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a b s t r a c t 

With the new generation of microwave instruments and, especially, the Ice Cloud Imager covering sub- 

millimeter frequencies, it is necessary to evaluate the performance of the operational Radiative Trans- 

fer model for TOVS (RTTOV). Thus, an intercomparison study has been conducted between RTTOV and 

the reference model ARTS (Atmospheric Radiative Transfer Simulator), with an emphasis on cloudy and 

precipitating conditions, covering frequencies between ≈ 53 . 6 and ≈ 664 . 0 GHz. Overall a rather good 

agreement is found between the δ-Eddington solution embedded in the scattering solver of RTTOV, 

RTTOV-SCATT, and the discrete ordinate solution embedded in ARTS. Under clear-sky conditions, given 

a consistent spectroscopy, the agreement is within 0.4 K over all frequencies considered. When idealized, 

homogeneous cloudy conditions are employed, the agreement is mostly ± 2 K; this range is exceeded 

only at high scattering conditions. However, the following weaknesses are identified: the δ-Eddington 

solution fails to produce deep enough brightness temperature depressions at increasingly high scatter- 

ing conditions and is not sufficient to capture the phase function structures at size parameters above 

2–3; conditions typically found at around 664.0 GHz. When realistic hydrometeor profiles are employed, 

δ-Eddington leads to a root mean squared error of 1 K, with individual errors between 0 and 4 K. Infre- 

quently, and in localized areas, larger discrepancies are identified, exceeding 10 K. However, these inaccu- 

racies stemming from the simplified physics of RTTOV-SCATT were found at least an order of magnitude 

smaller than the cloud and precipitation representation errors assigned in data assimilation. Thus, we 

support the use of RTTOV-SCATT at submillimeter frequencies for operational purposes. 

© 2022 Published by Elsevier Ltd. 
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. Introduction 

Nowadays, there is an increasing need for cost-effective radia- 

ive transfer simulations in complex scattering media. Microwave 

MW) frequencies are utilized not only for water vapor and tem- 

erature sounding but also for the retrieval of liquid and frozen 

ydrometeors from active and passive remote sensing techniques 

e.g., 1 ]. In addition, operational Numerical Weather Prediction 

NWP) centers have started to assimilate MW observations in 

ll-sky (clear, cloudy, and precipitating) conditions [2] . To high- 

ight, at the European Centre for Medium-Range Weather Forecasts 

ECMWF), the assimilation of MW radiances sensitive to humidity, 
∗ Corresponding author. 

E-mail address: vasileios.barlakas@chalmers.se (V. Barlakas). 

[

c

t

v

f

ttps://doi.org/10.1016/j.jqsrt.2022.108137 

022-4073/© 2022 Published by Elsevier Ltd. 
loud, and precipitation provides about 20% of all observation im- 

act on the forecasts [3] . 

The fundamental component of radiative transfer models 

RTMs) is the radiative transfer equation; it describes the prop- 

gation of radiation through absorbing, emitting, and scattering 

edia [e.g., 4 , 5 ]. The complexity of a RTM strongly depends on 

he type of media and application. While retrievals and data as- 

imilation (DA) in clear-sky conditions generally only require the 

onsideration of surface reflection (including polarization effects) 

nd absorption (and emission) by atmospheric gases in a one- 

imensional (1D) atmosphere, the effects of scattering must also 

e included when dealing with liquid and frozen hydrometeors 

5–7] . However, the representation of scattering substantially in- 

reases the challenges in RTMs [5,8,9] , especially when it comes 

o preferentially oriented hydrometeors. Such hydrometeors induce 

iewing-dependent scattering properties leading to polarization ef- 

ects [e.g., 10 , 11 , and references therein]. In the most complex 

https://doi.org/10.1016/j.jqsrt.2022.108137
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2022.108137&domain=pdf
mailto:vasileios.barlakas@chalmers.se
https://doi.org/10.1016/j.jqsrt.2022.108137
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ases, a three-dimensional (3D) vector RTM is required to account 

or horizontal and vertical inhomogeneities, including polarization. 

RTMs can be broadly divided into two classes, depending on 

hether they aim to be a reference or are aimed at time-critical 

perational applications such as retrievals and weather forecast- 

ng, where physical simplifications have to be made in order to 

mprove computational performance. In reference RTMs, the con- 

ribution of each absorption spectral line for all the atmospheric 

ases within an atmospheric profile is calculated [line-by-line cal- 

ulation, e.g., 12 , 13 ] and methods that nearly or fully resolve the

ngular dependence of the scattered radiation, e.g., discrete ordi- 

ate [DO, 14 ] and Monte Carlo [MC, e.g., 4 ] respectively, are con-

idered [15] . Although such models are the most accurate, they are 

enerally computationally unaffordable for DA and some satellite 

etrieval applications. 

The operational models achieve speed by employing 1D approx- 

mate absorption and scattering solutions and hence, they can be 

ubject to deficiencies [speed versus accuracy, 16 ]. In such RTMs, 

bsorption follows the band transmission method, i.e., the layer-to- 

pace transmission in a spectral band is parameterized by a set of 

re-calculated absorption coefficients and a set of predictors [e.g., 

ater vapor, temperature, 17 ]. In addition, far simpler represen- 

ations of the scattered radiation are employed, e.g., two-stream 

r δ-Eddington method [6,7,15] , while the polarization effects due 

o the orientation of non-spherical hydrometeors are usually ne- 

lected, since they substantially increase computational time [e.g., 

0 , 11 , 18 , and references therein]. Instead, only randomly oriented 

ydrometeors are employed, which are unable to reproduce the 

bserved polarization signatures [e.g., 10 , 19 ]; they induce only lim- 

ted polarization signal (up to about 1 K) in the MW and sub- 

illimeter part of the spectrum [10,11,19–24] . These hydromete- 

rs are characterized by no dichroism effect (the extinction cross 

ection for linear polarization is zero) and any induced polariza- 

ion is attributed to scattering effects [4,11,22,25] . Recently Galli- 

ani et al. [18] and Barlakas et al. [10] focused on developing em- 

irical schemes for representing the strong polarization effects of 

riented hydrometeors for conically scanning radiometers. How- 

ver, there is still work needed to generalize such schemes and 

o align them with a reference model description of polarization. 

ence, the current study excludes polarization. Further informa- 

ion on the differences between reference and operational models 

s given in Section 2 . 

During the past few decades, a number of studies focused on 

ssessing the accuracy of operational RTMs, including benchmark- 

ng exercises and intercomparisons against reference models. How- 

ver, the outcome of such exercises is not always clear. Operational 

nd reference RTMs can give deviating results for at least four rea- 

ons: 1. Simplified physics, 2. Discretization effects 3. Differences 

n static input data, and, 4. Implementation mistakes (bugs). The 

rst category is of special importance for calculations involving 

cattering, either by atmospheric particles or the surface. An issue 

alling into the second category is whether the RTM defines the 

tmosphere (water vapor, temperature, hydrometeor content, etc) 

s layer-mean or point values in addition to its vertical resolution. 

he third category concerns the absorption, scattering, and surface 

roperties that are frequently considered as part of the RTM (static 

nformation), but they are in fact normally coming from an inde- 

endent source and, hence, can relatively easily be replaced. 

There are several reasons to analyze the various sources of de- 

iations separately. Firstly, if not separated, a comparison gives a 

napshot of the status, but this information can quickly be out- 

ated (once, e.g., the static data are changed). This gives likely 

ague information on whether a model is accurate enough and any 

mplementation mistakes could be left undetected. The impact of 

he second and third category should in general be more clearly 

ssessed using a single RTM, simply by varying its settings or/and 
2 
nput. However, this requires detailed knowledge of the model. In 

ontrast, to investigate the different approximations in a fast model 

first category), the most straightforward choice would be to com- 

are it against a reference quality model, especially when the fast 

odel does not come with a more accurate solver. This study aims 

t exactly this, it compares a leading operational model, i.e., the 

cattering package of the Radiative Transfer for TIROS Operational 

ertical Sounder [RTTOV-SCATT, 6 , 26 ], with the reference model 

RTS [Atmospheric Radiative Transfer Simulator, 27–29 ] and fo- 

uses on identifying potential shortcomings due to the simplified 

hysics employed in the fast model; the other factors are kept at a 

ow impact level, by, e.g., using as similar input gas and hydrome- 

eor optical properties as possible. 

Formerly, the attention of most studies was given to radiative 

ransfer in clear-sky conditions and frequencies below 190.31 GHz 

e.g., 12 , 13 , 30 ]. Overall, the agreement between the reference and

perational RTMs was in the range from 0.3 to 2 K and was mostly 

ttributed to differences in static input data (e.g., spectroscopy). 

arger deviations up to about 5 K were also reported over dry (and 

levated) areas, but they were linked to limitations of the band 

ransmission method in the operational RTMs. 

As the need for operational RTMs that consider scattering in- 

reases, so does the need to extend such studies to cloudy and 

recipitating conditions. Evans and Stephens [31] and Kummerow 

32] were among the first who investigated the performance of 

he fast two-stream Eddington approximation (without δ-scaling) 

gainst more accurate, but computational expensive multi-stream 

ethods. Evans and Stephens [31] focused on low frequencies 

19.35–85.5 GHz) and used as a reference an eight-stream DO 

ethod; generally, the Eddington solution was accurate in weak 

r heavy scattering conditions. However, in intermediate scattering 

onditions, the Eddington solution was too warm by up to 8.5 K. 

imilar are the findings of Kummerow [32] at a wider frequency 

ange (6.6–183.0 GHz). Overall, the differences between the two 

ethods were rather small; up to 6 K (3 K) for simplistic homo- 

eneous (realistic inhomogeneous) layers of liquid and frozen hy- 

rometeors. On another study, Liu [33] compared the Eddington 

ethod against a 32-stream steam DO method at two frequencies 

19.35 and 85.5 GHz) and reported differences up to 7 K. Smith 

t al. [34] intercompared nine RTMs, including fast methods, i.e., 

ddington with and without the δ-scaling for highly asymmetric 

hase functions [35] , DO, and MC, for simulations between 10.7 

nd 85.5 GHz. In summary, the simple Eddington solution led to 

he largest deviations (up to 8 K) compared to the most accurate 

olutions (DO and MC), with the deviations dominating at high 

requencies. However, when δ-scaling was applied, the deviations 

ever exceeded 2.5 K. At the same frequency range, Greenwald 

t al. [36] compared a two-stream successive order of scattering 

SOS) and a δ-Eddington method against a MC one. Under weak 

cattering conditions, both approximate methods yielded accurate 

esults. However, at increasingly high scattering conditions, the δ- 

ddington was found more effective (in both speed and accuracy) 

han the two-stream SOS; they led to errors up to 2 K and 3 K,

espectively. 

