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Abstract. To accurately estimate outgoing top-of-atmosphere (TOA) shortwave (SW) fluxes from measurements of broadband
radiances, angular distribution models (ADMs) are necessary. ADMs rely on radiance-predicting models that are trained on
hemispherically-resolved CERES TOA radiance observations. The estimation of SW fluxes is particularly challenging for
cloudy skies due to clouds’ anisotropy, which substantially varies with their optical properties for any given sun-object-observer
geometry. The aim of this study is to investigate --the influence of micro- and macrophysical properties of liquid clouds on SW
fluxes estimated by ADMs that are based on a semi-physical model and compare to operational ADMs. We hypothesize that a

microphysically-aware ADM performs better in observation angles influenced by single-scattering features.

The semi-physical medelrelies-on-an-optimized-approach relies on a parameterized asymmetry parameter g° that-, which

depends on the cloud effective radius —Te-improve-the radiance prediction;¢>-is-adjusted for the different viewing seome

during-the-and, after adjustments during training of the model, explicitly varies with sun—observer geometry. In this work, these

adjustments are linked to single scattering features, such as the shift of the cloud bow and glory with varying cloud droplet
For the investigationsynthetie-, 3D cloud scenes based-on-observations-are constructed based on observational data and theoret-
ical assumptionsare-ereated. Using a Monte Carlo Model-the TOA-bread-band-model, the TOA broadband SW radiances and
fluxes of the synthetie-semi-synthetic cloud scenes are simulated for different scenarios with varying viewing angles (#30y,)
along the prineiple-principal plane and solar angles (6<0;). Analyzing the scenarios, the sensitivity and accuracy of the two SW

radiance-to-irradiance conversion approaches to cloud droplet size, spatial distribution of liquid water path, and mean optical

thickness is-quantified—

are quantified.
The study emphasizes that the-inelusion-of-explicitly including the liquid droplet effective radius in the-generation-of- ADMs-ean
result-in-moere-aceurate-SW-ADM generation can improve the accuracy of shortwave flux estimates. Particularly for viewing

geometries that exhibit single scattering phenomena, such as cloud glory and cloud bow, instantaneeus-flux estimates can
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benefit from microphysical-aware ADMs. For instantaneous-flux-estimatesthe analyzed scenarios, we found that the error-in
the-errors of instantaneous TOA SW flux estimates could be reduced by up to 25 W /2 Fereases Wm 2, For scenes with
very large or small droplets, the median error was reduced by up to 5 W/m2Wm 2.

1 Introduction

The Earth radiation budget (ERB) quantifies the overall balance of incoming solar radiation and outgoing reflected solar
and emitted thermal radiation at the top of the atmosphere (TOA). Quantifying ERB is fundamental for understanding how
the climate of Earth will change in the future. The main parameters influencing the ERB are the Earth’s surface, clouds,
aerosols, and atmospheric gases (e.g. Loeb and Manalo-Smith, 2005; Wild et al., 2014, 2018; Forster et al., 2021). Outgoing
TOA outgoing radiative fluxes are estimated using, e.g., radiance measurements of broadband (BB) radiometers aboard polar
orbiting and geostationary satellites (e.g. Viollier et al., 2009; Dewitte et al., 2008; Velazquez Blazquez et al., 2024a).
Howeveran accurate-estimate-of
However, accurately estimating the flux leaving Earth’s TOA using only one measurement at a single sun-observer geometry,

as is the case for satellites, is challenging. In particular, the reflected solar radiation can be highly anisotropic, depending on the

observed scene. For clouds, this-dependeney-on-the-sun-ebserverthe dependency on sun—observer geometry is complex and

depends-on-the-governed by their macro- and microphysical structure-of-the-particlesforming-the-eloud—In-properties. Over
the past decades, various-approaches-a variety of radiance-predicting models have been developed and refined to estimate the

anisotropy of an-ebserved-etoudyseene-observed cloud scenes (e.g., Smith et al. (1986), Loeb et al. (2003), Loeb et al. (2005a),
Su et al. (2015), Domenech and Wehr (2011), Tornow et al. (2021), Velazquez Blazquez et al. (2024b)). Theseso-called-angular
Using these distribution models (ADMs) ean-then-be-used-for-a-the radiance-to-irradiance (flux) conversion based-en-a-single
can be achieved from a single satellite observation. An overview of different SW ADM approaches is given in Gristey et al.
(2021).

