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Abstract. 

The Earth Cloud, Aerosol and Radiation Explorer (EarthCARE) mission provides an unprecedented opportunity to investigate 

the Earth’s radiation budget using synergistic observations from active and passive sensors. In this study, we present the 15 

development and validation of the JAXA four-sensor synergy radiation budget product (ALL_RAD), version Ba, which was 

publicly released on 1 December 2025. The ALL_RAD algorithm generates composite cloud and aerosol profiles by 

integrating Level-2 retrieval products from the Cloud Profiling Radar (CPR), the Atmospheric Lidar (ATLID), and the Multi-

Spectral Imager (MSI), and then estimates broadband shortwave and longwave radiative fluxes and heating rate profiles using 

a one-dimensional radiative transfer model. The performance of ALL_RAD is evaluated against the ESA radiative flux product 20 

(BMA-FLX) derived from broadband radiometer (BBR) observations. The comparison shows substantial improvements in 

radiative flux estimates relative to earlier pre-launch evaluations, with instantaneous shortwave bias and root-mean-square 

error (RMSE) reduced to −0.6 and 33.7 W m⁻², respectively, and the longwave bias and RMSE reduced to +2.2 and 8.1 W m⁻², 

respectively. In addition, comparisons with ground-based observations from the Baseline Surface Radiation Network (BSRN) 

demonstrate good agreement for both shortwave and longwave surface fluxes. The physical consistency of the product is 25 

further assessed using cloud radiative effects and associated heating rate profiles as well as aerosol radiative effects, which are 

found to be broadly consistent with previous studies using A-Train observations. Future work will extend the validation to 

longer periods and broader cloud regimes, and will further assess uncertainty sources related to aerosol representation, spatial 

representativeness, and three-dimensional radiative effects. Overall, ALL_RAD provides a reliable basis for estimating 

EarthCARE radiative fluxes and derived quantities, thus establishing a foundation for radiative closure studies using 30 

EarthCARE observations. 

 

https://doi.org/10.5194/egusphere-2026-4324
Preprint. Discussion started: 13 August 2026
c© Author(s) 2026. CC BY 4.0 License.



2 
 

1 Introduction 

The Earth’s radiation budget plays a fundamental role in regulating the climate system by controlling the balance between 

incoming solar radiation and outgoing terrestrial radiation. Changes in the planet’s radiation balance can affect atmospheric 35 

circulation patterns (Hartmann and Short, 1980; Liebmann and Hartmann, 1982).  The interaction of clouds and aerosols with 

radiation exerts a significant influence on this balance, yet they remain one of the largest sources of uncertainty in climate 

studies (IPCC, 2023). Precise estimation of their radiative effects therefore requires observational constraints that encompass 

both their vertical structure and horizontal variability. Satellite observations have been essential for providing global coverage 

of these properties, thereby forming the basis for our current understanding of cloud–radiation and aerosol–radiation 40 

interactions, particularly when combining complementary observations from multiple sensors (e.g., Stephens et al., 2012; 

Stephens et al., 2015). 

The A-Train satellite constellation has demonstrated the value of synergistic observations from active and passive sensors 

for characterizing clouds, aerosols, and their radiative effects. In particular, the combination of radar and lidar measurements 

from CloudSat and CALIPSO, together with passive observations from MODIS and broadband radiative flux measurements 45 

from CERES, has enabled significant advances in our understanding of cloud vertical structure and its radiative impacts (e.g., 

L’Ecuyer et al., 2015; Stephens et al., 2018). The integration of these multi-sensor observations has led to the development of 

merged datasets that combine cloud, aerosol, and radiative flux information within a consistent framework, including products 

such as the CERES–CALIPSO–CloudSat–MODIS (CCCM) dataset (Kato et al., 2011; Ham et al., 2017) and CloudSat 

radiative flux products (2B-FLXHR and 2B-FLXHR-LIDAR; L’Ecuyer et al., 2008; Henderson et al., 2013). These datasets 50 

enable detailed investigation of cloud radiative effects and their vertical structure, including radiative heating rate profiles (e.g., 

Kato et al., 2018). They have also been widely used to quantify the radiative impacts of cloud properties on the Earth’s radiation 

budget, including the effects of cloud phase and multilayer cloud structures (Luo et al., 2017; Matus and L’Ecuyer, 2017). 

Multi-sensor observations are also essential for understanding aerosol radiative effects, particularly through their vertical 

distribution and interactions with clouds (Oikawa et al., 2013, 2018; Matus et al., 2019). In these studies, top-of-atmosphere 55 

(TOA) radiative fluxes measured by CERES have served as an essential reference for constraining and evaluating radiative 

flux estimates derived from multi-sensor observations (Loeb et al., 2018, 2024). These advances underscore the importance of 

synergistic multi-sensor observations for constraining cloud–aerosol–radiation interactions. 

Building on these advances, the Earth Cloud, Aerosol and Radiation Explorer (EarthCARE) mission provides a new 

opportunity to further constrain cloud–aerosol–radiation interactions through synergistic observations from active and passive 60 

sensors (Illingworth et al., 2015; Wehr et al., 2023).  Unlike the A-Train constellation, where measurements from different 

instruments are not strictly co-located in space and time, EarthCARE is specifically designed to acquire co-registered 

observations from four instruments: the Cloud Profiling Radar (CPR), the Atmospheric Lidar (ATLID), the Multi-Spectral 

Imager (MSI), and the Broadband Radiometer (BBR). This configuration enables a more consistent characterization of cloud 

and aerosol properties together with coincident measurements of TOA radiative fluxes. A key objective of the EarthCARE 65 
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mission is to achieve radiative closure, i.e., to reconcile radiative fluxes derived from cloud and aerosol properties retrieved 

from CPR, ATLID and MSI with those directly observed by the BBR. This enables the derivation of physically consistent 

pairs of cloud and aerosol vertical structures and their associated radiative properties, constrained by both active and passive 

observations and consistent with TOA radiative flux measurements.  

In this context, the EarthCARE mission includes the development of radiation products by both ESA and JAXA (Eisinger 70 

et al., 2024), reflecting complementary approaches to achieving radiative closure. Alongside the ESA radiation product ACM-

RT (Cole et al., 2023), the JAXA four-sensor synergy radiation budget product (ALL_RAD) has been developed within this 

framework to provide radiative fluxes and heating rate profiles based on the synergistic use of JAXA Level-2 cloud and aerosol 

retrieval products. ALL_RAD is designed to exploit the co-registered observations unique to EarthCARE to achieve improved 

radiative consistency between retrieved atmospheric properties and observed radiative fluxes.  75 

In this study, we present the production and validation of ALL_RAD version Ba, which was publicly released on 1 December 

2025, and evaluate its performance in terms of radiative flux accuracy. The overall framework of the ALL_RAD algorithm 

follows the approach described in Yamauchi et al. (2024), with adaptations for the updated JAXA Level-2 retrieval products. 

The algorithm first constructs composite vertical profiles of clouds and aerosols by integrating retrievals from CPR, ATLID, 

and MSI. These retrievals are based on JAXA Level-2 products, including AC_CLP (Sato et al., 2025), ATL_CLA (Nishizawa 80 

et al., 2026), and MSI_CLP (Wang et al., 2023). The resulting composite profiles are then used as input to the one-dimensional 

radiative transfer model MstrnX (Nakajima et al., 2000; Sekiguchi and Nakajima, 2008) to estimate broadband shortwave and 

longwave radiative fluxes at the TOA, in the atmosphere, and at the surface, as well as the corresponding radiative heating rate 

profiles. This one-dimensional, rather than three-dimensional, radiative transfer calculation is a practical design choice to meet 

the latency requirements for the operational flux estimation process of the JAXA standard product in the EarthCARE mission. 85 

Within this radiative transfer framework, the algorithm computes radiative fluxes under four atmospheric conditions: all-sky, 

clear-sky without clouds but with aerosols, cloudy-sky without aerosols but with clouds, and pristine-sky without clouds and 

aerosols. These calculations are used to separately quantify the radiative effects of clouds and aerosols. 