So far, most studies reported differences ranging from 0 to 9 K 

etween the Eddington and the DO method, with the inclusion 

f δ-scaling leading to better results. Following the high accuracy 

f the δ-Eddington method, Bauer et al. [6] developed RTTOV- 

CATT for NWP applications at ECMWF. Its performance was tested 

gainst a nine-stream doubling-adding model over all channels of 

he Special Sensor Microwave Imager Sounder (SSMIS), i.e., fre- 

uencies ≈ 19 . 0 –190.0 GHz and the agreement was between 0.5 

nd 1 K. 

In all the above studies, the issue under scrutiny was the ra- 

iative transfer in frequencies up to about 190.0 GHz. Only Kim 

t al. [37] extended the intercomparison to submillimeter frequen- 
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ies. They compared the Eddington (with and without δ-scaling) 

nd MC methods for simulations between 89.0 and 340.0 GHz on 

hree cloudy and precipitating profiles. Both Eddington solutions 

eproduced the MC results with adequate accuracy; errors were 

bout ± 2 K, with the δ-scaling solution being marginally more ac- 

urate. 

Although the work of Kim et al. [37] is a pioneering one, i.e., 

t stretches such studies to submillimeter frequencies, it is still in- 

omplete: it is based on just three profiles and, more importantly, 

t considered only spherical hydrometeors. Over the last decade, 

he use of non-spherical shapes has become typical in most RTMs 

argeting the MW [e.g., 38 ] and this has greatly improved the ac- 

uracy of simulations at higher frequencies. Frozen hydrometeors 

elevant to submillimeter radiative transfer are described by non- 

pherical shapes and high single scattering albedos, complicating 

adiative transfer; their interaction with radiation is mostly gov- 

rned by scattering. Furthermore, with the upcoming Ice Cloud Im- 

ger (ICI) mission [39] with frequencies between 183.31 GHz and 

68.0 GHz, there has been an ample emphasis on improving sim- 

lations at submillimeter frequencies [40] . Thus, the aim of this 

ork is to provide updated and more statistically robust quantifi- 

ation of the accuracy of fast models at higher microwave and sub- 

illimeter frequencies. 

To that end, we initiated an intercomparison between the refer- 

nce model ARTS and the latest version of the operational RTTOV- 

CATT [version 13.0, hereafter v13.0; 41 , 42 ] at MW and submil- 

imeter frequencies under simple and realistic all-sky conditions, 

ith a special emphasis on ICI. Herein, liquid and non-spherical 

ydrometeors characterized by total random orientation are uti- 

ized, while an underlying black surface is assumed. Accordingly, 

olarization is not considered. The aims of this study are to scru- 

inize the performance of the δ-Eddington approximation imple- 

ented in RTTOV-SCATT, to quantify the degree of agreement be- 

ween the models, and to establish benchmark results that could 

e used in many applications (studies of the observation error bud- 

et for DA). Hence this work could potentially improve the quality 

f the initial conditions for weather forecasting and ultimately im- 

rove the forecasts in two ways: either through better quantifica- 

ion of radiative transfer model uncertainty in the DA or, if short- 

omings are identified in RTTOV-SCATT v13.0 that can be subse- 

uently fixed, by bringing the quality of fast modelling closer to 

hat in reference models. 

. Radiative transfer models 

This section compiles the fundamentals of the RTMs used in 

his study. No attempt is conducted to describe the radiative trans- 

er equation or the various ways to derive its solution since they 

re comprehensively introduced in the literature [6,14,32] . Instead, 

e briefly comment on one of the key components that differenti- 

tes RTMs between operational and reference ones, i.e., the phase 

unction that describes the angular representation of the scattered 

adiation. The phase function is usually expressed for numerical 

urposes as a finite series of 2 N Legendre polynomials [14] : 

p(τ, cos �) ≈
2 N−1 ∑ 

l=0 

(2 l + 1) χl (τ ) P l ( cos �) , (1) 

here τ is the optical depth, � is the scattering angle, P l is the lth 

egendre polynomial, and χl is the lth expansion coefficient: 

l = 

1 

2 

∫ 1 

−1 

d( cos �) P l ( cos �) p(τ, cos �) . (2) 

he first moment of p is the so-called asymmetry parameter, g, 

.e., χ1 ≡ g. It is a measure of the preferred scattering direction or, 

n other words, a measure of the asymmetry of the angular rep- 

esentation of the scattered radiation; g ranges between −1 and 
3 
1 , with values close to −1 describing a preferred backscattering 

irection, values close to +1 a preferred forward scattering direc- 

ion, while values close to 0 denote more symmetric (including, 

ut not necessarily, isotropic) scattering [43] . The more anisotropic 

 phase function is, the higher the number of Legendre polynomial 

xpansion coefficients are required for its realistic representation. 

n stream-based models (based on DO), the number of streams 

ypically corresponds to the number of components of the phase 

unction [see Section 6.8.3 of 44 ], and can be adjusted if necessary. 

n the Eddington approximation, only the first two components of 

he phase function ( χ0 and χ1 ) are retained. 

.1. ARTS 

ARTS is an open source software package ( https:// 

adiativetransfer.org/ ) codeveloped by the Chalmers University 

f Technology and the University of Hamburg. It supports radiative 

ransfer simulations in the longwave (from IR to MW) for complex 

bsorption and scattering 1D, two-dimensional (2D), and 3D 

edia, including polarization and spherical geometry capabilities. 

he performance of ARTS has been demonstrated in a wide range 

f remote sensing applications [e.g., 8 , 9 , 29,45–47 ]. 

One of the main strengths of ARTS is its flexibility; it supports 

he derivation of the absorption (line-by-line calculation and nu- 

erous continua) and scattering coefficients. It offers not only a 

lear-sky solver but also various scattering solvers and the rep- 

esentation of sensor properties. In addition, the supplemental 

RTS scattering database [48] supplies single scattering proper- 

ies for a selection of more than 30 hydrometeor types covering 

 large size range and frequencies between 1.0 and 886.4 GHz. 

erein, ARTS version 2.5.0 is used and the interface to the DIS- 

RT [Discrete Ordinates Radiative Transfer Program for a Multi- 

ayered Plane-Parallel Medium, 14 ] scattering solver is employed. 

DISORT provides the radiation field from a scalar 1D solution 

ssuming a plane-parallel atmosphere and a Lambertian surface. 

he DO method comprises a Fourier decomposition of the radiative 

ransfer equation and discretizes it into 2 N number of streams, i.e., 

he 2 N-stream approximation, by means of the Gaussian quadra- 

ure rule [14,32] . The number of streams describes the actual num- 

er of polar angles internally considered for the scattering solution. 

n other words, the number of streams specifies the angular reso- 

ution, hence the accuracy, of the scattering solution and coincides 

ith the number of Legendre polynomial expansion coefficients 

hat represents the phase function (see Eqs. 1 and 2 ). For details on 

he DO method and DISORT, the reader is referred to Kummerow 

32] , Stamnes et al. [14] , Thomas and Stamnes [44] . In this study,

o ensure accurate simulations in case of irregularly shaped phase 

unctions with a strong forward peak, 36 streams have been em- 

loyed. In addition, the forward peak is replaced by a δ-function 

35] . 

.2. RTTOV-SCATT 

RTTOV [26] is employed by weather centres worldwide for the 

ssimilation of satellite observations; for example, it is the for- 

ard operator for satellite radiances in the Integrated Forecast Sys- 

em (IFS) at ECMWF. Multiple scattering due to liquid and frozen 

ydrometeors in the MW and submillimiter is not supported by 

he main RTTOV package; it is instead handled by a wrapper pro- 

ramme, i.e., RTTOV-SCATT [6] that was developed within the EU- 

ETSAT NWP Satellite Application Facility (NWP SAF). Here, we 

tilize RTTOV version 13.0 (v13.0) that was recently released [42] . 

RTTOV-SCATT handles multiple scattering by applying the δ- 

ddington approximation [6,32,35] . This is similar to a standard 

wo-stream solution, but instead of considering isotropic upward 

https://radiativetransfer.org/
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nd downward radiance streams, it expands the radiance as a two- 

erm linear function of zenith angle [see Section 19.20.43 of 44 , 

or a comparison of two-stream and Eddington solutions]. Sim- 

larly, the phase function retains only the first two terms from 

q. (1) , which leads to the Eddington phase function [35] : 

p E ( cos �) = 1 + 3 g cos �. (3) 

uch a phase function is not sufficient to describe the angular 

istribution of the scattering direction for phase functions with a 

trong forward peak. To improve the situation, the δ-scaling is also 

mployed: 

p δE ( cos �) = 2 fδ(1 − cos �) + (1 − f )(1 + 3 g ′ cos �) . (4)

utting this into the Eddington radiative transfer equations, the 

orward scattering peak is folded into the unscattered terms, so 

hat effectively there is no change to the equations, just to the op- 

ical properties. The coefficients f and g ′ are determined by ensur- 

ng that p δE ( cos �) is correctly normalised, that its first moment 

s equal to g and that its second moment is consistent with that 

f the Henyey-Greenstein phase function. To apply the new phase 

unction in an existing Eddington solver is just a matter of replac- 

ng the layer bulk (gas + scattering) optical properties, i.e., g, sin- 

le scattering albedo ω, and extinction coefficient k ext with the δ- 

caled counterparts: 

 

′ = 

g 

1 + g 
, ω 

′ = 

(1 − g 2 ) ω 

1 − ωg 2 
, k ′ ext = (1 − ωg 2 ) k ext , (5)

nd for clarity, that means the phase function used in the equa- 

ions is thus [35] : 

p δE ( cos �) = 1 + 3 g ′ cos �. (6) 

ote here that δ-scaling is applied to the bulk optical properties. 

TTOV-SCATT is supplied with the single scattering properties per 

emperature, hydrometeor type (cloud water, rain, large scale and 

onvective snow, and cloud ice) and water content, and frequency 

ia lookup tables. Then, the hydrometeor table generator embed- 

ed within RTTOV [41] produces the bulk properties by integrat- 

ng the single scattering counterparts over a particle size distribu- 

ion (PSD). RTTOV v13.0 offers a variety of PSDs and single scat- 

ering data, i.e., Mie spheres, the Liu [51] database, and the ARTS 

atabase. Gas absorption is supplied by the core RTTOV, which fol- 

ows the band transmission method from regression tables driven 

y atmospheric predictors [e.g., water vapor, temperature, 26 , 52 ]. 

