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Background

3D Radiative Transfer (3DRT) effect

« Earth system models neglect horizontal radiative transfer for computational efficiency
* This introduces a systematic bias

» Contributes to uncertainty in climate change projections
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Objectives

EarthCARE: Simultaneous Observation with Multiple Sensors
Passive (MSI, BBR) Active (CPR, ATLID)

» The 3D structure of cloud field properties can be estimated
(Liquid/lce water content, particle effective radius, particle types, etc.) 3



Objectives

1. Develop a reliable pipeline for calculating three-dimensional radiative quantities
using EarthCARE observations

2. Quantify the characteristics of 3DRT effects based on satellite observations

Observed data from satellite
Active/Passive sensors (EarthCARE)

Active
sensor

Passive
sensor

=

CPR (Radar)
ATLID (LiDAR)

1D Radiance
2D(x-y)*2D(x-2)—~3D Calculation

- 3D Scene

Generator

2. 3DRT effect
(3DRT)

3D Radiance
Calculation

SW/LW Irradiance, Heating rate, CRE

BBR
(Radiometer)

1.Validation




EarthCARE JAXA L2 Production Model
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Eisinger et al., 2024

3DRT from JAXA processor

« Physical properties:
Radiance, Flux, Heating rate

* Inputs:
MSI RGR, MSI_CLP,
AC CLP,AUX 2D,AUX MET

« Validation(Radiative closure):
BM__RAD
BMA FLX
:Radiance and flux products
from BBR sensor

« Comparison
ALL RAD
:‘Radiative products (1D)
from JAXA processor



3D scene reconstruction algorithm (Barker et al., 2011, Qu et al, 2023)

Schematic of construction algorithm
Along x Height (across=87) + moving along-position
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Define the donor pixel on the track (m, 0) for each recipient pixel (i, j)

argmin F(i,j;m
g ( ’J’ ) 0 40 60 80 100 120 140
Across-track index

Across track Cross-section
(Extinction coefficient*geometrical thickness)

Here cost function F is defined as the sums of squared

difference between recipient/potential pixels spectral radiances
K

o 1. (i,j) — 1, (m, 0)
F(i,j;m) = Z wk[ : Tk(i,; « AC_CLP « Cloud extinction coefficient
m e li - my, i +m,] « MSI_RGR « Water content
« MSI_CLP - ILP
« AUX 2D » Gas profile etc.

Donor pixel’s retrieved cloud vertical profiles and other attributes
are consigned to the recipient (i, j). 6



Table 1: Grid point distances of the X-JSG when both CPR and ATLID data are available (nominal) and
unavailable (fallback).

Dimension X-JSG Based on X-JSG
nominal fallback

Along-track ~1 km This is twice the horizontal sampling or integration length of 1 km

the CPR.

Across-track 1km This value is set in the X-JSG configuration file. 1 km

Vertical high res This is defined by the vertical sampling of the ATLID. high res
~103 m (Note: A nominal grid uses only high res ATLID data, but 100 m
(low res the X JSG processor can be configured to use low res (low res
~496 m) ATLID data as well.) 500 m)

»> Assessment domain(5x21 JSG) was used for Radiative closure

BMA-FLX

« BBR solar and thermal
converted to fluxes

radiances are

- 27
F(6,) = /- / L(6, ¢)cos(0)sin(0)dOdp
JO=0 J =0

» Need of Angular Dependency Models (R) - 2
WL(()_(D) ) y=allb “\"\r"’
~ R(9,90) ’;/ 6| 6 T
— | 7 e

= In the LW: R(G) = ao + alzl + a222 + a3212 + a42122 + aszzz
2,= BT 08 um aNd 2, BT 55 m = BTi08,um
* In the SW: feed-forward back-propagation ANN using CERES and

MODIS data
Inputs: BM-RAD, M-RGR, M-CM, M-COP, A-CTH, X-MET

> The reference height is set to 20 km

3DRT products
Radiance (W/m?2/sr) and Flux (W/m?2):

Calculated by backward Monte Carlo RT code Mcstar
(Okata et al., 2017; Momoi et al., 2022)

TOA(20 km), BOA, Upward and downward flux
At the BMA_FLX(BM__RAD) coordinates for radiative closure

SW: 0.25-5.0um

LW: 4.0 — 500 um

3D: 1x1 km (match to input products resolution)
1D: 100000x100000 km (virtual setting)

Ocean area only.

Heating rate (K/day):

Calculated from net divergence flux by
volume integration for each grid boxes.

V- F= 4_7nga(B—T)dV
Vv
_ oT 1 ——
Heating rate = (W)K/day = —p—CpV -F x 86400



RT Radiance (W/m?/sr)
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The model shows a strong correlation with the observed radiance

3DRT radiance and BM_RAD

(A) SW (N=236355)
corr = 0.886 L
mean bias (sim-obs) = -7.69|.

RMSE = 24.4
| PRMSE = 27.9%
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(B) LW (N=250538)

(corr = 0.789

mean bias (sim-obs) = -4.61|
RMSE = 8.76

| PRMSE = 26%

0 T T ¥ T
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Observed Radiance (W/m?/sr)

(r=0.886 for SW and 0.789 for LW).

This indicates that the model successfully captures the spatial radiance

variations associated with cloud structures.

The mean biases are relatively small:
-7.96 W m™2 sr" for SW and -4.61 W m™2 sr™* for LW.