To evaluate the performance of ALL_RAD version Ba, we compare the estimated radiative fluxes with independent 

reference datasets. At the TOA, the fluxes are compared with the BMA-FLX product (Velázquez Blázquez et al., 2024b), 90 

which is derived from broadband multi-angle measurements by the BBR instrument, to assess the accuracy of the TOA 

radiative flux estimates. In addition, although the available data are limited, surface radiative fluxes are compared with ground-

based observations from the Baseline Surface Radiation Network (BSRN; Ohmura et al., 1998). Together with the TOA 

comparison, this provides an initial step toward radiative closure assessment by evaluating radiative fluxes at both TOA and 

surface, thereby serving as a basis for better quantification of radiative energy partitioning into atmosphere and surface. This 95 

evaluation framework provides a broader assessment of the radiative consistency of the ALL_RAD product. 

The remainder of this paper is organized as follows. Section 2 describes the ALL_RAD algorithm, input data, output 

variables, and data processing framework. Section 3 presents the all-sky TOA radiative flux evaluation against the BBR-

derived BMA-FLX product. Section 4 evaluates clear-sky TOA radiative fluxes against BMA-FLX, and Section 5 evaluates 
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surface radiative fluxes using ground-based BSRN observations. Section 6 discusses the physical consistency of derived 100 

radiative quantities, such as cloud and aerosol radiative effects, and remaining uncertainties. Finally, Section 7 presents the 

conclusions. 

 

2 ALL_RAD algorithm and data processing framework 

In this section, we describe the overall framework of the ALL_RAD algorithm and the associated data processing procedure. 105 

The ALL_RAD algorithm, including the construction of composite cloud and aerosol profiles and the radiative transfer 

calculations described in the following subsections, is implemented based on Yamauchi et al. (2024), with adaptations to 

account for the characteristics of the input products and the requirements of the ALL_RAD output variables.  

 

2.1 Input data: JAXA Level-2 products 110 

This subsection describes the JAXA Level-2 cloud and aerosol retrieval products used as input to the ALL_RAD algorithm. 

Figure 1 provides a schematic overview of the ALL_RAD processing framework, showing how EarthCARE sensor 

observations are connected to the corresponding JAXA Level-2 retrieval products and subsequently used as input to the 

ALL_RAD algorithm. The figure also indicates the comparison with the ESA BMA-FLX product. 

 115 
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Figure 1. Schematic overview of the ALL_RAD processing framework and its comparison with BMA-FLX. The figure illustrates 
the relationship between the EarthCARE sensors and the corresponding JAXA Level-2 retrieval products, and the subsequent 
ALL_RAD algorithm. The ESA BMA-FLX product is shown as an independent reference for evaluating ALL_RAD TOA radiative 
fluxes. For clarity, intermediate Level-1 product names are omitted, and only the processing steps relevant to ALL_RAD are shown. 120 

 

The ALL_RAD algorithm utilizes retrieval products derived from ATLID, CPR, and MSI, as well as combined products 

that exploit their synergistic observations. Specifically, the algorithm uses the following JAXA Level-2 products: 

• ATL_CLA: a cloud and aerosol product providing vertically resolved cloud and aerosol properties retrieved from 

ATLID measurements (Nishizawa et al., 2026). 125 

• AC_CLP: a combined ATLID–CPR cloud product providing vertically resolved cloud properties retrieved from 

synergistic radar and lidar observations (Sato et al., 2025). The product is generated by combining retrievals from 

CPR_CLP, a CPR-only cloud product, with complementary cloud information provided by ATL_CLA. 

• MSI_CLP: a cloud property product derived from passive multispectral observations by MSI (Wang et al., 2023). 

• AUX_3JH: an auxiliary product providing atmospheric and surface parameters (JAXA, 2026). 130 

In terms of spatial resolution, the ATL_CLA and AC_CLP products are provided at a horizontal resolution of 1 km and a 

vertical resolution of 100 m, while the MSI_CLP product has a higher horizontal resolution of approximately 0.5 km. The 

vertical and horizontal resolutions of ATL_CLA and AC_CLP are consistent with each other. 
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Regarding data availability, the ATL_CLA, AC_CLP, and MSI_CLP products are publicly available and can be accessed 

through the JAXA G-Portal (https://gportal.jaxa.jp) as well as ESA Earth Online 135 

(https://earth.esa.int/eogateway/missions/earthcare). The AUX_3JH product is a non-public auxiliary product generated for 

ALL_RAD processing, whereas AUX_3D is provided as the corresponding public auxiliary product (JAXA, 2026). Both 

products are generated by interpolating meteorological fields from the ESA X-MET product (Eisinger et al., 2024) and provide 

atmospheric and surface parameters, including pressure, temperature, and water vapor profiles, as well as surface properties 

such as skin temperature, albedo, 10-m wind components, and sea ice cover. AUX_3JH further includes additional parameters 140 

required for ALL_RAD radiative transfer calculations, including surface emissivity required for longwave calculations. The 

surface emissivity is derived from the UW Baseline Fit Emissivity Database based on MODIS observations (Seemann et al., 

2008) and the ASTER Global Emissivity Dataset (Hulley et al., 2015). Together, these input products provide complementary 

information on the vertical structure and microphysical properties of clouds and aerosols, as well as the thermodynamic and 

surface conditions required for radiative transfer calculations. 145 

The ALL_RAD product evaluated in this study is version Ba, corresponding to the first public release on 1 December 2025. 

The versions of the input products used in this study are as follows: ATL_CLA version Cb, AC_CLP version Ca, MSI_CLP 

version Ca, and AUX_3JH version Ca. For comparison, the BMA-FLX product version Ba is used. Detailed information on 

the implementation status and known issues of each JAXA Level-2 product version is available from the JAXA EORC website 

(https://www.eorc.jaxa.jp/EARTHCARE). 150 

 

2.2 Construction of composite cloud and aerosol profiles 

In this subsection, we describe the construction of composite vertical profiles of clouds and aerosols used as input to the 

radiative transfer calculations. The ALL_RAD algorithm generates profiles only along the nadir track of EarthCARE, where 

observations from CPR, ATLID, and MSI are co-located. Off-nadir regions are not considered. The composite profiles are 155 

defined on a grid consistent with the CPR footprint, with a horizontal resolution of 1 km and a vertical resolution of 100 m. 

Variables from MSI_CLP, which have different spatial resolutions, are mapped onto this grid through selection or spatial 

averaging. 