The representation of radiance as a linear function of zenith an- 

le within the δ-Eddington solver is not accurate enough to simu- 

ate satellite-observed radiances. Instead, the δ-Eddington solution 

s used to provide the source terms for a final integration of the ra- 

iative transfer equation along the line of sight. This “source term 

ethod” [e.g., 6 , 44 ] helps explain how such a simplified scattering 

olution can provide reasonably accurate results when compared 

o observations or reference models. 

Although the δ-Eddington method is not able to account for 

he polarization effects, RTTOV-SCATT does offer a limited approx- 

mate solution for polarized scattering. Barlakas et al. [10] recently 

eveloped a scheme for approximating the orientation of ice hy- 

rometeors at fixed viewing geometries (50–55 °; conically scan- 

ing radiometers). For details of this scheme and its performance, 

he reader is referred to Barlakas et al. [10] . Currently, an effort is

nderway to extend this scheme to all viewing geometries (cross- 

rack scanners), towards a more complete representation of polar- 

zed scattering. However, since the current study excludes polar- 

zation, the RTTOV-SCATT polarization scheme is not used. 
4 
. Intercomparison interface 

In this study, a special effort has been conducted to achieve as 

uch consistency as possible between the models towards a fair 

ntercomparison. 

The vertical level-layer discretisations are different between 

TTOV-SCATT and the core RTTOV. This issue will be addressed 

n the future in RTTOV v14.0, but in the current study, much care 

as needed to set up an accurate intercomparison interface. The 

ertical discretisation of RTTOV-SCATT is illustrated in Appendix A . 

onstituent and hydrometeor amounts are given on “full” pressure 

evels, and they apply to a domain bounded by “half” pressure lev- 

ls; layer optical properties (such as the transmittance) apply to 

he layer formed between each pair of half-levels. Customarily, the 

op “half” level denotes the top of the atmosphere and the bottom 

half” level is the surface pressure. In the core (clear-sky) RTTOV, 

he half-levels are not used and transmittances are calculated for 

he “layers” between full pressure levels, essentially assuming that 

he layer is described by the average of properties (e.g., pressure, 

emperature, water vapor) given on the two bounding full pressure 

evels. 

Another issue we noticed in RTTOV was an internal inconsis- 

ency in the equations describing the balance between the atmo- 

pheric pressure and gravity, affecting the geometric thickness of 

ach atmospheric layer and hence the bulk optical properties. The 

lear-sky RTTOV calculation (and gas optical properties) assume 

ydrostatic equilibrium (HE) under humid conditions with an al- 

itude dependent gravity, while RTTOV-SCATT (and hydrometeor 

ptical properties) assume HE under dry conditions and a con- 

tant gravity with height. This issue will also be addressed in RT- 

OV v14.0, which will unify the RTTOV-SCATT and the main RT- 

OV solvers. In ARTS, such inconsistency does not exist, and the 

ser can select the type of equations that describe the vertical dis- 

retization. For the purpose of this study, we adopted a HE un- 

er humid conditions and an altitude dependent gravitation are as- 

umed. In addition, we removed the aforementioned RTTOV inter- 

al inconsistency by taking the bulk layer (gas + scattering) optical 

roperties from ARTS and feeding them into RTTOV-SCATT. 

This approach also addresses other sources of inconsistency in 

he bulk (gas + hydrometeor) optical properties. In both models, 

he clear-sky solvers supply the multiple scattering solvers with 

he gas layer extinction. Although there might be an excellent 

greement in the brightness temperature between the two models 

nder clear-sky conditions, differences in the gas extinction pro- 

les may still exist and propagate into the scattering solvers, lead- 

ng to a disagreement in the total k ext and ω. Inconsistencies can 

lso occur in the hydrometeor optical properties, even if the same 

nderlying single-particle scattering database and consistent mi- 

rophysical assumptions are used. For example, the choice of inte- 

ration method can have significant influence on the bulk scatter- 

ng properties [41] . Although all these sources of errors could be of 

esser importance for applications in cloudy and precipitating con- 

itions, it is essential to rule them out to focus specifically on the 

ssues owing to the simplified physics used in the fast RTMs. 

Further standardisation is made in the representation of the 

ub-grid variability of cloud (since RTTOV usually applies a 2- 

ndependent column effective cloud fraction approach to minimise 

eamfilling errors). To standardise with ARTS, the cloud fraction 

s set to 1 throughout. Further, a black surface (emissivity of 1.0) 

s imposed. This is justified because comparisons are mostly car- 

ied out in channels with less sensitivity to the surface, and/or at 

igher frequencies where even over ocean the surface emissivity is 

elatively high. 

To summarise, an interface has been constructed so that ARTS 

lear-sky simulations (”in-house” solver) are conducted at “half”

evels whereas ARTS cloudy and precipitating (DISORT) simulations 
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Table 1 

Channel characteristics of the Advanced Technology Microwave 

Sounder (ATMS) and the Ice Cloud Imager (ICI). Channels at 

≈ 243 . 2 GHz and ≈ 664 . 0 GHz measure both vertical and hor- 

izontal polarization (but note that given the intended lack of 

surface or hydrometeor polarization in the current setup, our 

simulations of these channels are identical). 

Frequency[GHz] Instrument and channel no. 

53 . 596 ± 0.115 ATMS-6 

88.200 ATMS-16 

165.500 ATMS-17 

183 . 310 ± 7.000 ICI-1 

183 . 310 ± 3.400 ICI-2 

183 . 310 ± 2.000 ICI-3 

243 . 200 ± 2.500 ICI-4, ICI-5 

325 . 150 ± 9.500 ICI-6 

325 . 150 ± 3.500 ICI-7 

325 . 150 ± 1.500 ICI-8 

448 . 0 0 0 ± 7.200 ICI-9 

448 . 0 0 0 ± 3.000 ICI-10 

448 . 0 0 0 ± 1.400 ICI-11 

664 . 0 0 0 ± 4.200 ICI-12, ICI-13 
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re conducted at “full” levels similar to RTTOV-SCATT. The interface 

inks the two models and supplies the (gas + scattering) optical 

roperties from ARTS into RTTOV-SCATT. In this way, not only do 

e ensure full consistency in the bulk properties, but we also avoid 

ny discrepancies owing to discretization effects and/or internal 

nconsistencies. Note here that this link in the optical properties 

etween the models occurs only for simulations over cloudy and 

recipitating conditions. Over clear-sky conditions, the two mod- 

ls employ their own gas absorption properties to allow an assess- 

ent of the absorption method (band transmission versus line-by- 

ine). 

. Simulated sensor radiances 

This is an all-sky intercomparison study, with a focus on cloudy 

nd precipitating conditions. Accordingly, simulations are con- 

ucted for frequencies that are sensitive to liquid and frozen hy- 

rometeors. The frequency bands from the sensors considered in 

his study are listed in Table 1 . 

.1. Advanced technology microwave sounder (ATMS) 

The Advanced Technology Microwave Sounder (ATMS) is an 

cross-track sounder in a sun-synchronous orbit developed by 

he National Oceanic and Atmospheric Administration (NOAA). It 

onsists of 22 channels with frequencies from ≈ 23 . 0 GHz to ≈
90 . 0 GHz, with either horizontal or vertical quasi-polarization. 

erein, we conduct radiative transfer simulations for three chan- 

els of ATMS, channel nos. 6 ( 53 . 596 ± 0.115 GHz), 16 (88.2 GHz),

nd 17 (165.5 GHz); see Table 1 . Note here that there is a num-

er of instruments operating at the same or similar frequencies. 

or example, Advanced Microwave Sounding Unit-A (AMSU-A), SS- 

IS, and the Micro-Wave Temperature Sounder 2 (MWTS-2) op- 

rate at 53 . 596 ± 0.115 GHz, while Microwave Humidity Sounder 

MHS), Global Precipitation Measurement Microwave Imager (GMI), 

WTS-2, and the Advanced Microwave Scanning Radiometer- 

 (AMSR-2) are equipped with frequencies in the band 88.0–

2.0 GHz. Accordingly, the results presented here should be con- 

idered relevant to all these instruments. 

.2. Ice cloud imager (ICI) 

ICI is a conical scanner that will fly on board the Meteorolog- 

cal Operational Satellite-Second Generation (MetOp-SG) operated 

y European Organization of Meteorological Satellites (EUMETSAT) 

39] . The launch is expected in 2025. ICI will have a polar orbit 
5 
nd an earth incident angle of 53.1 °. It will operate at frequencies 

etween ≈ 183.31 GHz and ≈ 668.0 GHz, including dual polariza- 

ion channels and it will be the first operational instrument cover- 

ng the submillimeter part of the spectrum. Consequently, ICI will 

rovide further insight on small frozen hydrometeors and will im- 

rove their representation in NWP models [2] . Forward simulations 

re carried out for all ICI channels (see Table 1 ). Results for the 

owest frequency channels of ICI, i.e., ≈ 183.31 GHz should be con- 

idered relevant for all other instruments operating or will operate 

t about ≈ 183.31 GHz, e.g., MHS, MWHS2, ATMS, GMI, AMSR2, 

nd the upcoming Microwave Imager (MWI) mission, among oth- 

rs. 

. Intercomparison scenarios 

.1. Clear-sky scenario 

To evaluate the performance of RTTOV under clear-sky condi- 

ions in the MW and submillimeter part of the spectrum, the Fast 

adiative Signature Code (FASCOD) climatological database is em- 

loyed. This database consists of 5 atmospheric scenarios for dif- 

erent seasons and geographic locations, i.e., subarctic winter, sub- 

rctic summer, midlatitude winter, midlatitude summer, and tropi- 

al. Each scenario is characterized by 46-level atmosphere, contain- 

ng profiles of pressure, temperature, water vapor, nitrogen, oxy- 

en, and ozone, among others. Herein, these profiles have been in- 

erpolated in a finer resolution grid, resulting in 230 vertical lev- 

ls, with a vertical resolution ranging from about 100 m within 

he first 20 km, to about 20 0 0 m further up to about 80 km. For

onsistency, the default spectroscopy configuration of RTTOV has 

een employed [52] in both ARTS and RTTOV. Note here that the 

bsorption coefficients are sensor-specific; they are constructed on 

he basis of the band characteristics of each sensor. The Zeeman 

ffect in the case of oxygen was neglected. 

