Reply to referee #1

We thank Referes #1 for reviewing the ma nuscript a nd the valuable comments and suggestiors
which we address below. The responsesto the eferee comments are given in blue italic ketters.

General comments:

This paperdoes more than what is described inits title. A whole new approximation to 3D mdiative
trarefer (RT)inclkuds at sob rwavelkngths & introduced, going by the whimsica | ra me of IDEFAX
(InDEpendent column kbcal halFspher ApproXimation). it & ana ternative to the welk known 1CA
(Independent Column Approximation) with 3 extra pa mmeters to accomods te broken cloud fiekds.
However, even these approximate 30 RT modek are too cumbersome to use operationally due to their
brge mrameter spaces, hence look-up ta bles (LUTs), with 11 and 14 dimensions, respectively, for [CA

and IDEFAX. Therefore, theauthors invoke a neural net (MM} model trained to acce ke rate either 1CA or
IDEFAX.

Both the new (IDEFAX) and ol (ICA)approximations are tested against synthetic clouds and
okeervations using the NCAR Weather Research and Forecasting [WRF) model followed by detailed
computational 30 BT using the LMU MYSTIC code to estima te the intensity (Stokes 1) and polarized
(Stokes U and O) radia nces. The present application is for bw-lkevel miked-phase Arctic cloudsand the
simulated observationsa refor LMU' airbome specMACSsensor.

The research is newand timely, a nd the paper & well-written. In this reviewer's opinion, itcan ke
publehed in AMT after a reviion that addresses the following questions.

Specific comments:

The most innovative part of this work & the IDEFAX model described in Section 4 and va lida ted against
high-fidelity (W RFMYSTIC) vector 30 RT simulations in Section 6. That shoul be emphasized rather
thanthe (more and more common) NN implementations in the evieed title.
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radiz tive tronsfer in bw-level Arc tic mixed-phase clowds

Alzo, we hear about the ~5 orders-of-magnitude speedup of the NN modek compared to WY STIC.
However, the more releva nt speedup factors are IDEFAX or ICA vs MY STICand the MM implkementatiors
vs (LUT-based) IDEFAX and ICA. Please provide.

Thank you very much for noting that. We added approximate times for the different options. The final
computations were performed on our cluster which consists of @ number of different mochines with
unfortunately quite different computation times for the same tasks. Thus, only approximate comp ttation
times are given

| may have missed this, but we'd like to know exactly how many WRF rea lizations of the Arctic clouds
were used in the MM training. It feek like there & anly one, which | doukbt.



We used only one realization of WRF for the validotion of the IDEFAX ond plane-parallel ICA agoinst full
30 radiotive transfer simulk tions The neural networks were not troined with WERF simulations, but by
randomly sampling all input porame ters (summarized in Table 1) within their bounderies. Otherwise, the
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Lastly, doesthe new cloud fraction parameter not have an upper limit that is kess than unity? 78.5% for
hemispheres ona square artesian grid, or 81 4% for closely mcked hemispheres.

Yes, this is true, the cloud fraction hosan upper Tmit less than unity. We odded on edditional sentence
about thisto Section 4

Technical corrections:

p. 1, |.9: Remove 2nd coma.
Changed os sugge sted

p. 1, L. 25:either roughening and smoothing --= both mughening and smoothing
or--> either roughening orsmoothing

Changed as sugge sted

l. 30: most retrievals —> most opemtiora | retrievak

Changed os sugge sted

. 75: Word "used" E unnecessary.

Changed as sugge sted

. 111, and many timesafter this: 1000m —= 1000 m, with unbrea kablke space before unit

We odded o space between numbersand units throughout the poper.

Fig. 2 Would be beneficia [to show lines ofequa | scatteringangle here and in similar figures.

We odded scattering angles to Figures 2, § and & o5 suggested

l. 14 & Mesd either comas or m@renthesesar both in “radiances espective ly Sto kes vectors".
A [} Li L

Changed as sugge sted

. #71: Remove fist "the".
Changed os stigge sted

. 300, 1st sentence: Best to separate ch ses witha coma . Elsewheretoo, eg., often before "which"
(unkezz it should be "that").

Changed os sugge sted. SHllmissing comas will hopefully be corrected during typesetting
. 325, and el=ewhere: Referring to "real” clouds is miskading, Eetterto use "realistic"or "WRF".
"

Changed as sugge sted



Reply to referee #2

We thank Referes #2 for reviewing the manuscript a nd the valuable comments and suggestions
which we address below. The responses to the referee comments are given in blue ialic letters.