The cloud vertical profiles are constructed by combining retrievals from AC_CLP, ATL_CLA, and MSI_CLP. For most 

atmospheric conditions, vertical profiles of cloud liquid and ice water contents and effective radii are primarily taken from the 160 

AC_CLP product, which provides synergistic radar–lidar retrievals based on CPR and ATLID observations. Since CPR 

observations are limited to altitudes below approximately 20 km, the cloud profiles provided by AC_CLP are also generally 

restricted to below this altitude. In contrast, ATLID observations are available up to approximately 40 km. To represent high-

altitude clouds such as polar stratospheric clouds (PSCs), cloud information above 20 km is also required. Therefore, to extend 

the cloud profiles into the upper atmosphere, cloud extinction coefficients from ATL_CLA are converted into cloud water 165 

content and used above 20 km. 
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The resulting cloud water content and effective radius profiles are then further adjusted using cloud optical thickness (COT) 

from MSI_CLP through a scaling procedure applied to the cloud water content, while keeping the effective radius unchanged. 

Although MSI_CLP also provides effective radius and cloud phase, these variables are not used in ALL_RAD version Ba. 

This COT-based scaling is introduced as a provisional treatment to incorporate passive sensor information into the composite 170 

cloud profiles. ACM_CLP, a combined product integrating CPR, ATLID, and MSI retrievals (ACM_CLP; Sato et al., 2025), 

has already been released and is available (Fig. 1); however, it is not used in ALL_RAD version Ba. In the future, the use of 

such a product is expected to provide more consistent cloud properties and eliminate the need for the COT-based scaling. 

In contrast, aerosol vertical profiles used in the ALL_RAD algorithm are taken from the ATL_CLA product, which provides 

vertically resolved aerosol properties derived from ATLID measurements over a vertical range extending up to approximately 175 

40 km altitude. Although aerosol products based on MSI observations are planned as part of the JAXA Level-2 suite, they are 

not yet available at the time of this study and are therefore not included in the current processing. 

 

2.3 Radiative transfer calculation 

In this subsection, we describe the radiative transfer calculations performed in the ALL_RAD algorithm. The composite 180 

cloud and aerosol profiles constructed in Section 2.2, defined on a grid with a horizontal resolution of 1 km and a vertical 

resolution of 100 m, are used as input to the one-dimensional radiative transfer model MstrnX (Nakajima et al., 2000; Sekiguchi 

and Nakajima, 2008), which calculates broadband radiative fluxes using a two-stream flux approximation. All radiative transfer 

calculations are performed on this grid. Using these input profiles, broadband shortwave and longwave radiative fluxes are 

calculated at the TOA, within the atmosphere, and at the surface, together with the corresponding radiative heating rate profiles. 185 

In implementing the radiative transfer calculations, we take particular care to ensure consistency between the optical 

properties used in the radiative transfer model and those assumed in the Level-2 retrieval algorithms. For cloud properties, the 

scattering characteristics are selected to be consistent with the COT retrieval in MSI_CLP (Wang et al., 2023). Based on the 

cloud phase flag provided by MSI_CLP, Mie scattering is applied when the COT is retrieved under the assumption of liquid 

clouds, whereas for ice clouds, scattering properties based on non-spherical Voronoi ice particle models (Ishimoto et al., 2012; 190 

Letu et al., 2012, 2016) are used. Similarly, aerosol optical properties are defined consistently with the seven aerosol types 

used in ATL_CLA (Nishizawa et al., 2026), namely Smoke, Pollution, Marine, Pristine, Dust, Dusty mixture, and Unknown. 

The corresponding microphysical and optical parameters, including refractive indices and particle size distributions for coarse 

and fine modes, are assigned to each aerosol type. 

To quantify the radiative effects of aerosols and clouds in a manner consistent with the definition of radiative forcing in 195 

Yamauchi et al. (2024), the algorithm computes radiative fluxes under four atmospheric conditions: all-sky, clear-sky (without 

clouds), cloudy-sky (without aerosols), and pristine-sky (without clouds and aerosols). The aerosol and cloud radiative forcing 

variables provided in the ALL_RAD product are defined as instantaneous values based on these flux calculations. 
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2.4 Output variables and specifications 200 

In this subsection, we describe the main radiative output variables of the ALL_RAD algorithm and their specifications. The 

ALL_RAD product provides radiative quantities at two horizontal resolutions, depending on the application. The nominal 

spatial resolution of the ALL_RAD product is 10 km × 10 km, which defines the standard configuration of the radiation budget 

product and is consistent with the EarthCARE mission requirement to achieve an accuracy of approximately ±10 W m⁻² in 

radiative flux estimates at a spatial scale of about 100 km² (Wehr et al., 2023). These 10 km values are obtained by averaging 205 

radiative fluxes and heating rate profiles calculated at a horizontal resolution of 1 km along the nadir track. 

In addition, the ALL_RAD product provides radiative fluxes at a horizontal resolution of 1 km along the nadir track to 

enable flexible spatial aggregation for comparison with external reference products. In this study, the 1 km ALL_RAD fluxes 

are averaged over the along-track extent corresponding to the BMA-FLX assessment domain, which is defined for the 

EarthCARE radiative closure assessment as approximately 21 km along-track × 5 km across-track (Barker et al., 2025) and 210 

for which BMA-FLX provides flux estimates (Velázquez Blázquez et al., 2024b). This averaged nadir estimate is then 

compared with the BMA-FLX assessment-domain mean. At the 1 km resolution, only radiative fluxes are provided, while 

heating rate profiles are not included.  

 
Table 1. Main radiative output variables and specifications of the ALL_RAD version Ba product. Panel (a) summarizes the standard 215 
output provided at a 10 km along-track resolution, and panel (b) summarizes the auxiliary output variables for radiative fluxes 
provided at a 1 km along-track resolution. The standard output includes radiative fluxes, aerosol radiative forcing, cloud radiative 
forcing, and radiative heating rates, whereas the auxiliary 1 km output is provided for flexible spatial aggregation and validation 
against external reference products. SW and LW denote shortwave and longwave radiation, respectively. For radiative fluxes and 
heating rates, the four conditions are defined as follows: all-sky includes both clouds and aerosols, clear-sky excludes clouds but 220 
includes aerosols, cloudy-sky includes clouds but excludes aerosols, and pristine-sky excludes both clouds and aerosols. For aerosol 
radiative forcing, “all” and “clear” denote conditions with and without clouds, respectively. For cloud radiative forcing, “polluted” 
and “clean” denote conditions with and without aerosols, respectively. The terms “aerosol radiative forcing” and “cloud radiative 
forcing” follow the product variable names and correspond to instantaneous aerosol and cloud radiative effects, respectively.  

 225 
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Radiative fluxes are reported at the TOA and at the surface, whereas radiative heating rates are provided as vertical profiles 

within the atmosphere. These variables are provided for both shortwave (SW) and longwave (LW) components, for upward 

and downward directions, and under four atmospheric conditions (all-sky, clear-sky, cloudy-sky, and pristine-sky) as defined 

in Section 2.3. 230 

Table 1 summarizes the main radiative output variables and their specifications. In this table, the terms “aerosol radiative 

forcing” and “cloud radiative forcing” follow the product variable names and correspond to instantaneous aerosol and cloud 

radiative effects, respectively. 

 

3 Evaluation of TOA radiative fluxes against BMA-FLX 235 

In this section, we evaluate the performance of the ALL_RAD product by comparing TOA radiative fluxes with those from 

the BMA-FLX product (Velázquez Blázquez et al., 2024b), which is derived from BBR observations. This comparison assesses 

the consistency of ALL_RAD TOA radiative flux estimates with an independent BBR-derived flux product. 