.2. Idealized cloudy scenarios 

The most simple scenario comprises an isothermal atmosphere 

270 K), following the vertical resolution described in the clear- 

ky scenario (see Section 5.1 ). The surface temperature is set to 

90 K. Gas absorption is neglected and the homogeneous multi- 

ayer clouds (rectangular), which are stretched between ≈ 9 and 

11 km, are designed in a fairly arbitrary way, but supplied with 

ealistic bulk optical properties. Simulations are conducted for a 

ontinuous range of earth incident angles ( θ = 0 –75 °), optical 

hicknesses ( τ = 0 . 01 –10) derived from k ext times the cloud geo- 

etrical extent, single scattering albedo ( ω = 0 . 1 –0.9), and asym- 

etry parameters ( g = 0 . 1 –0.6). Note here that the realistic frozen

ydrometeors from the ARTS scattering database have been em- 

loyed. In brief, we searched the entire database to identify hy- 

rometeor shapes (over different sizes and frequencies) with the 

ight combination of g and ω. In case a combination was not met, 

he single scattering properties (absorption and extinction cross- 

ection) have been adjusted, without violating the consistency of 

he scattering data. This is due to the fact that frozen hydromete- 

rs at frequencies above ≈ 190 . 0 GHz are characterized by high ω, 

aking it hard to find a size with low values of both g and ω (as 

t would be in presence of gas absorption). 

Although at the submillimeter and higher microwave frequen- 

ies under consideration, a ω value of 0.1 is not typical, it was 

ncluded in order to meet conditions with nearly no scattering. 

he upper value of ω is relevant mostly to the submillimeter 

requencies, and precisely the window channels of ICI at about 

43.2 and 664.0 GHz, where scattering prevails over gas absorp- 

ion. The asymmetry parameter, which describes the favored scat- 

ering direction, was selected so that it covers all hydrometeor 
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Fig. 1. Phase functions of non-spherical frozen hydrometeors from the ARTS scattering database compared to δ-Eddington phase function embedded in RTTOV-SCATT ( p δE ) 

as a function of the scattering angle. Results are presented for a selection of asymmetry parameter ( g) values at typical size parameter ( x ) conditions. 

t

f

f

e

d

(

t

x

w

a

t

s

r

l

s

r

i

A

d

e  

v

w

a

s

s

t

5

i

T

S  

b

e

i

i

e

l

i

i

w

i

l

i

a

R

a

i

6

c

f

a

T

d




N

(

c

N

b

s

a

6

o

i

w

c

f

a  

i

s

ypes (frozen and liquid) considered in the study. Note that, apart 

rom the use of optical properties that are relevant to (and sourced 

rom) different frequency ranges, these idealised simulations are 

ntirely independent of frequency. 

Figure 1 illustrates examples of various p of different frozen hy- 

rometeors from the ARTS scattering database compared to p δE 

see Eq. 6 ). Results are presented for a selection of g values and 

ypical size parameters: 

 = 

πD veq 

λ
, (7) 

here D veq is the volume-equivalent diameter of the hydrometeor, 

nd λ is the wavelength. 

To begin with, Fig. 1 shows that two or more p with a dis- 

inct shape can have the same g value. On the whole, p δE is rather 

mooth, and has lower forward and backward peaks compared to 

ealistic p. In general, the shape of p strongly depends on x . The 

arger x , the larger the forward peak. In the MW, hydrometeors are 

eldom large compared to the wavelength. Consequently, the cor- 

esponding p are rather isotropic, i.e., g ≈ 0 , or are characterized by 

ntermediate g values (below 0.4), with rather weak forward peaks. 

t such conditions, p δE does a fair job in reproducing the angular 

istribution of the scattering direction, i.e., the shape of p. 

However, in the submillimeter, hydrometeors can be large 

nough ( x > 2 ), p has a strong forward peak, while g can reach

alues between 0.5 and 0.6. Here, p δE completely misses the for- 

ard and backward peaks (by about an order of magnitude), and 

lso the special side scattering patterns that can occur at very large 

izes ( x above 5). The impact of these unresolved phase function 

tructures by p δE is addressed in detail in Section 6.2.1 . Note here 

hat p δE yields negative values for | g| > 0 . 5 . 

.3. Realistic cloud and precipitation scenarios 

For simulations over realistic scenarios in cloudy and precipitat- 

ng conditions, a set of profiles from the IFS has been considered. 

hey correspond to scenes at locations of the Atmospheric Infrared 

ounder (AIRS) for a 12 h period centred on 03 UTC on 1 Novem-

er 2018. This set of profiles resolves the atmosphere with 137 lev- 

ls from the surface up to the top of atmosphere at about 80 km, 

ncluding all the necessary atmospheric and surface information, 

.e., pressure, temperature, humidity, ozone, orography, among oth- 

rs. Furthermore, five hydrometeor types are included, i.e., rain, 
6 
arge-scale snow (snow; precipitating frozen hydrometeors in strat- 

form conditions), convective snow (graupel; frozen hydrometeors 

n deep convective conditions), cloud liquid water, and cloud ice 

ater. Simulations are conducted over a subset of profiles (64228 

n total) within ± 70 ◦ in latitude and −180 –0 ◦ in longitude; cloud 

iquid was ignored, since, at the frequencies under investigation, it 

s mostly considered as an absorbing species. The subset of profiles 

re illustrated in Fig. 2 . Herein, the default microphysical setup of 

TTOV-SCATT v13.0 was employed resulting from Geer [53] ; details 

re given in Table 2 . Absorption coefficients are calculated follow- 

ng the spectroscopy described in Turner et al. [52] . 

. Results and discussion 

Here we present results from both the clear-sky and all-sky 

omparisons. In presenting these results, “RTTOV” is used to re- 

er to the clear-sky RTTOV results in Section 6.1 and the cloudy 

nd precipitating results from RTTOV-SCATT in the other sections. 

hese latter results are mostly presented with regard to the hy- 

rometeor or, in other words the cloud impact: 

T B = T B , cloudy − T B , clear . (8) 

ote here that T B , cloudy comes from the RTTOV-SCATT and ARTS 

DISORT) setups described earlier, and T B , clear is computed from the 

lear-sky modules, i.e., the core RTTOV and ARTS “in-house” solver. 

ote that since we supply both scattering solvers with identical 

ulk (gas + scattering) properties, discrepancies in the clear-sky 

imulations can only impact the results through T B , clear in Eq. (8) , 

nd this impact is only minor (see Section 6.1 ). 

.1. Clear-sky scenario 

Figure 3 illustrates the agreement between ARTS and RTTOV 

ver all FASCOD profiles under clear-sky conditions. As described 

n Section 5.1 , these profiles use the relevant clear-sky modules 

ith consistent spectroscopic assumptions. For the three frequen- 

ies of ATMS considered in this study, a rather good agreement is 

ound between the models; the differences are about 0.15 K over 

ll θ ( Fig. 3 a-c). An exception is found at 165.5 GHz at increas-

ngly high θ values, where the differences can reach 0.35 K (in ab- 

olute values). The largest differences are found at the combina- 
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Fig. 2. Over the entire set of profiles: (a) mean in-cloud hydrometeor content and one standard deviation (shaded areas) for the four hydrometeor types considered in 

this study, i.e., graupel water content (gwc; grey), snow water content (swc; blue), ice water content (iwc, cyan), and rain water content (rwc; red) and corresponding 

hydrometeor water path, i.e., (b) graupel water path, (c) snow water path, (d) ice water path, and (e) rain water path. Gray areas denote no observations while white areas 

denote very low water path values. 

Table 2 

Default microphysical setup in RTTOV-SCATT v13.0: PSD denotes the particle size distribution, ciw is the cloud ice water, snow stands 

for large-scale snow, while graupel stands for the convective snow. D min and D max are the hydrometeor minimum and maximum sizes of 

the maximum diameter, and α and b comprise the coefficients of the mass-size relation that links the hydrometeor mass ( m ) to its size 

(maximum or geometric diameter; D ), i.e., m = α · D b . 

Type Hydrometeor type D min [m] D max [m] α b PSD 

rain Mie sphere 1.00e-4 1.00e-2 523.6 3.00 Marshall and Palmer [58] 

snow Large plate aggregate a [48] 1.62e-5 2.29e-2 0.21 2.26 Field et al. [59] tropical 

graupel Column type 1 [48] 1.44e-5 1.00e-2 0.0038 2.05 Field et al. [59] tropical 

ciw Large column aggregate a [48] 2.42e-5 2.00e-2 0.28 2.44 Petty and Huang [60] 

a The large plate aggregate and the large column aggregate are mixtures of two hydrometeors. The former (latter), below a size of 3.49e- 

04 m (3.68e-04 m), is complemented by the thick plate (long column) [48] to provide a full coverage in size. 

Fig. 3. For the FASCOD profiles, average clear-sky brightness temperature differences between ARTS and RTTOV, i.e., T B , ARTS − T B , RTTOV , as a function of the earth incident 

angle at (a) 53 . 596 ± 0 . 115 GHz, (b) 88.2 GHz, (c) 165.5 GHz, and over all channels of the Ice Cloud Imager (ICI) at its fixed earth incidence angle of θ = 53 . 1 °. Shaded areas 

denote the range of differences over all profiles. 
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ion of high theta and dry regions during winter time, i.e., midlati- 

ude winter and subarctic winter, in agreement with Buehler et al. 

 −0 . 26 –0.4 K, 12 ]. 

For this frequency range, this level of agreement is well within 

he confines of the expected spectroscopy error [52] and similar to 

he one reported by Kummerow [32] , i.e., 0.2 K, but better than 

he one reported by other studies [of about an order of magni- 

ude smaller than found by 30 , 13 ]. It is likely that the larger errors

eported in these studies are due to inconsistencies in the under- 

ying absorption configuration supplied by the participating RTMs; 
7 
r other inconsistencies such as the surface description or vertical 

iscretization. 