In this study, we investigate TOA SW flux estimates for overcast marine liquid cloud scenes with varying macro- and micro-

physical properties. For-the-SW-flux—estimates—we-use-SW fluxes are estimated using two sets of ADMs: one based on the
semi-physical log-linear appmaeh@emew%%al—Z@%@%%—%efeaﬂeﬁefefred%e—&%model Tornow et al., 2020, 2021)

and a second set derived

using the state-of-the art sigmoidal approach (Su et al., 2015). The later is the currently operational approach used for SW flux
estimates above clouds - for example, by the Clouds

and the Earth’s Radiant Energy System (CERES). s-The flux
estimates from CERES are the input for the Neural-Network-ANN (Artificial Neural Network) approach, used in the Earth-
CARE preeesser-BMA-FLX processor (Veldzquez Blazquez et al., 2024b). To eaep}OF&gggly\erNthe accuracy of the SW flux

(semi-physical approach:

estimates and the sensitivity to i

er-micro- and macrophysical properties, 125 different 3D-cloud-scenarios are investigated-Other-than-the sigmeidal-approach;
the-simulated using a Monte Carlo model. The semi-physical approach explicitly incorporates the mean cloud top effective
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radius (Fz77))-viaaT ") via the parametrized asymmetry parameter (¢°(7z77)1¢>), Tornow et al. (2020))that-, which also

depends on the sun-observer angutar-bin-angular-bin (*). Fhis-werkexplores-Within this work, the following main research
questions are addressed:

1. How sensitive is the accuracy of TOA SW flux estimates to varying-variations in effective radius, cloud homogeneity

and optical thickness?

2. Pees-Can the explicit incorporation of cloud microphysics in a radiance-to-irradiance conversion approach improve the

accuracy of SW flux estimates?

3. Are the adjustments of the asymmetry parameter g due-to-resulting from the optimization process plausible-physicall
plausible, and what are the speeifie-underlying causes for this?

Ha-Section 2 describes the theoretical basis of ADMsi: W

the generation of 3D cloud scenes, and the configuration of the MES-is-givenMonte Carlo model. In Section 3, the results are

discussed, and in Section 4, the findings are summarized and concluded.

2 Theoretical Basis and Methodology

ADMs describe the hemispherically resolved deviation of meanradian 5 re-TOA angular-bin
mean radiance (s, 0y, ¢) from the isotropic case. The deviation is expressed through the anisotropic factor (R)where-vatues
targer-, where values greater than one indicate stronger reflection than in-the isotropic caseand-vice-versa, and values less than
one indicate weaker reflection. Equation 1 describes how the anisotropic factor for a given solar zenith #50,, viewing zenith 65

0., and relative azimuth angle ¢ is calculated.

wl(6s,60,,0) 7 1(0s,0y,9)
R(0ss,00v,0) = Rs Rz (1
T 0. ycos )0 0, 00cos it b
- ﬂ—I(es‘G(/WO) 7TI(0550V7¢) (2)

PO F6)

For a radiance observation 45-I, at a given sun-observer geometry, the TOA flux estimates (F{#s-is-F(6)) are calculated

using the anisotropic factor derived in Equation 1, following Equation 3.

71—]0(081 9’07 d)) WIO(0579V7 (b)

F(eis)zwm )
Semi-physieal-approach
Fhe-
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2.1 Sigmoidal approach

The currently operational approach to construct ADMs over marine clouds is described in, e.g., Su et al. (2015) and is an

extension of the approach from Loeb et al. (2005a, b). For the approach, information of the CERES footprint average cloud
optical depth 7 (exponential of the average over logarithmic 7 values) and the cloud fraction f (in %) is used to predict the
hemispherical field of TOA SW radiances I. Per angular-bin a sigmoidal function (4) is fitted to the observed CERES radiance

Tand z = lo 7). Where solar irradiance I, as well as a, b, ¢, and xq are free parameters in the model.

a

I=1Ip+ [L+e @ w0/t

“)

2.2 Semi-physical approach

As for the sigmoidal approach, the semi-physical approach uses explicitly-the-microphysies-of-clouds-and-the- CERES footprint

average cloud optical depth 7 and the cloud fraction here not in % but as fraction). Additionally, the semi-physical

—cto

P) explicitly.