BMA-FLX is an ESA Level-2 product that estimates instantaneous TOA SW and LW radiative fluxes from BBR broadband 

radiance measurements. The BBR observes each scene from three viewing directions (nadir, fore, and aft), and the filtered 240 

radiances are first converted into unfiltered broadband radiances by the ESA Level-2 BM-RAD product (Velázquez Blázquez 

et al., 2024a). In BMA-FLX, these radiances are converted into TOA fluxes using radiance-to-flux conversion algorithms 

based on angular distribution models (ADMs), with additional scene information from MSI and ATLID. The BMA-FLX 

product provides fluxes at both the standard resolution of 10 km × 10 km and the assessment domain resolution of 

approximately 21 km × 5 km, the latter of which is used in this study. In the following comparisons, the ALL_RAD estimates 245 

represent nadir-track averages over the along-track extent corresponding to the BMA-FLX assessment domain, whereas BMA-

FLX represents the mean over the full assessment domain. 

The evaluation is conducted at the instantaneous level using collocated observations from the two products. We first present 

a representative case to illustrate the consistency between ALL_RAD and BMA-FLX, followed by a comprehensive statistical 

comparison over all available scenes. The analysis further examines the spatial distribution of errors, their dependence on 250 

cloud regimes, and the effects of cloud cover and spatial representativeness differences between the two products. 

 

3.1 Case study: example scene 

To illustrate the consistency between ALL_RAD and BMA-FLX, we first present a representative scene (Figure 2). The 

MSI composite image (Fig. 2a) shows a heterogeneous cloud field along the EarthCARE track, including optically thick and 255 

thin cloud and clear regions. The TOA SW and LW radiative fluxes derived from ALL_RAD and BMA-FLX (Fig. 2b, c) are 
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generally in good agreement, capturing the spatial variability associated with the cloud structures. Differences between the 

two estimates are small compared to the overall magnitude of the fluxes. The vertical profiles of SW and LW radiative heating 

rates derived from ALL_RAD (Fig. 2d, e) exhibit physically consistent structures, with shortwave heating distributed 

throughout the atmosphere due to gaseous absorption and enhanced within cloud layers, while longwave cooling is distributed 260 

within and above the cloud layers. Overall, this example demonstrates that the ALL_RAD estimates are consistent with BMA-

FLX while capturing the key radiative signatures associated with the cloud structures. 

 

 
Figure 2. Example scene illustrating the comparison between ALL_RAD and BMA-FLX, observed on 1 August 2025 (frame ID: 265 
06681E). (a) MSI composite image (RGB:  bands 1, 3, and 4; 0.67, 1.65, and 2.21 µm) showing the cloud field along the EarthCARE 
track. (b) Shortwave (SW) and (c) longwave (LW) upward radiative fluxes at the top of the atmosphere (TOA) from ALL_RAD 
(yellow) and BMA-FLX (black). Vertical profiles of (d) SW and (e) LW radiative heating rates derived from ALL_RAD. 

 

3.2 Global comparison of instantaneous TOA fluxes 270 

To quantitatively assess the agreement between ALL_RAD and BMA-FLX, we compare instantaneous TOA radiative 

fluxes at the assessment domain resolution (21 km × 5 km). Figure 3 shows scatter plots of SW and LW TOA fluxes derived 

from ALL_RAD against those from BMA-FLX under all-sky conditions for all available scenes in August 2025. Overall, the 

TOA radiative fluxes from ALL_RAD are in close agreement with those from BMA-FLX. The SW comparison is based on 

daytime scenes only, whereas the LW comparison includes both daytime and nighttime scenes. The correlation coefficients 275 
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are high for both SW (r = 0.97) and LW (r = 0.99), indicating that the spatial variability of radiative fluxes is well captured by 

the ALL_RAD estimates.  

For SW fluxes, the overall bias for the entire dataset is small (−0.6 W m⁻²), while the spread is relatively large (RMSE = 

33.7 W m⁻²), reflecting the strong sensitivity of shortwave radiation to cloud properties and horizontal variability. It should be 

noted that, for large SW fluxes (around 800 W m⁻² in BMA-FLX), the ALL_RAD estimates exhibit a tendency to saturate. 280 

These points correspond to scenes with extremely high cloud optical thickness, typically associated with deep convective 

clouds. This behavior is consistent with the saturation of COT retrievals in MSI_CLP (COT = 150), which limits the variability 

captured in the ALL_RAD estimates. 

In contrast, LW fluxes show both small bias (+2.2 W m⁻²) and significantly smaller spread (RMSE = 8.1 W m⁻²), indicating 

more stable agreement between the two products. These results demonstrate that ALL_RAD provides broadly consistent TOA 285 

radiative flux estimates at the instantaneous level, while capturing the variability associated with cloud–radiation interactions. 

 

 
Figure 3. Scatter plots comparing instantaneous all-sky top-of-atmosphere (TOA) radiative fluxes from ALL_RAD and BMA-FLX 
at the assessment domain resolution (21 km along-track × 5 km across-track) for August 2025. Panels show (a) shortwave (SW) 290 
upward TOA fluxes for daytime scenes only and (b) longwave (LW) upward TOA fluxes for both daytime and nighttime scenes. The 
color shading indicates data density (logarithmic scale). Solid black lines denote the 1:1 relationship, and magenta dots represent 
binned averages. Statistical metrics, including the number of samples (N), correlation coefficient (r), bias, and root-mean-square 
error (RMSE), are shown in each panel. Color scales are adjusted separately for each panel. 

 295 
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3.3 Spatial distributions of bias and variability 

To examine the geographical characteristics of the differences between ALL_RAD and BMA-FLX, Figure 4 shows the 

global distributions of bias and error standard deviation (SD) of ALL_RAD relative to BMA-FLX at the assessment domain 

resolution. For SW fluxes during daytime (Fig. 4a), the bias is generally small over most regions, with some regional structures 

associated with cloud regimes. In contrast, the error SD is relatively large (Fig. 4d), particularly in regions characterized by 300 

strong cloud variability, such as tropical convective areas and midlatitude storm tracks.  

It should be noted that closer inspection of Figs. 4a and 4d reveals regions of negative bias and relatively large error SD 

over major high-altitude areas, including the Rocky Mountains, the Andes, and the Himalayas. These features are consistent 

with known issues in the MSI_CLP version Ca product, in which COT retrievals are not performed over high-elevation regions. 

As a result, the COT-based scaling described in Section 2.2 is not applied in these areas, leading to systematic differences in 305 

the SW flux estimates. 

For LW fluxes during daytime, both the bias (Fig. 4b) and error SD (Fig. 4e) are smaller than those for SW, indicating more 

consistent agreement between ALL_RAD and BMA-FLX. The spatial variability of the errors is also reduced compared to 

SW. During nighttime, LW fluxes exhibit relatively uniform distributions of bias (Fig. 4c) and error SD (Fig. 4f), reflecting 

the absence of shortwave effects and the more homogeneous behavior of longwave radiation. Overall, the spatial patterns of 310 

error SD indicate that discrepancies between the two products are strongly linked to cloud variability, particularly for 

shortwave radiation, while LW fluxes show more stable agreement across different regions and conditions. 

 

 

 315 
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Figure 4. Global distributions of bias and error standard deviation (SD) of all-sky TOA radiative flux differences between ALL_RAD 
and BMA-FLX for August 2025. The statistics are computed from instantaneous differences at the assessment domain resolution 
(21 km along-track × 5 km across-track) and then averaged onto 5° × 5° latitude–longitude grids. The top row shows the bias, and 
the bottom row shows the error SD. Panels (a, d), (b, e), and (c, f) correspond to daytime SW, daytime LW, and nighttime LW fluxes, 320 
respectively. Positive bias indicates larger fluxes in ALL_RAD than in BMA-FLX. 