Similar is the agreement between the models for most ICI chan- 

els (see Fig. 3 b), except for the window channels at 243.2 GHz 

ICI-4 and ICI-5) and the strong water vapor channels at 448.0 GHz 

ICI-9–ICI-11). At these channels, the models differ by about 0.2 K 

nd between 0.2–0.4 K, respectively. Note here that the spec- 

roscopy at submillimetre wavelengths only recently got attention 

54] . Only Melsheimer et al. [55] conducted a study at this part 

f the spectrum, but solely reference RTMs participated. They re- 
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orted large errors ( ≈ 20 K); but they were subject to the different 

bsorption models used by the models. For details on the agree- 

ent between the two models over all frequencies and θ consid- 

red in this study, the reader is referred to Table C.4 in Appendix C .

n brief, in the frequency range between 183.31–664.0 GHz, the dif- 

erences between the models increase with increasing θ . This is 

ikely due to the fact that the opacity of the atmosphere increases 

t off-nadir viewing angles and so does the disagreement between 

he models. The internal consistency between clear-sky and scat- 

ering solvers under clear-sky conditions has been also tested. For 

etails, see Appendix B . 

.2. Idealized cloudy scenarios 

Figure 4 displays the differences in the cloud impact between 

RTS (DISORT; 
T B , ARTS ) and RTTOV ( δ-Eddington; 
T B , RTTOV ), i.e., 

T B , ARTS − 
T B , RTTOV , for the idealised cloudy scenarios described 

n Section 5.2 . The agreement between the models is to a large 

xtent within ± 2 K, in consistency with previous studies [31–34] . 

he main exception is limited areas that typically occur at high τ
alues, at increasingly high ω values ( ω > 0 . 6 ). 

At increasing values of ω, RTTOV tends to underestimate the 

imulated cloud impact ( Fig. 4 j–o). This is especially at high θ val- 

es. A better illustration is given in Fig. 5 . Above a τ value of about

–2, RTTOV fails to reproduce deep enough brightness temperature 

epressions: the ARTS results show that the cloud impact tends 

o a constant value with increasing τ , whereas the δ-Eddington in 

TTOV tends, incorrectly, to smaller cloud impact. This pattern is 

enerally more pronounced at higher θ values (not shown here); 

s θ increases, the underestimation occurs at lower τ values. An 

nderestimation of the cloud effect is often seen in RTTOV simula- 

ions, when compared to real microwave observations, particularly 

n deep convection [e.g. 10 , 53 ]. This pattern has been attributed 

oth to the IFS and the forward operator. However, at the high- 

st values of the cloud impact (above 90 K in absolute values), 

he underestimation compared to ARTS can reach 20–30 K, espe- 

ially where scattering dominates (see Fig. 5 c); at stronger scatter- 

ng conditions ( ω ≈ 0 . 9 ), the underestimation can be even higher. 

At intermediate values of τ , RTTOV overestimates the cloud 

mpact. Although of smaller magnitude (in absolute values) com- 

ared to the aforementioned underestimation in the cloud impact, 

t is linked to scattering conditions that are likely more frequently 

et in the atmosphere (medium-cloudy situations). Additionally, 

t shares the sign of the beam-filling error [8] , which could poten- 

ially increase the overall level of uncertainty. 

A further illustration of the differences between the two models 

s found in Fig. 6 ; it displays the relative error in the cloud impact,

ith ARTS being considered as the reference: 

D 
T B = 100 · 
T B , RTTOV − 
T B , ARTS 


T B , ARTS 

. (9) 

t follows that the discrepancies decrease for more isotropic phase 

unctions (roughly speaking, smaller g) and for smaller levels of 

bsorption. At small and intermediate scattering conditions, RTTOV 

an lead to a relative error in the cloud impact up to about ± 10 %

as in Fig. 4 , where the absolute discrepancies are small). However, 

t very high scattering conditions, especially at the highest earth 

ncident angles tested, it leads to errors that can be even larger 

han −30 %. 

.2.1. Impact of unresolved phase function structures 

As shown in Section 5.2 , p δE offers a poor representation of the 

pecial phase function structures that are found at large g values 

nd especially when x is above 2–3 (see Fig. 1 f). Herein, we in-

estigate the impact of these unresolved structures on the cloud 
8 
mpact. To address this, simulations are conducted for two g val- 

es (0.3 and 0.6), under the same bulk optical properties, with the 

nly degree of freedom being the size parameter x . 

In Figs. 7 (a) and 7 (c) we see the 
T B as simulated by RTTOV

nd ARTS, respectively. The underestimation in 
T B from RTTOV 

 Fig. 7 a) has already been discussed in Fig. 5 . Of interest here is

he consistency of 
T B as a function of x . Starting from RTTOV and

ig. 7 (b), a similar cloud impact is simulated for the low and high 

 at both g values; 
T B , x high 
− 
T B , x low 

is below 0.15 K over all τ

alues. This is attributed to the treatment of the phase function. 

n p δE , the angular distribution of the phase function is solely de- 

cribed by g (see Section 2.2 ). This means that the selection of x 

hould be of low importance, and two x values could result in sim- 

lar 
T B as long as they are characterized by the same g value (and 

ulk optical properties). Any minor differences in the 
T B between 

he sizes are due to minor differences in g; they differ at some dec- 

mal point. 

However, this is not the case when it comes to ARTS, where the 

O method employs a more explicit treatment of the phase func- 

ion, and hence, x matters (see Fig. 7 d). This is especially the case 

or g values between 0.5 and 0.6, conditions met at the highest fre- 

uency channels of ICI [see Fig. 1 in 41 ]. At such conditions, high x

alues lead to irregularly shaped phase functions, with strong for- 

ard peaks (see Fig. 1 f). In fact, ARTS results in Fig. 7 (d) imply that

p δE can lead to errors up to 4 K at high g values, depending on x .

his points to a shortcoming: although at low to intermediate g

alues (low x values), p δE is sufficient to capture the relative angu- 

ar distribution of the scattering direction [in agreement with pre- 

ious studies, e.g., 31 , 32 , 37 ], it will not be sufficient when it comes

o rather large frozen hydrometeors at submillimeter frequencies. 

.3. Realistic cloud and precipitation scenarios 

In this scenario, results are presented over all the realistic pro- 

les from the ECMWF IFS system, selecting only cloudy and pre- 

ipitating conditions; profiles with a cloud impact less than 1 K (in 

bsolute values) were excluded from the statistics. Figure 8 shows 

he level of agreement between ARTS and RTTOV. At 53 . 596 ±
 . 115 GHz and 165.5 GHz, RTTOV leads mostly to a small posi- 

ive bias (below 1 K) that increases with increasing θ ( Fig. 8 a and

ig. 8 b). At nadir ( Fig. 8 c), RTTOV underestimates the cloud im- 

act for all frequencies, but for ≈ 88 . 2 GHz. For the slant view, at

= 53 . 1 °, RTTOV systematically overestimates the cloud impact, 

xcept for ICI-11 ( 448 . 0 ± 1 . 40 GHz). Although the statistics over

ll profiles suggest a rather good agreement between the models 

accuracy of about 1 K), larger differences are found in particular 

onditions. For example, Fig. 9 highlights the agreement between 

he models at local scales. Differences reach 4 K or higher in the 

ntermediate cloudy and precipitating conditions found in midlat- 

tude frontal systems (where the cloud impact exceeds −50 K), 

nd are marginally smaller in tropical convective scenes. This is a 

omewhat different picture from the results reported in the previ- 

us section, where it is usually the most scattering situations that 

how the largest differences. Recall here that the idealized scenar- 

os have been constructed to highlight the conditions at which the 

-Eddington approximation becomes less accurate. In order to af- 

ect the simulations from realistic profiles, such conditions would 

eed to be met in a number of consecutive layers within the 

loudy/precipitating profile in order to have an impact, conditions 

hat may not often be met in realistic multilayer cloudy scenes 

 31,32 , also discussed this]. Further, realistic gas absorption is in- 

luded here, which significantly reduces the bulk single scattering 

lbedo in most channels, compared to a cloud-only situation. Fi- 

ally, the realistic simulations are conducted with cloud fraction 

qual to 1, i.e., ignoring sub-grid heterogeneity, and that may also 

educe the peak amount of scattering being simulated. Hence, the 
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Fig. 4. For the idealized cloudy scenarios, differences in the cloud impact between ARTS and RTTOV, i.e., 
T B , ARTS − 
T B , RTTOV , as a function of the earth incident angle and 

the cloud optical thickness for various values of the asymmetry parameter ( g) and the single scattering albedo ( ω). The black contours denote 
T B , ARTS , while the black 

vertical line highlights the earth incident angle of the Ice Cloud Imager (ICI). 

9 
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Fig. 5. For the idealized cloudy scenarios, cloud impact as simulated by ARTS (symbol “o”) and RTTOV (symbol “x”) as a function of the optical thickness. Results are 

presented for an earth incident angle of 53.1 ° at (a) g = 0 . 1 and ω = 0 . 1 , (b) g = 0 . 5 and ω = 0 . 1 , (c) g = 0 . 1 and ω = 0 . 8 , and (d) g = 0 . 5 and ω = 0 . 8 . 
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Table 3 

Parameters of the observation error model for channels close to 

those from ATMS and ICI. 

Channel g clear g cloudy c clear c cloudy 

53 . 596 ± 0 . 115 0.24 1.70 0.00 14.0 

88.200 5.00 14.0 0.00 14.0 

165.500 2.50 34.0 0.00 29.0 

183 . 310 ± 7 . 0 0 0 2.20 32.0 0.00 30.0 
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evel of agreement between ARTS and RTTOV is found better com- 

ared to the previous section. In addition, for frequencies that are 

ensitive to both liquid and frozen hydrometeors, there is an addi- 

ional compensation effect between errors in the representation of 

iquid and frozen hydrometeors that benefits the accuracy of RT- 

OV (see Appendix D ). 

The full set of statistics describing the differences in cloud im- 

act between the models, i.e., bias, 1 σ , and rmse, over all fre- 

uencies and θ values are tabulated in Table C.5 (frequencies be- 

ow 165.5 GHz) and Table C.6 (frequencies above 165.5 GHz) in 

ppendix C . Starting from the low frequencies, all metrics show an 

ncrease with increasing θ , with the lowest values reported for the 

owest frequency channel. For frequencies between ≈ 183 . 31 and 

664 . 0 GHz and θ values between 0 ° to about 15–25 °, RTTOV- 

CATT leads to a small negative bias. Furthermore, within this θ
ange, increasing θ reduces all metrics and leads to a better agree- 

ent between the two models. Further increasing θ and going to- 

ards slant view, the bias moves towards positive values and the 

greement between the models deteriorates (bias, 1 σ , and rmse) 

ver all channels. An exception is the frequency of 448 . 0 ± 1 . 4 , at

hich the bias is always negative (over all θ ). The largest disagree- 

ent between the models is generally seen at high θ values (above 

5 °) and the channels that are the least sensitive to gas absorp- 

ion, namely the two window channels of ICI and a frequency of 

25 . 15 ± 9 . 5 GHz. 

