 34 49 49 28 28 28 34 37 41 574

ARTS-ESA 42 51 19 24 74 41 34 49 62 39 32 29 33 38 37 604

ARTS-ECA 44 52 24 23 62 42 33 49 47 31 26 30 35 39 44 579

ARTS-LPA 41 54 22 24 66 40 34 49 49 31 27 28 35 35 42 577

ARTS-LCA 41 52 21 21 69 40 34 49 59 37 25 28 32 39 37 585

ARTS-LBA 41 54 22 22 57 42 34 49 47 30 31 34 35 42 47 586

ARTS-ISN 41 53 23 23 67 40 34 49 52 31 28 29 34 34 41 578

MIE-SC 66 88 46 30 65 38 39 49 38 58 57 55 49 47 48 772

ARTS-PT1 23 64 20 23 20 14 13 12 20 26 21 22 25 31 33 368

ARTS-CT1 24 52 19 22 19 14 13 12 21 28 21 21 28 33 31 356

ARTS-SBR 24 52 19 22 18 14 13 12 21 34 24 24 27 30 31 364

ARTS-P4BR 24 52 19 23 19 14 13 12 21 34 21 24 29 29 32 364

ARTS-F3BR 24 52 18 23 20 14 13 12 21 33 21 22 27 29 29 358

ARTS-ICI 23 55 19 22 21 15 13 12 20 25 22 24 27 29 35 362

ARTS-SS 24 52 19 22 19 14 13 12 21 27 19 21 29 32 32 355

ARTS-ESA 24 52 16 22 18 14 13 12 21 41 28 23 29 32 31 377

ARTS-ECA 23 53 19 22 21 15 13 12 20 27 22 22 29 33 35 366

ARTS-LPA 24 53 19 22 18 14 13 12 21 28 18 23 29 29 31 354

ARTS-LCA 24 52 18 23 19 14 13 12 21 39 23 24 29 33 33 375

ARTS-LBA 23 53 19 23 20 15 13 12 20 25 25 23 30 33 39 373

ARTS-ISN 24 52 19 23 19 14 13 12 21 26 22 24 27 28 30 351

MIE-SC 36 86 30 43 28 16 13 12 19 63 68 66 59 55 53 646
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