 

3.4 Dependence of cloud regimes 

To further investigate the sources of errors in the ALL_RAD estimates, we examine the relative contributions of bias and 

variability by analyzing their dependence on cloud regime. Since the RMSE can be decomposed as RMSE² = bias² + SD², this 325 

approach allows us to assess whether systematic or random components dominate the total error. As shown in Sections 3.2 

and 3.3, the RMSE of LW fluxes is generally below 10 W m⁻², which is comparable to the EarthCARE mission requirement 

scale. Therefore, we focus here on SW fluxes to identify the dominant sources of error. The analysis is performed by classifying 

the data according to COT and cloud-top temperature (CTT). 

Figure 5 shows the distributions of bias and SD as functions of COT and CTT over ocean during daytime. Here, it should 330 

be noted that not only COT but also CTT used in Fig. 5 are derived from MSI observations. Although cloud-top information 

from CPR and ATLID is generally expected to provide a more accurate representation of the physical cloud-top height, MSI-

derived CTT is intentionally used here to characterize the error properties of ALL_RAD. This is because the MSI_CLP 

algorithm retrieves both COT and CTT consistently using cloud-phase classification based on thermal infrared brightness 

temperatures. Specifically, clouds with brightness temperatures in MSI band 6 (10.8 µm) higher than 265 K are retrieved using 335 
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the liquid-cloud assumption, whereas clouds with brightness temperatures lower than 265 K, including both mixed-phase and 

ice clouds, are retrieved using the ice-cloud assumption. 

Figure 5a indicates that the SW flux bias varies systematically with cloud regime. In many regions of COT–CTT space, the 

magnitude of the bias exceeds the dataset-mean bias shown in Fig. 3a, and both positive and negative values are observed. 

This indicates that the small dataset-mean bias in Fig. 3a arises from compensation among regime-dependent biases of opposite 340 

signs.  

Four characteristic groups corresponding to different cloud regimes can be identified. First, in the regions with COT < 4, 

positive biases are observed in most regions of the COT–CTT space, and this tendency is particularly pronounced for CTT < 

225 K. Since the present analysis is not restricted to overcast clouds, these regions are likely to include not only optically thin 

clouds such as cirrus but also partially cloudy pixels containing clear-sky regions at the sub-pixel scale. In contrast, negative 345 

biases dominate in the regions with COT > 60 corresponding to optically very thick clouds. Furthermore, in the intermediate 

optical thickness range of 4 < COT < 60, different tendencies are observed depending on CTT. Specifically, negative biases 

dominate for CTT > 270 K, whereas positive bias tendencies are found for CTT < 270 K. These regimes are considered to 

correspond primarily to warm lower-level liquid-water clouds and colder mixed-phase/ice clouds, respectively. 

The dependence of the error SD of SW fluxes on cloud regime is also examined (Fig. 5b). Although less pronounced than 350 

the bias patterns, the SD exhibits a similar regime dependence. The most prominent feature appears in the region corresponding 

to 4 < COT < 60 and CTT > 270 K, which mainly includes low-level liquid-water clouds. In this region, the error SD is 

approximately 10 W m⁻² larger than in the surrounding regions. Comparison of Figs. 5a and 5b further shows that the amplitude 

of the error SD is larger than the corresponding bias in many regions. Considering the relationship RMSE² = bias² + SD², this 

suggests that the RMSE of the instantaneous SW fluxes shown in Fig. 3a is dominated primarily by the error SD rather than 355 

by systematic bias, with error SDs of approximately 20 W m⁻² or larger contributing substantially to the RMSE. 

The regime dependence of the bias and error SD for LW fluxes is also examined using Figs. 5c and 5d, respectively. 

Compared with SW fluxes, both quantities show substantially weaker dependence on the COT–CTT space. The LW flux bias 

generally remains within approximately ±3 W m⁻² in regions with CTT > 225 K, which account for the majority of the data 

samples (Fig. 5c). In contrast, for cold clouds with CTT < 225 K, both negative and positive biases ranging from approximately 360 

−9 to +6 W m⁻² are observed depending on COT. However, the fraction of data associated with these cold-cloud regimes is 

relatively small. As a result, the mean LW flux bias remains small without significant compensation between biases of opposite 

signs across different regimes. 

Similarly, the error SD of LW fluxes (Fig. 5d) also exhibits relatively weak dependence on cloud regime, with most values 

remaining within approximately 4–10 W m⁻². The spatial variability of the error SD in the COT–CTT space is also considerably 365 

smaller than that for SW fluxes. In addition, comparison of Figs. 5c and 5d shows that the error SD is larger than the 

corresponding bias in many regions. However, both the LW bias and error SD are substantially smaller than those in the SW 

case. These results are consistent with the small RMSE of LW fluxes shown in Fig. 3b and indicate that LW radiative fluxes 

are less sensitive than SW fluxes to cloud-regime-dependent variability. 
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 370 

 
Figure 5. Dependence of bias and error standard deviation (SD) in all-sky TOA radiative flux differences between ALL_RAD and 
BMA-FLX on MSI-derived cloud optical thickness (COT) and cloud-top temperature (CTT) over ocean during daytime for August 
2025. Panels show (a) bias and (b) error SD of shortwave (SW) fluxes, and (c) bias and (d) error SD of longwave (LW) fluxes. Values 
without parentheses indicate the bias or error SD, while values in parentheses indicate the number of samples in each bin. Positive 375 
bias indicates larger fluxes in ALL_RAD than in BMA-FLX. 
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3.5 Dependence on cloud cover and spatial representativeness 

In this section, we investigate the relationship between SW flux errors and the horizontal cloud distribution within the BMA-

FLX assessment domain. In the previous section, we showed that the bias and error SD of SW fluxes depend on cloud regime. 380 

In particular, the positive bias observed in low-COT regimes suggests a relationship with scenes containing partially cloudy 

conditions. In addition, since the RMSE of SW fluxes is predominantly influenced by the error SD, differences in spatial 

representativeness between the nadir-only observations of ALL_RAD and the assessment-domain-averaged BMA-FLX 

product may contribute to the errors. To investigate these effects, we first compare the COT–CTT distributions of bias and 

error SD for SW fluxes between partially cloudy and overcast conditions. 385 

Figures 6a and 6b show the COT–CTT distributions of SW flux bias for partially cloudy (cloud cover = 10–90%) and 

overcast (cloud cover = 100%) conditions, respectively. The cloud fraction within the assessment domain is derived from the 

MSI-based cloud-cover variable (“cloud_cover”) provided in the BMA-FLX product. For partially cloudy conditions (Fig. 6a), 

positive biases are found over almost the entire COT–CTT space. This positive bias may reflect multiple factors, including 

residual biases in clear-sky radiative properties, such as surface and aerosol characteristics, and possible biases in MSI-derived 390 

cloud properties caused by subpixel-scale cloud inhomogeneity. In contrast, for overcast conditions (Fig. 6b), both positive 

and negative bias regions coexist, exhibiting a more complex structure that depends on cloud regime. In particular, Fig. 6b 

shows a more pronounced negative bias tendency for low-level liquid-water stratocumulus clouds corresponding to 4 < COT 

< 60 and CTT < 270 K. 

Comparison of these bias patterns with Fig. 5a indicates that the positive bias found in the region with COT < 4 and CTT > 395 

255 K in Fig. 5a is dominated primarily by partially cloudy cases. In contrast, the positive and negative bias patterns in the 

other regions mainly originate from overcast cases. These results indicate that the cloud-regime dependence of SW flux bias 

shown in Fig. 5a reflects a combination of systematic positive biases associated with partially cloudy conditions and more 

complex bias structures associated with overcast cloud regimes. 