The paper by Weber et al. addresses a very important resea rch topic: the accurate a nd efficient
simulation of atmos phe ric radiation fields for complex clkoud scenarios [including polarisation).

Such radiative transfer models a re important for the interpretation of remote sensing measure ments
and forthe qua ntifiation of the atmospheric radiation budget. Sa far, usually 10 models are applied,

which assume horizontally homogenous atmospheric properties. For many scenarios, they can not
properly describe the atmospheric radiation fiekls.

The authors of this paper introduce a new method to describe the effects of 30 clouds wsing a simplified
parameteriza tion for 30 clouds (half spherical clouds). Moreover, they also deve loped a fast neural
network, which is trained on the simulstions using the half spherical cloud parameteriation. Both new
modek are evaluated against a full 30 radiative transfer model, and a (slight] improvement with respect
to the 10 cloud simulations was found.

The paper iz scientifically sound and within the scope of AMT. However, the writing & sometimes

confusing and has repetitions; ako some qua ntities are not clea rly defined (seea ko the minor points
below].

Afteraddressing my comments, the pa per might b2 published in ART.

Major comments:

1) While | zze the benefits of the choice of the half sphere concept, it stays unclear why the authors have
chosen this concept. The authars should motivate their choice and also discuss which athersimple
parameteriza tiore mig ht have been used irstead. They might alsa discuss which more sophisticated
concepts might be useful in improved future applica tions.
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We do not see o simple improvement of the method thot could be integrated soon in the future. To
further improve the resuts much more non-local information wo uld have to be inclwed. Additonal
parame ters hove to be chosen very carefully, moke the computotions more expensive, and the training of
e.g. a neuml network much more difficult. Especially the genemtion of training data wo uld be very

comp uta tona iy expensive. The reason for the seemingly small improvement between plone-parallel 1CA
and IDEFAX is explained below.

2) Several important aspects are notclear:

-are theclouds ina pixel represented by one halfspherical cloud (s stated in line &) or by a field of hka if
spherical clouds (as stated in line £3)7

The cloudsin o pixel are represented by o field of half-sphericol clouwds. Line Gand the folflowing sentence
together should make thisclear:

"However, every column isopproximated by an independent 20 holf-spherical doud instead of o plone -
paraliel homogeneo us cloud. The holf-spherical cloud is defined by the local coud surfoce orientation
anglesand embedded in o clowd field with o given clowd froction ™

-what iz the size ofone pixel? Does the size depend on the measurement propertiesa nd/or the grid of
the RTM simubtions?

The resolution of the rodiative tronsfer sim o fons was abo ut 10m similar to the speciA S
measurements, the WEF simulotions howe a resolution of 100m [see lines 84, 136). ifonother instrument
with o different resolwtion wowd be simuls ted, the pixel size would chonge occordingly. We odded
additional sentences o Section 2 and 4 to make thisclearer

&

“The radio tive transfer sim ulotions hove the some spotiol resolution of obout 10m os the meosurements.
“In this work, the pixel size wos obout 10m since this is the spatial resolwtion of the meosurementsof
spec AT, Forother opplications, the pixel size could be chosen differentiy. ©

3) The improvement of the new-methods over the 10 cloud approximation is rathersmall (Fig. 7} The
oo rrelation coefficient increases from 0.81 to 0.87 and from 0.85 to 0.8 6 respectively.

Withsucha small improvement, it remains unclkear why a usershoukd ke the effortand use the new-
methods instead of 10 cloud models.

The authors should explore, why the improve ment & so small, a nd which made! improve ments (sse my
first comment) could be applied to increase the agreement to the full 3D simubtions.

itis true thot the difference between the comela ion coefficientsis rother small However, the slope and
offset of the regression curves of IDEFAX are significantly closer o the dentity line ond viswally the resufts
in Figure Galso bok much better. The reoson for the small difference between the correlation coefficients
is, that all pixels including non-clowly pixels were used o creg te the scofter plots, compute the
correktion coefficients, and the regression lines. The cloud froction of the simulko ted observations was
howeveronly about 0.4. Pixels witho ut cloudsor only very small optical thickness values are represen ted
by the large number of pixels with very small reflec tivity in the scotter plots. They lead to increa sed
correkation coefficients in oll coses. Witho ut clowd s there is of course only o negligible inflvence of 30
radiative effec s due to 30 dowd geometry ond the differences between oll simula ions are small. If only
clowdy pixels are used to compute the correlotion coefficients, much krger improvements are obtoined.