Although some residual differences remain,

the overall agreement supports the reliability of the simulated radiance

100

field for investigating three-dimensional radiative effects.
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Scene 1. ID:08624F
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Scene 2. ID:08642F
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Upward flux (Wm~=2), SW

Upward flux (Wm=2), LW

Radiative closure for flux on the Assessment Domain (5x21 JSG)
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ALL_RAD

Diff

(3D) - BMA_FLX (W/m?)

Observed: BMA_FLX (combined, Assessment domain), 1D product: ALL_RAD (1km*1km, average every 21 points)
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Heating rate

MSI_RGR (08870E)

AC_CLP:CPR+ATLID (08870E)
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Spatial variation spectrum of radiance

Power Spectrum: SW
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Power Spectrum: LW
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» To confirm the scale dependence, the power spectrum of spatial variation
along the observation point was calculated.

SwW
» The difference between the 3D and 1D power spectra is large
on a scale of a few kilometers to 50 kilometers
» Atlarger scales, the effect is averaged out and becomes invisible.

The three-dimensional structure of clouds at a scale of
~ 50 km gives rise to three-dimensional radiation effects.

LW

» The difference is less pronounced than in the case of SW
* |t has an effect on scales of a few kilometers or less.

11



Effects on Earth’s Radiation Budget
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» Upward Radiative Flux at the top of atmosphere

Correlation Mean error RMSE (W/m?)
Coefficient (3D-1D) (W/m?)
Shortwave 0.873 - 5.77 80.9
Longwave 0.943 - 0.089 10.8

The mean 3D-1D error for total radiative flux is
-5.77-0.089=-59Wm™=
This indicates a negative contribution from 3D radiative transfer effects
» 1D radiative transfer calculations underestimate Earth’s radiation
budget by 5.9 W m™, leading to an artificial cooling bias

This value is comparable to previous estimates.

» ~ 6 W m™2reported by Barker et al. (2016)

> ~ 3.1 W m™ reported by Singer et al. (2021)
for the tropical annual mean

12



Solar Zenith Angle Dependence of 3D Radiative Transfer (3DRT) Effects

» For shortwave radiation, the 3D radiative transfer effect (3D - 1D) is overall negative
» As solar zenith angle increases, the effect approaches zero and tends to become positive around 65°

Dependence of 3DRT Effects on Solar Zenith Angle (SW)

400

3 102

Ilo1
10°
Solar Zenith Angle Dependence of 3D-1D Radiative Flux

(Lines indicate the mean value at
each solar zenith angle, multiplied by 10)
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This trend is consistent with a shift from side photon
escape at high solar elevation to side illumination at
low solar elevation (Hogan and Shonk, 2013)

Side escape

|

3D-1D <0

Side illumination

6 increase

~ 65°

3D-1D >0 13



Potential scientific application: Diagnosing 3DRT impact on Dynamics
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> UpdatesonEarth > [Quick Report] EarthCARE Captured the Eye of Typhoon Sinlaku

cloud_doppler_velocty_10km by CPR

i 5 | 18°'N 18°'N
SINLAKU (04W) T2604
2026-04-13 0408 (UTC) Orbit Frame 10646E
b 2ACPR_CLP.20260413.10646E 0. O4W.SINLAKL 5 ' | | '
16°N ) ’ N : e | g—— ‘ . 16°N
[EYCETOIEWEIDT]  2026.04.16 Thu " WAL i " R
[Quick Report] EarthCARE Captured the Eye of Typhoon Sinlaku
14°N 14°N
The EarthCARE satellite (Japanese name: Hakuryu) successfully passed directly over the eye of Typhoon Search by Year
Sinlaku (Typhoon No.4 in 2026) on 13 April 2026, capturing unprecedented observations of the typhoon'’s
internal cloud structure. This rare overpass enabled detailed measurements of the vertical dynamics within 1 2 'N 1 2 . N
the storm’s clouds.
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JAXA Earth-graphy [Quick Report] EarthCARE Captured the Eye of Typhoon Sinlaku
https://earth.jaxa.jp/en/earthview/2026/04/16/9212/index.htmi 14



https://earth.jaxa.jp/en/earthview/2026/04/16/9212/index.html

3DRT Effects on Sinlaku(SW)

Eye

3

1D heating rate

« The 1D calculation may overestimate radiative heating near the typhoon core
» Potentially introducing a positive bias in the thermodynamic support of the inner-core circulation
« This may have implications for estimating typhoon intensity/maintenance/lifetime
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Product development and validation

» Developed an EarthCARE-based 3D radiative product using multi-sensor observations and the JAXA processor
« Calculated radiance, radiative flux, and atmospheric heating rates from reconstructed 3D atmospheric fields

» Validation against BBR-derived products showed good agreement in radiance and flux, supporting the reliability
of the simulation framework

Findings & Potential

« 3D RT effects were clearly detected in radiance, flux, and heating-rate fields

« SW 3D RT effects were prominent at spatial scales from a few kilometers to about 50 km and showed clear
dependence on solar zenith angle

 The combined SW and LW 3D RT effect was about 5.9 W m™, indicating a cooling bias when 1D RT is used

» Offline diagnostic assessment of radiative impacts on cloud dynamics 16



Thank you!

Yudai Ezaki
Tohoku university, Japan
Email: ezaki.yudai.s3 [at] dc.tohoku.ac.jp
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