Similarly, the error SD of SW fluxes is also examined separately for partially cloudy and overcast conditions (Figs. 6c and 400 

6d). The most notable feature is that the error SD is larger for overcast conditions than for partially cloudy conditions. In 

general, from the viewpoint of the representativeness of the BMA-FLX assessment domain by the nadir-only sampling of 

ALL_RAD, partially cloudy scenes are expected to be more strongly affected by spatial inhomogeneity, leading to larger error 

SDs. However, the results shown in Figs. 6c and 6d indicate that such a simple interpretation is insufficient. 

These results indicate that the error SD of SW fluxes cannot be explained solely by differences in spatial representativeness 405 

but also by uncertainties in the cloud radiative field itself. In particular, for overcast scenes, differences in cloud optical 

properties and cloud vertical structures may strongly affect SW radiative fluxes, leading to larger discrepancies between 

ALL_RAD and BMA-FLX. In contrast, for partially cloudy scenes, the contribution of clear-sky regions within the assessment 

domain may relatively stabilize the spatially averaged SW fluxes. 

 410 
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Figure 6. Dependence of bias and error standard deviation (SD) of all-sky shortwave (SW) TOA radiative flux differences between 
ALL_RAD and BMA-FLX on MSI-derived cloud optical thickness (COT) and cloud-top temperature (CTT) over ocean during 
daytime for August 2025, separated according to cloud cover within the BMA-FLX assessment domain. (a) Bias for partially cloudy 
conditions (cloud cover = 10–90%). (b) Bias for overcast conditions (cloud cover = 100%). (c) Error SD for partially cloudy 415 
conditions. (d) Error SD for overcast conditions. Values without parentheses indicate bias or error SD, while values in parentheses 
indicate the number of samples in each bin. Positive bias indicates larger fluxes in ALL_RAD than in BMA-FLX. 
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3.6 Summary of all-sky evaluation with BMA-FLX 

Overall, the validation results demonstrate that ALL_RAD provides TOA radiative flux estimates that are generally 420 

consistent with the independent BMA-FLX product. In particular, LW fluxes exhibit small bias and error SD with relatively 

weak dependence on cloud regime, indicating stable performance across a wide range of cloud conditions. In contrast, SW 

fluxes show significant cloud-regime dependence, including systematic bias structures and relatively large error SDs associated 

with specific cloud regimes. 

The analyses in Sections. 3.4 and 3.5 indicate that the RMSE of instantaneous SW fluxes is dominated primarily by scene-425 

dependent variability rather than by systematic bias. The results further suggest that the SW flux differences cannot be 

explained solely by differences in spatial representativeness between the two products but also by uncertainties in cloud- 

radiative representation, particularly for overcast low-level liquid-water clouds. The remaining SW scatter may therefore 

reflect both limitations in the ALL_RAD cloud-radiative representation and uncertainties inherent in the comparison with 

BMA-FLX. Although non-negligible scatter remains at the individual scene level, the overall mean biases are relatively small. 430 

These results indicate that ALL_RAD is suitable for characterizing the mean radiative properties of clouds and the atmosphere. 

 

4 Evaluation against BMA-FLX under cloud-free conditions  

Although cloud-free pixels are included in the all-sky comparison in Section 3, we separately evaluate the ALL_RAD clear-

sky fluxes by comparing them with BMA-FLX fluxes for cloud-free pixels. As described in Section 2.3, the ALL_RAD 435 

algorithm computes radiative fluxes for four atmospheric conditions: all-sky, clear-sky without clouds, cloudy-sky without 

aerosols, and pristine-sky without both clouds and aerosols. These flux estimates are then used to assess the radiative effects 

of clouds and aerosols. Since BMA-FLX provides observed/retrieved all-sky fluxes but not clear-sky fluxes, this evaluation is 

performed using cloud-free pixels, for which all-sky fluxes are expected to be equivalent to clear-sky fluxes. Because cloud 

radiative effects are derived from the difference between all-sky and clear-sky fluxes, assessing clear-sky flux accuracy is also 440 

an important part of the ALL_RAD evaluation. 

Figure 7 compares TOA radiative fluxes from ALL_RAD and BMA-FLX for cloud-free pixels at the assessment domain 

resolution. Cloud-free pixels are selected using two criteria: cloud cover of 0% in the BMA-FLX assessment domain and no 

cloud layers detected by ATL_CLA. 

Clear-sky SW fluxes show small mean biases of +3.0 W m⁻² over ocean and −2.2 W m⁻² over land (Figs. 7a and 7b). The 445 

corresponding RMSEs are 7.7 W m⁻² and 13.5 W m⁻², respectively, which are substantially smaller than those found under 

all-sky conditions (Fig. 7a). This is reasonable because, except for snow- and ice-covered surfaces, both ocean and land 

surfaces are much darker than clouds in the shortwave spectral region. The error characteristics, however, differ between ocean 

and land. Over ocean, ALL_RAD shows a systematic positive difference relative to BMA-FLX. Given the relatively small 

variability of ocean surface albedo, this positive bias may be related to uncertainties in aerosol representation. Over land, in 450 
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contrast, both positive and negative differences are observed, suggesting that uncertainties in land surface albedo contribute to 

the scatter in clear-sky SW fluxes. 

Clear-sky LW fluxes show good agreement over both ocean and land (Figs. 7c and 7d). The biases are small, +1.6 W m⁻² 

over ocean and +2.1 W m⁻² over land, and the corresponding RMSEs are 4.7 and 6.9 W m⁻², respectively. The plots include 

both daytime and nighttime scenes, forming two distinct clusters with higher and lower fluxes, respectively. The lower-flux 455 

cluster is mainly composed of scenes over the Antarctic continent and the surrounding Southern Ocean. A slight positive bias 

is observed in the lower-flux cluster, suggesting that clear-sky LW fluxes in cold nighttime polar regions may require further 

attention, which may reflect uncertainty in the surface temperature used as input. Apart from this feature, the overall agreement 

indicates that, in the absence of clouds, uncertainties related to temperature profiles, water vapor absorption, surface 

temperature, and surface emissivity have only a limited impact on the estimated LW TOA fluxes.  460 

Overall, these clear-sky comparisons support the reliability of ALL_RAD clear-sky TOA flux estimates, while suggesting 

that residual uncertainties associated with aerosol representation and region-dependent surface properties may remain under 

some conditions. Together with the all-sky evaluation in Section 3, these results provide an important basis for evaluating 

cloud radiative effects derived from differences between all-sky and clear-sky fluxes. They also indicate that a more direct 

evaluation of aerosol radiative effects will require additional observations that simultaneously constrain aerosol optical 465 

properties and radiative fluxes. 
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Figure 7. Scatter plots comparing top-of-atmosphere (TOA) radiative fluxes from ALL_RAD and BMA-FLX for cloud-free pixels 
at the assessment domain resolution (21 km along-track × 5 km across-track) for August 2025. Panels show shortwave (SW) fluxes 470 
(a) over ocean and (b) land for daytime samples, and longwave (LW) fluxes (c) over ocean and (d) land for both daytime and 
nighttime samples. The color shading indicates data density on a logarithmic scale, and the solid black lines denote the 1:1 
relationship. Statistical metrics, including the number of samples (N), correlation coefficient (r), bias, and root-mean-square error 
(RMSE), are shown in each panel. Color scales are adjusted separately for each panel. 