.4. Implications for data assimilation 

Data assimilation systems are not yet able to accurately predict 

loud and precipitation at the right location or with the right in- 

ensity, leading to discrepancies between observations and simu- 

ations [e.g., 10 , 38 ]. Although some of these errors come from the

ackground, and are partly corrected by DA, the biggest contribu- 

ion is thought to come from the lack of predictability of cloud 

nd precipitation on smaller (sub 100 km) scales over the assimi- 

ation window. In a strong-constraint assimilation system like the 

FS, these errors have to be represented as observation error [56] . 

ther errors that would normally be included in the observation 

rror model are the instrumental noise, any deficiencies in the fast 

perational RTMs, and representation error. But in the case of all- 

ky assimilation, these are usually assumed to be a secondary is- 

ue, and not explicitly represented. In this section, we compare the 

bservation error (OE) assigned in the all-sky assimilation system 

t ECMWF against the errors coming from the simplified physics of 

ts operational RTM, i.e., RTTOV-SCATT. 

Here we adopt the observation error model developed by Geer 

t al. [57] for MHS, with slight modifications for the current setup. 

irst, the impact of cloud and precipitation on the brightness tem- 

eratures, and on the observation error, is expected to depend 
10 
pon a “cloud predictor”, which is the scattering index (SI): 

I = 

(
T 88 . 2 

B , cloudy − T 165 . 5 
B , cloudy 

)
−

(
T 88 . 2 

B , clear − T 165 . 5 
B , clear 

)
. (10) 

his exploits the behaviour that scattering, and hence brightness 

emperature depression, is typically greater around 166.0 GHz than 

round 90.0 GHz. The second term in the equation corrects for 

ariations in the brightness temperature that are not due to scat- 

ering, primarily from the increase in water vapour absorption with 

requency, and a similar increase in ocean surface emissivity with 

requency; these effects are most important over ocean, so the 

econd term is small over land surfaces (and particularly in the 

urrent comparison, where we use a black surface). For simplic- 

ty [and in contrast to 57 ] we use the same formulation of SI over

and and ocean. To summarise, negative SI values are associated 

ith areas with predominantly rain rather than snow, small posi- 

ive SI values suggest weak scattering, while values above 40–50 K 

ndicate strong scattering conditions, i.e., deep convective systems. 

n DA, the observation error predictor is usually an average of ob- 

erved and simulated SI, a “symmetric” predictor [56] , but here it 

s just estimated from the simulated cloudy and clear-sky RTTOV 

 B and it is θ dependent. 
The observation model itself follows a piecewise quadratic for- 

ulation: 

= g clear ∈ SI ≤ c clear , 

 = g cloudy + 

(
g cloudy − g clear 

)
·
(

SI − c clear 

c cloudy − c clear 

)2 

∈ c clear < SI < c cloudy , 

= g cloudy ∈ SI ≥ c cloudy . 

(11) 

where g clear and g cloudy are the observation error in Kelvin in fully 

lear and fully cloudy/precipitating conditions (respectively), while 

 clear and c cloudy are the SI at the start and end points for the tran-

ition from clear to cloudy/precipitating conditions. Since there are 

s yet no all-sky observation error models for ATMS or ICI in the 

CMWF system, the coefficients for the observation error model 

ave been taken from the operational error models of the equiv- 

lent channels on the AMSU-A and MHS on board MetOp-SG-C. 

hese values are listed in Table 3 . 

A comparison of the observation error to the radiative trans- 

er error is depicted in Fig. 10 . Note here that in this section, 

e use the full dataset; profiles over clear-sky conditions are in- 

luded. Figure 10 (e) depicts the number of simulations in each bin 
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Fig. 6. As in Fig. 4 , but in case of the relative error in the cloud impact, with ARTS being the reference. 
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Fig. 7. For the idealized cloudy scenarios, cloud impact as simulated by (a) RTTOV and (c) ARTS, for two g values at two typical x values and, for a given g value, differences 

in the cloud impact between the high and low x values, i.e., 
T B , x high 
− 
T B , x low 

, as simulated by (b) RTTOV and (d) ARTS. 

Fig. 8. For the realistic cloud and precipitation scenarios, average deviation in cloud impact between ARTS and RTTOV, i.e., 
T B , ARTS − 
T B , RTTOV , as a function of the earth 

incident angle (a) at 53 . 596 ± 0 . 115 GHz (ATMS-6) and (b) at 165.5 GHz (ATMS-17), and over all channels (c) at 0 ° and (d) at 53.1 °. Shaded areas denote the one standard 

deviation. 
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which is the same over all frequencies); most of the simulations 

re linked to clear-sky and weakly cloudy conditions and are cen- 

ered around a SI value of 0 K. This is in line with the results of

eer et al. [57] , but on the basis of observations from MHS. Over

ll frequencies and both nadir and slant view, 1 σ is found smaller 

t low SI (clear-sky and weak scattering conditions) and larger at 

igh SI (strong scattering conditions), with 1 σ being larger in the 

lant view compared to nadir. At 53 . 596 ± 0 . 115 GHz, a very good

greement is found between ARTS and RTTOV for both θ over all 

cattering conditions, with the mean being close to the zero differ- 

nce line. However, this is no surprise considering the low sensi- 

ivity of this channel to cloud and precipitation. For the other fre- 

uencies, the disagreement between the models is higher, but the 

ean deviation never exceeds ± 2 . 5 K. Furthermore, in the slant 

iew, the mean deviation is generally positive, whereas at nadir it 
12 
s closer to zero and sometimes negative. This broadly corresponds 

ith the results shown earlier in Fig. 8 . Overall, the largest dis- 

repancies typically occur at the most intense convection (high SI) 

t nadir and in marginally weaker scattering (mid SI) in the slant 

iew. 

For the frequencies examined between 53 . 596 ± 0 . 115 and 

83 . 31 ± 7 . 0 GHz, it follows that the radiative transfer inaccura- 

ies due to the simplified physics of RTTOV-SCATT are typically at 

east an order of magnitude smaller than the assigned OE in the 

FS. From the point of view of the radiative transfer solver error, 

his supports the typical assumption made in all-sky DA that this 

s secondary to the predictability error [56] . Even in weak scatter- 

ng conditions where the bulk of MW observations are found, the 

E is always at least of one order of magnitude larger than the 

adiative transfer errors. 
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Fig. 9. For the realistic cloud and precipitation scenarios: (a) cloud impact as sim- 

ulated by ARTS (reference) and (b) differences in the cloud impact between ARTS 

and RTTOV, i.e., 
T B , ARTS − 
T B , RTTOV . Results are presented for the highest frequency 

channel of ICI, i.e., 664 . 0 ± 4 . 2 GHz, and an earth incident angle of 53.1 °. 
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Since ECMWF has not yet prescribed an observation error for 

CI frequencies above 183.0 GHz, the level of agreement is ex- 

ressed not in terms of SI, but in terms of the cloud impact of 

TTOV (in absolute values); see Fig. 11 . In this case, 1 σ follows 

imilar patterns as on the basis of SI, with the one at slant view

eing always larger than the one at nadir. At all frequencies, the 

lant view shows the largest mean deviation around 
T B of 50 K; 

ather than at higher values. Hence, this implies that the two mod- 
ig. 10. For the realistic cloud and precipitation scenarios, statistics describing the diffe

inned as a function of the scattering index (SI) for two earth incident angles, i.e., 0 °
65.5 GHz, and (d) 183 . 31 ± 7 . 0 GHz, while in (e) the number of simulations binned by S

re highlighted. Note here that in panels (b), (c), and (d) the observation error is divided 

13 
ls agree better in the most intense convective systems than in 

ess intense precipitating areas. However, this could be explained 

y the low number of observations found at extreme scattering 

onditions (see Fig. 11 d): the binning leads to small values of the 

ean error, but the 1 σ is increasing at increasing cloud impact 

see Fig. 11 c). Note that deviations larger than 10 K (in absolute 

nits) are identified in some situations when the deviations are 

iewed on a map (see Fig. 9 ). 

. Summary and conclusions 

An intercomparison study has been conducted between the op- 

rational model RTTOV (Radiative Transfer for TIROS Operational 

ertical Sounder) and the reference model ARTS (Atmospheric Ra- 

iative Transfer Simulator). Simulations have been carried out at 

icrowave (MW) and submillimeter frequencies under idealized 

nd realistic conditions, with a special emphasis on the frequen- 

ies of the upcoming Ice Cloud Imager (ICI) mission. The emphasis 

n the submillimeter, and the use of optical properties based on 

on-spherical models for frozen particles, brings new information 

ver previous studies. The results under realistic conditions along 

ith all the necessary input are available as benchmark for model 

evelopers. 

A limitation in the current study is the neglect of polarization. 

his was decided on the grounds of the assumed total random 

rientation nature of the liquid and frozen hydrometeors, which 

xhibit only limited polarization signals. Further, a black surface 

s imposed since simulations are conducted at channels with low 

urface sensitivity, and/or at higher frequencies where even over 

cean the surface emissivity is relatively high. Although RTTOV- 

CATT has an initial representation of polarization, not used in the 

urrent study, effort is underway to further extend RTTOV-SCATT 

o that it can approximate polarization effects owing to hydrom- 

teor orientation. Once finished, the subsequent step should be to 

xtend the current study towards polarization. 

Herein, a rather good agreement was found between ARTS and 

TTOV for all the test cases considered. Under clear-sky conditions, 

iven the consistent spectroscopy, the attained level of agree- 

ent between the models is within 0.15 K over most of the fre- 
rences in brightness temperature between ARTS and RTTOV, i.e., T B , ARTS − T B , RTTOV , 

(in blue) and 53.1 ° (in green): (a) at 53 . 596 ± 0 . 115 GHz (b) at 88.2 GHz, (c) at 

I is highlighted (same over all frequencies). In black, the applied observation errors 

by 10 to fit within the graph. 
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Fig. 11. For the realistic cloud and precipitation scenarios, statistics describing the differences in the cloud impact between ARTS and RTTOV, i.e., 
T B , ARTS − 
T B , RTTOV , 

binned as a function of the cloud impact ( 
T B in absolute values) for two earth incident angles, i.e., 0 ◦ (solid lines) and 53.1 ◦ (dashed lines): (a) at 183 . 31 ± 7 . 0 GHz, (b) 

at 325 . 15 ± 9 . 5 GHz, (c) at 664 . 0 ± 4 . 2 GHz, while in (c) the number of observations binned by the cloud impact is highlighted (same over all frequencies). 
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uencies under investigation, except for the channels centered at 

65.5 GHz (only at very high incident angles under dry condi- 

ions), 243.2 GHz, and at 448.0 GHz, where slightly larger disagree- 

ent was seen (up to 0.4 K). However, for cases in presence of 

louds and precipitation, notable deviations are found, which are 

ubject to, primarily, the phase function ( p) and the single scatter- 

ng albedo ( ω). 