Furthermore, the water vapor load above the clouds (above cloud water vapor, ACW-to-predict-the-hemispherical-field-of

roach includes information of the cloud microphysics in the form of the footprint averaged effective radius

i igmoi - The TOA-SW-anisotropy-is- ACTWV) is taken into account.
In Tornow et al. (2018) the TOA SW anisotropy has been found to be sensitive to both variables-and-in-75i> and ACWV.. In
the case of effective radiusthis-ean-lead-to-, anisotropy differences of up to 8 % (Ternew-et-al52048)were found. To incorporate
these dependencies, the-semi-physical-approach-uses-a simple model (Eq. 5) relating the outgoing radiance I, to the incom-
ing solar irradiance (:5yl) via a footprint albedo o and a factor describing the attenuation due to water vapor above clouds
(e AWV has been formulated. The factor 2 arises from the fact that the light passes the water vapor layer twice before
reaching the TOA. By using the logarithm (Eq. 6) the model becomes linear and a simple first-degree polynomial function

(Eq. 9) can be fitted to the observations.
I(Gisygivaqs) &[\9 o e 2 ACWV (5)
l0g1(05,00v,4) logSolo+loga 2 ACWV (6)

The footprint albedo « (Eq. 7) is the sum of the clear sky portion of the scene (fy) multiplied with the clear sky albedo (a“®)
and the cloud fraction (f;) multiplied with the two-stream albedo (s s)—e7s€, Eq. 8). a4, is the Coakley-Chylek approximation
Coakley and Chylek (1975)) and depends on the footprint mean cloud optical thickness (7) and the parametrized-asymmetry
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parameteparameterizedsymmetryparametefg ) for the given sun-observer Bg—(Ferr—))--

f0 §q5+ fi tsts (7)

1 g (rer) =2 1 g (rg®) =2
tsts — p———— — —
=7 1+ g (ferr)) =21+(1 g (rSP)) =

©)

logl( s; v, ) A+B log +C ACWV 9)
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Table 1. Values used for the creation of cloud vertical pro les.

kk  AD

1 15 0.8 0.0145

2.3 Brief Recap on Cloud Adiabatic Theory

Following the adiabatic theory described, for examjpl&drenguier et al. (2000) and Wood (2006), the vertical pro le of cloud

effective radiusterIe ) is related taryor-Ivo Via the constank (see Equation 12).

LWCLWC (2) = z (10)

_ 3WC  3LWC
rﬂy:ol— 4 ,Ng 4 o Ng ¢ (11)

rﬂe. = Kk 1=3 rﬂ\!@' (12)

equations above, the optical thicknessf the cloud depends only on the geometrical thickieasdh«N g (see Equation 13).

()= AD () ?*® (kk Nga)'™® h°2 (13)
whereA-D is a constant-ollowing Wood (2006)the gzloud:;op:gﬁectivg:rgdius@gémp) hasbeencalculatedising:

3 - - - -
e =05 W ()T Kk Ng) 1t (14)

The values used for the parameters and constants are shown in Table 1.
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Equation 15 and following Equation 16.

~=exp(log( )) (15)
- 2
= std() (16)

valuesbetween 2 and 26.

For the creation of idealistic cloud scenes, gamma functions based on Barker et al. (1996) have been used to calculate PDF
of optical thickness values for the givenand pair of the scene (see Fig. 2 (b)). In tot2h PDFs have been created based

on ve ~values (2.8, 4.5, 7.4, 12.2, 20.1) and vevalues between 2 and 26. In the next step, the idealistic rangeaties
(p<0.001) for the giverm and was extracted from each PDF and the cloud geometrical thicknassg Equation 13was
calculated for eachbin-pin within the range.