 475 
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5 Evaluation of surface radiative fluxes against BSRN measurements 

Following the TOA flux evaluation in Sections 3 and 4, we further evaluate the surface radiative flux estimates from 

ALL_RAD using ground-based observations. Evaluating surface fluxes in addition to TOA fluxes contributes to a broader 

assessment of radiative closure. Because the available matchups with ground-based observations are limited, the present 

analysis should be regarded as an initial assessment of the surface flux performance. 480 

Surface downward SW and LW fluxes from ALL_RAD are compared with ground-based observations from the Baseline 

Surface Radiation Network (BSRN; Ohmura et al., 1998). The matchup is performed for BSRN sites located within 20 km 

of the EarthCARE ground track and within 10 min of the closest satellite overpass to each site. For each matchup, the 

ALL_RAD value is calculated as the spatial average of 1 km flux estimates within 20 km along the EarthCARE ground track 

from the BSRN site, whereas the corresponding BSRN value is calculated as the temporal average of observations within ±10 485 

min of the overpass. These spatial and temporal criteria are chosen empirically to ensure a sufficient number of matchup 

samples while limiting representativeness differences between the satellite and ground-based observations. The comparison 

period extends from 3 April to 19 November 2025. During this period, five BSRN sites satisfy these matchup criteria: Abashiri, 

Japan; Cabauw, the Netherlands; Ny-Ålesund, Norway; Sonnblick, Austria; and Syowa Station, Antarctica. For each matchup, 

the horizontal and vertical error bars indicate the temporal variability of the BSRN observations and the spatial variability of 490 

the ALL_RAD estimates within the matchup window, respectively. 

Figure 8a shows the comparison of downward SW surface fluxes. Although the number of matchups is limited, ALL_RAD 

captures the overall variability of the BSRN observations across a wide range of observed fluxes, as indicated by the high 

correlation coefficient of 0.94. The mean bias is small, -2.6 W m⁻², while the RMSE is 90.6 W m⁻². The relatively large scatter 

in some cases is not unexpected, because surface SW radiation is strongly affected by cloud variability, solar illumination 495 

conditions, and spatial representativeness differences between the satellite footprint and the point-scale ground observations. 

Figure 8b shows the corresponding comparison for downward LW surface fluxes. The agreement is also good, with a 

correlation coefficient of 0.94, a very small mean bias of −0.2 W m⁻² and an RMSE of 20.8 W m⁻². However, the RMSEs for 

the surface SW and LW fluxes are approximately three times larger than the corresponding TOA values shown in Fig. 3. This 

likely reflects the greater sensitivity of surface validation to spatial representativeness, especially under the relatively broad 500 

matchup criteria used in this study. Understanding these differences in more detail would require case-by-case examination of 

the cloud scenes and the associated matchup conditions. As the EarthCARE observation period continues and a larger number 

of matchups become available, more stringent matchup criteria and more robust surface flux validation will become possible. 

Overall, these results indicate that ALL_RAD provides physically reasonable estimates of surface radiative fluxes in this 

initial comparison. 505 
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Figure 8. Comparison of all-sky downward surface radiative fluxes from ALL_RAD with ground-based observations from the 
Baseline Surface Radiation Network (BSRN). (a) Downward shortwave (SW) surface fluxes and (b) downward longwave (LW) 
surface fluxes. Matchups are selected for BSRN sites located within 20 km of the EarthCARE ground track and within 10 min of 510 
the closest satellite overpass to each site during the period from 3 April to 19 November 2025. Plotted points represent the spatial 
mean of ALL_RAD estimates within the 20 km along-track matchup window and the temporal mean of BSRN observations within 
±10 min. Colors indicate different BSRN sites: ABS, Abashiri, Japan; BUD, Budapest-Lorinc, Hungary; CAB, Cabauw, the 
Netherlands; CNR, Cener, Spain; INO, Magurele, Romania; LRC, Langley Research Center, USA; NYA, Ny-Ålesund, Norway; 
PAR, Paramaribo, Surinam; RUN, Reunion Island; SEL, Selegua, Mexico; SON, Sonnblick, Austria; and SYO, Syowa Station, 515 
Antarctica. The dashed line denotes the 1:1 relationship. Error bars indicate the variability within the matchup window. Statistical 
metrics, including the number of samples, correlation coefficient, and bias, are shown in each panel.  

 

6. Discussion 

6.1 Demonstration of cloud radiative effects and heating rates 520 

In Sections 3–5, the ALL_RAD radiative flux estimates were evaluated through comparisons with BMA-FLX and ground-

based observations. These results provide a basis for using ALL_RAD in subsequent analyses and can be regarded as an initial 

step toward radiative closure assessment. In this subsection, we focus on two key quantities included in the ALL_RAD product, 

as listed in Table 1: the cloud radiative effect (CRE) and radiative heating rate (HR). We examine whether these quantities 

exhibit physically consistent features and are qualitatively consistent with previous studies. 525 

Figure 9 shows the zonal-mean CREs for the SW, LW, and net (NET) components derived from ALL_RAD for August 

2025. The CRE is defined for each spectral component and boundary level as the difference between all-sky and clear-sky net 

radiative fluxes: 
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𝐶𝑅𝐸!,#	 = 	&𝐹!,#↓ − 	𝐹!,#↑	)&''()*+	 − &𝐹!,#
↓ − 	𝐹!,#↑ 	),'-&.()*+, 530 

 

where b denotes the spectral component (SW, LW, or NET), z denotes the boundary level (TOA or BOA), and downward flux 

is taken as positive. The all-sky fluxes are calculated with clouds and aerosols, whereas the clear-sky fluxes are calculated 

without clouds but with aerosols. The atmospheric CRE (ATM CRE), representing the cloud radiative effect within the 

atmospheric column, is calculated as the difference between the TOA and BOA CREs: 535 

 

𝐶𝑅𝐸!,/01 =  𝐶𝑅𝐸!,02/ −  𝐶𝑅𝐸!,32/. 

 

The radiative fluxes and CREs provided in the ALL_RAD product are instantaneous values at the EarthCARE observation 

time. In Fig. 9, the SW CRE values are scaled by the daily-mean solar irradiance to represent daily-mean values, and the NET 540 

CRE is calculated using this scaled SW component. This scaling accounts for the diurnal variation in incoming solar radiation, 

but the underlying cloud distributions remain tied to the EarthCARE observation time. 

For the TOA CRE (Fig. 9a), corresponding estimates derived using BMA-FLX are also shown as dashed lines for 

comparison. Because BMA-FLX provides all-sky fluxes but not clear-sky fluxes, the ALL_RAD clear-sky fluxes are used as 

the clear-sky component when deriving CREs based on BMA-FLX. The same SW scaling is applied to the BMA-FLX-based 545 

TOA CREs. Thus, differences between the dashed and solid TOA CRE curves reflect differences in the all-sky TOA fluxes 

between the two products. 

The TOA CREs derived from ALL_RAD agree well with those derived using BMA-FLX for the SW, LW, and NET 

components. This is consistent with the small mean differences between their TOA fluxes shown in Section 3. At both TOA 

and BOA (Fig. 9a and 9b), the SW CRE is negative. At TOA, this results from increased reflection of solar radiation back to 550 

space by clouds, whereas at BOA it results from reduced solar radiation reaching the surface. In contrast, the LW CRE is 

positive, representing the greenhouse effect of clouds. In most latitudes, the NET CRE is negative at both TOA and BOA 

because the negative SW contribution exceeds the positive LW contribution. The latitudinal variations in CRE amplitude are 

consistent with the expected influence of cloud amount and optical thickness on SW CRE, and cloud-top height on LW CRE. 