Simulations over idealized homogeneous cloudy scenes have 

een carried out to reveal the conditions at which the δ-Eddington 

pproximation embedded in RTTOV-SCATT becomes less accurate. 

or the majority of situations, RTTOV-SCATT agrees with ARTS 

ithin ± 2 K. The main exception is limited areas that typically oc- 

ur at high optical thickness ( τ ) values, at increasingly high ω val- 

es ( ω > 0 . 6 ). The analysis pinpointed the following weaknesses of

TTOV-SCATT: First, it does not simulate deep enough brightness 

emperature depressions when ω is high. This occurs at interme- 

iate values of τ , with a small dependency on the earth incident 

ngle ( θ ). The higher the θ , the underestimation occurs at lower τ
alues. This defect lead to quite large errors (up to 30 K), especially 

n conditions where scattering dominates ( ω > 0 . 7 ). Second, the 

se of the δ-Eddington phase function is not sufficient to capture 

he phase function structures linked to size parameters ( x ) above 

–3 (asymmetry parameter g > 0 . 5 ). This holds true at the high-

st frequency channels of ICI, where hydrometeors can be large 

nough, leading to 0 . 5 < g < 0 . 6 . This is translated to an error that

an exceed 4 K (depending on θ ). All the same, these defects in 

TTOV-SCATT require further dedicated work. Other research could 

ocus on assessing other modeling uncertainties related to RTTOV- 

CATT, including sub-grid variability and three dimensional effects 

8] . 

For simulations in realistic conditions, the δ-Eddington solution 

eads to relatively small deviations ranging from 0 to 5 K (in abso- 

ute values). Infrequently, and in localised areas, larger discrepan- 

ies are identified, exceeding even 10 K. When quantified in terms 

f the bias, standard deviation ( 1 σ ) or root means square error 

rmse) over all cloudy and precipitating scenes, these errors are 

ypically smaller than 1 K. When binned as a function of scatter- 

ng index (SI) or cloud impact, these errors are still mostly less 

han 2 K. Where it is possible to make the comparison (for chan- 

els at 183.0 GHz and below), these errors are an order of mag- 

itude smaller than the observation errors assigned in data as- 

imilation (DA), which are dominated by cloud and precipitation 

islocation errors [56] . Geographically, the largest errors appear 

o be in midlatitude frontal areas rather than tropical deep con- 

ective systems. One implication is that radiative transfer errors 

ight be better quantified as a situation-dependent bias, rather 

han as a random observation error (they could be corrected as 

art of the fast model, perhaps using an empirical fit or machine- 

earned model). 

It is also striking that the realistic errors are much smaller 

han those for idealised clouds (particularly those with high op- 

ical depth) which can reach 30 K. One factor is that the presence 
14 
f gas absorption in the realistic profiles helps to reduce the single 

cattering albedo, putting the δ-Eddington in situations where it is 

ore accurate; another may be that the simulations used homo- 

eneous cloud scenes, rather than accounting for sub-grid variabil- 

ty (this was necessary to performing a fair comparison). We could 

lso speculate that, in the realistic scenarios, it is the range of dif- 

erent hydrometeor types contributing at different levels, with a 

ariety of optical properties and phase functions, that makes these 

cenes easier to simulate. A realistic mix of hydrometeor types 

t different vertical levels may implicitly create a smoother, less 

symmetric and more easily simulated “average” scattering phase 

unction; it may also have lower average single scattering albedo 

 32 , also discusses this]. 

During this work, a few minor implementation issues have been 

dentified within RTTOV. Although of low importance, in the sense 

hat their impact to the resulting brightness temperature is only 

econdary (about 0.4 K), it is essential to be rectified to maxi- 

ize accuracy. This includes inconsistencies between the clear-sky 

nd all-sky solver in RTTOV regarding the equations describing the 

ydrostatic equilibrium, and vertical discretisation. These aspects 

ill both be addressed in the future RTTOV version 14, which is 

lanned to unify the layering and geometric height calculations, 

n the RTTOV-SCATT levels and the moist hydrostatic equilibrium 

espectively. 

To conclude, the δ-Eddington approximation in RTTOV-SCATT is 

ound to simulate brightness temperatures with a quite good ac- 

uracy. The inaccuracies due to the simplified physics within the 

cattering solver are by far smaller than other errors, e.g., assumed 

bservation errors. To that end, we recommend the use of RTTOV- 

CATT at submillimeter frequencies. However, results should be 

reated with caution in conditions characterized by high values of 

and ω. 
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A

ted in Fig. A.12 . 

F Pf) and examples of the information content of the atmosphere, e.g., water vapor ( q ), 

t

A

s of the radiative transfer models (RTMs) under clear-sky conditions is 

h ere is an excellent agreement between RTTOV and RTTOV-SCATT; the 

d n ARTS; up to 60 ◦ (see Fig. B.13 b) over all frequencies considered in 

t at plane-parallel atmosphere and flat Earth assumptions embedded in 

D  K are yield at θ value of 75 ◦. 

F ion of the earth incident angle for the three frequencies of ATMS (Advanced Technology 

M RTS in-house clear-sky solver (ARTS-cs) vs. DISORT. Results are presented for the tropical 

F

A nd RTTOV-SCATT 

 RTTOV under clear-sky ( Table C.4 ) and cloudy/precipitating conditions 

(

ppendix A. Level-layer discretization 

The vertical level-layer discretisation in RTTOV-SCATT is illustra

ig. A.12. RTTOV full and half levels, displaying half and full level pressure (Ph, 

emperature ( T ), etc. 

ppendix B. Consistency of RTMs under clear-sky conditions 

The internal consistency between clear-sky and scattering solver

ighlighted in Fig. B.13 . Starting from the left panel in Fig. B.13 , th

ifferences never exceed ± 0.05 K. Similar is the agreement withi

his study (not shown here). At higher earth incident angles, the fl

ISORT lead to a small overestimation; differences up to about 0.3

ig. B.13. Clear-sky consistency between clear-sky and scattering solvers as a funct

icrowave Sounder) considered in this study: (a) RTTOV vs. RTTOV-SCATT and (b) A

ASCOD profile. 

ppendix C. Statistics describing the agreement between ARTS a

Statistical metrics describing the agreement between ARTS and

 Table C.5 and Table C.6 ). 
15 
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Table C.4 

For the FASCOD profiles, brightness temperature differences between ARTS and RTTOV, i.e., T B , ARTS − T B , RTTOV , for all earth incident angles and all channels considered in this 

study. 

Channel 

Earth incident angle [ ◦] 

0 5 10 15 20 25 30 35 40 45 50 53.1 55 60 65 70 75 

ATMS-6 −0 . 120 −0 . 118 −0 . 120 −0 . 123 −0 . 122 −0 . 125 −0 . 124 −0 . 145 −0 . 113 −0 . 122 −0 . 148 −0 . 134 −0 . 159 −0 . 133 −0 . 116 −0 . 112 −0 . 129 

ATMS-16 −0 . 017 −0 . 011 −0 . 017 −0 . 034 −0 . 035 −0 . 025 −0 . 030 −0 . 031 −0 . 029 −0 . 027 −0 . 036 −0 . 024 −0 . 037 −0 . 021 −0 . 017 −0 . 010 −0 . 023 

ATMS-17 −0 . 085 −0 . 084 −0 . 085 −0 . 089 −0 . 086 −0 . 085 −0 . 081 −0 . 081 −0 . 075 −0 . 067 −0 . 076 −0 . 065 −0 . 079 −0 . 054 −0 . 043 −0 . 031 −0 . 035 

ICI-1 −0 . 004 −0 . 008 −0 . 002 −0 . 019 −0 . 016 −0 . 013 −0 . 006 −0 . 009 0.017 0.017 −0 . 009 0.009 0.000 0.024 0.018 0.028 0.041 

ICI-2 −0 . 002 0.001 −0 . 002 0.006 0.008 0.014 0.000 0.001 0.011 0.024 0.017 0.034 0.010 0.034 0.051 0.088 0.119 

ICI-3 −0 . 026 −0 . 023 −0 . 024 −0 . 022 −0 . 025 −0 . 020 −0 . 011 −0 . 003 0.012 0.018 0.027 0.037 0.038 0.066 0.100 0.141 0.187 

ICI-4/5 0.066 0.075 0.070 0.077 0.080 0.089 +0 . 100 0.106 0.130 0.147 0.161 0.189 0.195 0.238 0.297 0.373 0.475 

ICI-6 −0 . 022 −0 . 016 −0 . 020 −0 . 016 −0 . 014 −0 . 013 −0 . 027 −0 . 024 −0 . 013 −0 . 011 −0 . 017 −0 . 006 −0 . 010 0.011 0.032 0.045 0.063 

ICI-7 0.020 0.024 0.005 0.009 0.010 0.008 0.010 0.010 0.033 0.035 0.033 0.043 0.037 0.057 0.087 0.112 0.150 

ICI-8 0.012 0.007 0.013 0.006 0.002 0.015 0.021 0.031 0.043 0.055 0.055 0.071 0.067 0.103 0.126 0.169 0.220 

ICI-9 0.161 0.160 0.162 0.158 0.168 0.165 0.176 0.177 0.193 0.202 0.204 0.215 0.218 0.246 0.268 0.301 0.341 

ICI-10 0.140 0.142 0.146 0.141 0.148 0.150 0.156 0.152 0.171 0.178 0.182 0.197 0.193 0.218 0.252 0.299 0.349 

ICI-11 0.331 0.335 0.334 0.326 0.335 0.332 0.345 0.343 0.355 0.367 0.369 0.382 0.379 0.410 0.447 0.487 0.543 

ICI-12/13 −0 . 064 −0 . 058 −0 . 063 −0 . 060 −0 . 057 −0 . 053 −0 . 050 −0 . 045 −0 . 031 −0 . 024 −0 . 025 −0 . 007 −0 . 016 0.011 0.040 0.065 0.095 

Table C.5 

For the cloudy and precipitating realistic profiles, metrics describing the differences in the cloud impact between the models, i.e., 
T B , ARTS − 
T B , RTTOV , over all earth incident 

angles ( θ ) on the basis of the Advanced Technology Microwave Sounder (ATMS). For each θ , the bias (top), the one standard deviation ( 1 σ ; middle), and the root mean 

square error (bottom) are given. 