Assuming a constant cloud base awgNg, the optical thickness depends only on the cloud top height (Eq. 13). Using
vertical resolution of the pro les is set to Zﬁm For the stratocumulus deck of the MODIS frame (Flg. 2 a)), a very similar
cloud base is assumed. Using radiosonde measureméehfsnfl water vapor at 12 p.m. LT in St. Helena, a cloud base of 761

m-m was assumed (see Fig. 2 (c)). To obtain a realistic spatial distributidreafoud pro les, weassignedhemto-MOBIS

same , the cloud extend must be Iarger for Iarger cloud droplets (smulaeﬁhlstsbeeaesesmauefpameles(latgew@}

The 125synthetiesemi-synthetiscenes of cloud elds are used as inputs for a Monte Carlo Model (Marchuk et al., 1980;

Barker et al., 2003) to simulate the SW TOA radiances and calculate TOA SW uxes. For the simuleyidital boundary
conditions are assumed. For each scene, simulations for 40 viewing zenith angles between —7alwg77he1erihc—i1ele

scenarios. For each simulatidi)’ photons have been used. The ocean surface is Lambemmspehdmgeaneaesu#aee
wind-speesfO-m=sin-ADMs)with-with awavelength independent albedo of 0.05. For the hydrometeors, Mie-phase functions



10



220

225

230

In order to investigate the contribution of single scattering to the outgoing TOA radiance (research question 3), a histogram of

the weighted fraction of the number of scattering events has been stored from the simulation for each scenario.

3 Results

In addition to ux estimates based on ADMs using the semi-physical apprmeMs%%esﬁ%a@éaaseebnADM&t&ng
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Figure 6. Upper panel:Mean radiance of the MCS used #&s] .. along——... (prireipte-principal plane) and for varyingd«Nq. For a

MonteCarIOSImL"atedradlanceéora” e biipbrrtttooo N O Gt 44 s Y

fraction of photons of the scenario that experienced single scattering before reaching TOA. The lower panel illustrates the
parameterized asymmetry paramegerused for the semi-physical ADMs. The vertical lines show the location of the cloud
bow and the direct backscatter, around which the cloud glory forms. The results shewthateasesf-Nqfrom-25t6-400
i=err-adecreasefre from16t05.3. m produces up to 108/=mZ\Wm 2 higher uxes at TOAfor thesame .

Around the direct backscatter direction, where the cloud glory contributes to the observed rafdiaaseenes, the ADMs

12
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Figure 7. Upper panel: Flux estimates using ADM based on the semi-physical (dashed) and based on the sigmoidal (dotted) approach for

in the solid line. The colored dots represent for each scenario the fraction of photons that has been scattered only once. Lower panel:
parametrized asymmetry parameger used for semi-physical approach.

where the predicted radiances using the sigmoidal approach (right panel) correspond well with the semi-physical approach

13
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using a typical mean effective radius of 38— m (second panel) but-are lower for small droplets ( rst panel) and higher
for large droplets (third panel).
At high and low—— , both approaches struggle because fewer training \¢tatawas available for these geometries. In

14
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relative deviations (not shown) increase with smatlén this region. This indicates that even in overcast caséh,high op-

Figure 9. Deviation of uxes estimated{—P—warcs—F@;r _____ F.= Fucs Fest) using ADM's based on the semi-physical approach

(=—406-.s. 40).
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NeH}ld: Forward  Backward Nadir

25 35.2/34.1 23.0/31.5 39.5/38.5
50 33.7/31.0 27.0/23.9 41.0/33.0
100 34.0/31.5 27.1/24.3 37.0/31.0
200 36.7/42.8 31.0/35.1 38.0/43.5

400 43.8/58.2 41.0/55.8 58.5/79.5
Table 2. Table showing the probability in% of —F>10W=mZ F > 10W=m?. Forward includes all scenarios of

the semi-physical approach and green numbers for the sigmoidal approach.

domain sizes. As in the case of 8@tkm, the semi-physical approach produces better estimates in the backward direction

approaches show a positive bids. EarthCARE's assessment domain hé&sa size of 1OGem2—.—?heI§:r:n2,:;he results might
be of interest for the validation of the BMA-FLX product.

4 Conclusion and Discussion
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