The correlation coefficients for | for the plone-paraliel ICAand the IDEFAX are then 0.52 and 0.70,

respec tively, which is on improvement of obout S0%. For Q, the correlation coefficients are stll
comparably similar with 0.89 and 0.50 for cloudy pixelsonly. The smaller improvement for polarization
compared to the total intensity is however expected, aspolorization ismuch kssaffected by 30 rodiotive
effects. We odded onodditional discussion obo it this to Section 6.

“The difference of the correktion coefficients between the pkne-parallel ICA and the IDEFAX is relatively
small. The reason for this is, thot clear-sky pivels witho ut clo wds or with very small optical thickness
values were included in the onalysis. These pixelsare represented by the large number of pixels with
small reflectivity in Figure 7. The difference between the plane-parailel ICA, the IDEFAX, ond full 30
radiative tronsfer simuwlations for these pixels is small, leading to increased correla ion coefficients. If only
clowdy pixels are conside red, comela ion coefficients of 0.52 and 0.70 are obtained for B_lond 0.89and
0.90 for B_Q for the plane-paraliel ICA and the IDEFAX, respectively. The increase of the comrelation
coefficients for B_I for clowdy pixels is significant

Minor points:

-line 24/25: what & mea nt with roug hening or smoothening of the brightness field? Could you add a
suitable reference?

We added o reference os suggested.

-line 39: what iz meant here with ,high' and ,bw’ resolution? Could you give numbers; maybe add a
reference?

We added information about the spotiol re soflution from the reference Cometetol. 2010, which is
referred to in the sentence.

-line 55 what a e the wavekngth @ nges for the three channels? What is the spatial resclution? Flease
add this information.

We added more information about the instrument ond o reference.

-line B1: the forwa rd operator’ should ke introduced / defined; maybe a new sulsection could b=
inserted starting with line 617

in fine 61, o new paragmph is started. in addition, we odded additional information about the forward
ope m tor.

-line 103: what & meant with ;the domain viibk in the radiative transfer simuk tions?

(alzo forthe figure ca ption of Fig. &

The polarization-re solving comerasof specMACS hove o shightly sideward boking viewing geome try
along fight trock. The block dashed lines in Figure 1 justindicate the part of the cloud field from the WRF
simulations that is visible loter in the radiotive tronsfer simulationsin Sections 2 ond & The rodiotive
transfer simula tions were performed for an example obsenvation of speclACS.

The cloud field obtained from WEF is kbiger thon what is shown in Figure L Figure 1 shows only the
reflevant part for the mdiotive transfer simulo fons shown in Sections 3 and & We fried to reword the
sEntene.



-Fig. 3: the pixel size should ke gra phica lly indicated in the figure. Ea cloud ina pixel represented by one
half spherical cloud or by a field of half spherical clouds?

Figure 3 represents only one pixel and the pixel size con vary depending on the opplication (see answer to
comment 2 above). Every individual pixel isopprodmaoted by o field of holf-sphericol clo wls. We ooded
more detolls to Section 4 and tried to rewrite partsof itto maoke this more easily understondoble.

-Fig. 3 and text: what iz the procedure if one cloud covers several pisek?

The IDEFAX isbosed on the independent column appoximation. Hence, every pixel is tregted
independe ntly. 5o, it doesnot ma tier whe ther one doud covers sevem! meagsurement pixels or not. The
pixel that should be simula ted is in ony cose approximated by a field of half-spherical dloud s defined
through the properties of this pixel. This doud field is of cowrse internally mode up of many pixels in the
radiative tronsfer simuwlations. The internal grid size isindependent of the simulo ted pixel size.

We odded an explanation to Section 4 to make this clearer.

-Table 1and text: please ma ke clear forwhich area the cloud fraction defined ? Is thisdoneon a pixel
bazis, orfor a largerarea?

The cloud froction wos computed from the entire image using o cloud mosk since the clowd size and
distributionof clowls within the cloud field is relatively homogeneo ws. If the cloud froction/distribution of
clowds would be very varioble within on obsenvation, only o part of the observa tions surrounding every
conside red pixel showld be used to comp wte o coud froction We odded on odditional discussion:

“For the shown case, g single cloud froction wao s computed from the dloud mask for the entire
measurement range since the simuloted clowd field is comporably homogeneo us. For other cases with o
more inhomoge neo us distribution of clouds, only o subsection of the measurements surmunding the
considered pixel showld be used to comp wte the beol clowd froction for every simula ted pixel. The cloud
fraction defines the distonce between the half-spherical do wd representing the clowd ot the considered
pixel and the sumowunding holf-sphere s of the dfo ud field of the IDEFAX. Thus, the clhud froction shouwld
represent this overoge distonce.”