Channels θ [ o ] 

0 05 10 15 20 25 30 35 40 45 50 53.1 55 60 65 70 75 

ATMS-6 bias −0 . 00 0.00 0.01 0.02 0.04 0.06 0.08 0.11 0.15 0.19 0.24 0.28 0.31 0.40 0.51 0.67 0.91 

1 σ 0.08 0.08 0.08 0.08 0.09 0.10 0.11 0.12 0.14 0.15 0.16 0.17 0.18 0.18 0.17 0.13 0.11 

rmse 0.08 0.08 0.08 0.09 0.10 0.11 0.13 0.17 0.20 0.25 0.29 0.33 0.36 0.44 0.54 0.68 0.91 

ATMS-16 bias 0.17 0.17 0.19 0.22 0.26 0.30 0.36 0.43 0.49 0.55 0.62 0.65 0.68 0.73 0.78 0.83 0.93 

1 σ 0.26 0.26 0.26 0.27 0.28 0.30 0.33 0.38 0.43 0.49 0.56 0.59 0.62 0.67 0.71 0.73 0.74 

rmse 0.31 0.31 0.32 0.34 0.38 0.43 0.49 0.57 0.65 0.74 0.83 0.88 0.92 0.99 1.05 1.11 1.18 

ATMS-17 bias −0 . 06 −0 . 05 −0 . 02 0.03 0.09 0.17 0.27 0.37 0.47 0.56 0.66 0.70 0.73 0.77 0.78 0.74 0.67 

1 σ 0.41 0.40 0.40 0.39 0.40 0.41 0.45 0.50 0.57 0.65 0.73 0.77 0.79 0.84 0.86 0.85 0.81 

rmse 0.41 0.41 0.40 0.40 0.41 0.45 0.52 0.62 0.74 0.86 0.98 1.04 1.08 1.14 1.16 1.13 1.05 

Table C.6 

As in Table C.5 , but on the basis of the Ice Cloud Imager (ICI). 

Channels θ [ o ] 

0 05 10 15 20 25 30 35 40 45 50 53.1 55 60 65 70 75 

ICI-1 bias −0 . 14 −0 . 13 −0 . 10 −0 . 05 0.02 0.10 0.19 0.29 0.39 0.49 0.58 0.63 0.65 0.69 0.70 0.65 0.58 

1 σ 0.29 0.28 0.28 0.28 0.30 0.32 0.37 0.44 0.52 0.60 0.69 0.73 0.76 0.81 0.82 0.78 0.68 

rmse 0.32 0.31 0.30 0.29 0.30 0.34 0.42 0.53 0.65 0.78 0.90 0.96 1.00 1.06 1.08 1.02 0.89 

ICI-2 bias −0 . 16 −0 . 16 −0 . 14 −0 . 10 −0 . 05 0.01 0.07 0.15 0.22 0.30 0.36 0.40 0.41 0.44 0.45 0.43 0.40 

1 σ 0.22 0.22 0.21 0.19 0.18 0.18 0.20 0.23 0.28 0.34 0.40 0.43 0.45 0.49 0.50 0.47 0.42 

rmse 0.27 0.27 0.25 0.22 0.19 0.18 0.21 0.28 0.36 0.45 0.54 0.59 0.61 0.66 0.67 0.64 0.58 

ICI-3 bias −0 . 17 −0 . 17 −0 . 15 −0 . 12 −0 . 09 −0 . 04 0.01 0.07 0.13 0.18 0.23 0.26 0.27 0.29 0.29 0.26 0.23 

1 σ 0.29 0.29 0.28 0.26 0.24 0.22 0.20 0.18 0.18 0.19 0.21 0.22 0.23 0.24 0.25 0.27 0.32 

rmse 0.34 0.34 0.32 0.29 0.26 0.23 0.20 0.20 0.22 0.26 0.31 0.34 0.35 0.38 0.38 0.37 0.39 

ICI-4/5 bias −0 . 28 −0 . 26 −0 . 23 −0 . 16 −0 . 08 0.02 0.13 0.26 0.37 0.48 0.56 0.59 0.60 0.57 0.45 0.20 −0 . 24 

1 σ 0.61 0.61 0.61 0.61 0.62 0.64 0.68 0.74 0.81 0.90 0.98 1.03 1.05 1.11 1.14 1.14 1.19 

rmse 0.67 0.66 0.65 0.63 0.63 0.64 0.70 0.79 0.90 1.02 1.13 1.19 1.21 1.25 1.22 1.16 1.21 

ICI-6 bias −0 . 30 −0 . 28 −0 . 24 −0 . 17 −0 . 07 0.05 0.18 0.33 0.47 0.61 0.72 0.77 0.79 0.79 0.68 0.41 −0 . 07 

1 σ 0.56 0.56 0.56 0.56 0.56 0.58 0.62 0.68 0.75 0.83 0.91 0.96 0.98 1.02 1.03 1.01 1.03 

rmse 0.64 0.63 0.61 0.58 0.57 0.58 0.64 0.75 0.88 1.03 1.16 1.23 1.26 1.29 1.24 1.09 1.03 

ICI-7 bias −0 . 37 −0 . 36 −0 . 32 −0 . 26 −0 . 18 −0 . 08 0.03 0.16 0.29 0.42 0.53 0.58 0.60 0.62 0.57 0.38 0.03 

1 σ 0.40 0.39 0.38 0.35 0.33 0.31 0.32 0.35 0.40 0.47 0.54 0.58 0.61 0.64 0.65 0.61 0.65 

rmse 0.54 0.53 0.49 0.44 0.38 0.32 0.32 0.38 0.49 0.63 0.76 0.82 0.85 0.90 0.86 0.72 0.65 

ICI-8 bias −0 . 33 −0 . 32 −0 . 30 −0 . 25 −0 . 19 −0 . 12 −0 . 03 0.06 0.16 0.25 0.33 0.37 0.39 0.41 0.37 0.23 −0 . 04 

1 σ 0.52 0.51 0.49 0.47 0.44 0.40 0.36 0.32 0.29 0.28 0.29 0.30 0.31 0.34 0.36 0.43 0.65 

rmse 0.61 0.60 0.58 0.53 0.48 0.41 0.36 0.32 0.33 0.38 0.44 0.48 0.50 0.53 0.52 0.49 0.65 

ICI-9 bias −0 . 61 −0 . 60 −0 . 56 −0 . 50 −0 . 43 −0 . 33 −0 . 22 −0 . 09 0.03 0.16 0.27 0.32 0.34 0.37 0.30 0.10 −0 . 34 

1 σ 0.42 0.42 0.40 0.38 0.35 0.32 0.30 0.31 0.33 0.38 0.44 0.47 0.49 0.53 0.54 0.54 0.68 

rmse 0.74 0.73 0.69 0.63 0.55 0.46 0.37 0.32 0.34 0.41 0.51 0.57 0.60 0.64 0.62 0.55 0.76 

ICI-10 bias −0 . 46 −0 . 45 −0 . 43 −0 . 38 −0 . 32 −0 . 25 −0 . 17 −0 . 07 0.03 0.12 0.21 0.25 0.27 0.28 0.24 0.09 −0 . 23 

1 σ 0.44 0.44 0.42 0.40 0.37 0.34 0.30 0.27 0.26 0.27 0.28 0.30 0.31 0.33 0.34 0.38 0.56 

rmse 0.64 0.63 0.60 0.55 0.49 0.42 0.34 0.28 0.26 0.29 0.35 0.39 0.41 0.43 0.42 0.39 0.60 

ICI-11 bias −0 . 57 −0 . 57 −0 . 54 −0 . 51 −0 . 46 −0 . 40 −0 . 33 −0 . 26 −0 . 19 −0 . 12 −0 . 06 −0 . 04 −0 . 03 −0 . 03 −0 . 09 −0 . 23 −0 . 49 

1 σ 0.50 0.49 0.48 0.45 0.42 0.38 0.34 0.30 0.26 0.23 0.22 0.22 0.22 0.23 0.26 0.37 0.66 

rmse 0.76 0.75 0.72 0.68 0.62 0.55 0.48 0.39 0.32 0.26 0.23 0.23 0.23 0.24 0.28 0.43 0.82 

ICI- 

12/13 

bias −0 . 27 −0 . 26 −0 . 21 −0 . 14 −0 . 04 0.09 0.23 0.39 0.55 0.70 0.83 0.88 0.91 0.89 0.73 0.35 −0 . 41 

1 σ 0.51 0.51 0.51 0.51 0.52 0.54 0.57 0.62 0.67 0.74 0.80 0.84 0.86 0.89 0.90 0.92 1.11 

rmse 0.58 0.57 0.56 0.53 0.52 0.55 0.62 0.73 0.87 1.02 1.16 1.22 1.25 1.26 1.16 0.98 1.18 
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ppendix D. Error compensation at low frequencies 

Figure D.14 (a) displays the vertical distribution of the water co

 heavy precipitating profile from the Integrated Forecast System

ifferences in the cloud impact between ARTS and RTTOV resulting

ydrometeor types. Results are presented at 88.2 GHz. 

ig. D.14. For a heavy cloudy and precipitating profile: (a) hydrometeor content fo

ray), snow water content (swc; blue), ice water content (iwc; cyan), and rain wat

.e., 
T B , ARTS − 
T B , RTTOV , at ATMS-16 (88.2 GHz) for the corresponding graupel-, sno

For interpretation of the references to colour in this figure legend, the reader is ref

One can clearly see that RTTOV, on the one hand, systematical

rs, but on the other hand, overestimates the cloud impact in pr

ydrometeor types (black line), the combined effect of frozen and 

onclude that, for frequencies between ≈ 88 . 0 –92.0 GHz, the erro

maller overall bias. 

esearch data 

The results under realistic conditions along with all the necess

enodo.5903035 ) to be used as benchmark for model developers. 
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