The sign of the ATM CRE (Fig. 9c) varies with latitude. The SW ATM CRE is small but positive, consistent with shortwave 555 

absorption by clouds within the atmosphere. In contrast, the LW ATM CRE has a larger amplitude and changes sign from 

positive values in the tropics to negative values at higher latitudes. Consequently, the latitudinal structure of the NET ATM 

CRE is mainly determined by the LW component. 

These latitudinal structures are qualitatively consistent with the characteristics of cloud radiative effects derived from 

CloudSat radiative flux products (e.g., L’Ecuyer et al., 2008). However, the present analysis is based only on one month of 560 

data, and longer-term analyses are needed to examine seasonal variations and climatological features. 
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Figure 9. Zonal-mean cloud radiative effects (CREs) derived from ALL_RAD for August 2025. CRE is defined as the difference 
between all-sky and clear-sky net radiative fluxes. The SW CRE values are scaled by the daily-mean solar irradiance to represent 565 
daily-mean values. Panels show CREs (a) at the top of the atmosphere (TOA), (b) at the bottom of the atmosphere (BOA), and (c) 
within the atmosphere (ATM). The ATM CRE is calculated as the difference between TOA and BOA CREs. Shortwave (SW), 
longwave (LW), and net (NET) components are shown separately. Solid lines indicate ALL_RAD-derived CREs. For comparison, 
BMA-FLX-based TOA CREs, derived using BMA-FLX all-sky fluxes and ALL_RAD clear-sky fluxes, are shown with dashed lines. 

 570 

We next examine the vertical structure of atmospheric HRs associated with CREs (Figure 10). The CRE HR, 𝑄456,  is 

defined as the difference between the HRs under all-sky and clear-sky conditions, 𝑄&''()*+ and 𝑄,'-&.()*+, respectively: 

 

𝑄!,456 =  𝑄!,&''()*+ −  𝑄!,,'-&.()*+. 

 575 

For consistency with the CRE analysis in Fig. 9, the SW CRE HRs in Fig. 10 are scaled by the daily-mean solar irradiance to 

represent daily-mean heating rates, and the NET CRE HR is calculated using this scaled SW component. This quantity provides 

a vertical decomposition of the ATM CRE shown in Fig.9, indicating how the cloud-induced radiative heating or cooling of 

the atmospheric column is distributed with height. The SW CRE HR is generally positive (Fig. 10a), consistent with the 

positive SW ATM CRE in Fig. 9c and with shortwave absorption by clouds. In contrast, the LW CRE HR exhibits a more 580 
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complex vertical structure (Fig. 10b), with positive values in the tropical middle-to-upper troposphere and negative values 

above these regions and at higher latitudes. The NET CRE HR (Fig. 10c) is therefore characterized by positive heating in the 

tropical middle-to-upper troposphere and cooling in the lower troposphere and at higher latitudes, consistent with the latitudinal 

structure of the NET ATM CRE shown in Fig. 9c. 

These latitude–height structures of CRE HRs are qualitatively consistent with previous studies of cloud radiative heating 585 

based on A-Train observations (e.g., Kato et al., 2018). However, as with the CRE analysis, the present results are based only 

on one month of data, and the vertical heating-rate structures reflect cloud distributions sampled at the EarthCARE observation 

time. Longer-term analyses are therefore needed to examine seasonal variations and climatological features, and to place these 

EarthCARE-derived estimates in the context of knowledge accumulated from previous A-Train observations. 

 590 

 
Figure 10. Latitude–height cross sections of cloud radiative effect heating rates (CRE HRs) derived from ALL_RAD for August 
2025. The CRE HR is defined as the difference between all-sky and clear-sky radiative heating rates and represents the cloud-
induced change in atmospheric radiative heating. The SW CRE heating rates are scaled by the daily-mean solar irradiance to 
represent daily-mean heating rates. Panels show the (a) shortwave (SW), (b) longwave (LW), and (c) net (NET) components. Positive 595 
values indicate cloud-induced radiative heating relative to clear-sky conditions, whereas negative values indicate cloud-induced 
radiative cooling. 
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6.2 Demonstration of aerosol radiative effects 

 As another initial demonstration, we present the global distribution of aerosol radiative effects (AREs) derived from 600 

ALL_RAD. This analysis illustrates the capability of ALL_RAD to diagnose AREs in a vertically consistent framework. 

Figure 11 shows the SW, LW, and NET AREs at the TOA, within the atmosphere (ATM), and at the BOA for daytime scenes 

in August 2025 under all-sky conditions. Although the analysis is limited to daytime scenes, this is not expected to compromise 

the purpose of providing an initial demonstration of ARE diagnostics, because the SW component is the primary contributor 

to the NET ARE. Note that the ALL_RAD product also provides AREs under clear-sky conditions as listed in Table 1. 605 

The SW ARE is predominantly negative at the TOA and BOA, consistent with aerosol-induced scattering and absorption 

that increase reflected solar radiation and reduce the solar radiation reaching the surface. In contrast, the ATM SW ARE is 

positive, indicating shortwave absorption by aerosols within the atmosphere. These features are most pronounced over major 

aerosol source regions, including the Sahara Desert and biomass-burning regions in central and southern Africa, as well as 

their downwind regions. 610 

 The LW ARE exhibits a different vertical structure from the SW ARE. Positive LW AREs are found at the TOA and BOA, 

whereas the ATM LW ARE is negative in the global mean. Although the magnitude of the LW ARE is smaller than that of 

the SW ARE, it partly offsets the SW contribution to the net radiative effect. 

 Consequently, the NET ARE is largely controlled by the SW component. The global-mean NET AREs for the period 

analyzed here (August 2025) are estimated to be −1.5 W m−2 at the TOA, +1.2 W m−2 within the atmosphere, and −2.7 W m−2 615 

at the BOA. Because the present ARE estimates are based on one month of data in August 2025, they should not be directly 

compared quantitatively with previous multi-year estimates based on A-Train observations. Nevertheless, the global patterns, 

signs, and vertical partitioning of the AREs among the TOA, ATM, and BOA are broadly consistent with the general 

characteristics reported in previous A-Train-based studies of aerosol radiative effects (Oikawa et al., 2013, 2018; Matus et al., 

2019). Despite this qualitative consistency, validation of the radiative fluxes directly related to AREs remains limited in this 620 

study. In particular, the validity of the input aerosol types and optical properties, as well as the uncertainties in the radiative 

transfer calculations based on these inputs, have not been fully assessed. Therefore, the results shown here should be interpreted 

as an initial demonstration of ARE diagnostics based on the current version of ALL_RAD. 
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 625 
Figure 11. Global distributions of aerosol radiative effects (AREs) derived from ALL_RAD for daytime scenes in August 2025 under 
all-sky conditions. ARE is defined as the difference between aerosol-containing and aerosol-free radiative fluxes under the same all-
sky conditions. The SW ARE values are scaled by the daily-mean solar irradiance to represent daily-mean values. Panels show AREs 
at the top of the atmosphere (TOA; a–c), within the atmosphere (ATM; d–f), and at the bottom of the atmosphere (BOA; g–i). 
Shortwave (SW; a, d, g), longwave (LW; b, e, h), and net (NET; c, f, i) components are shown separately. The ATM ARE is calculated 630 
as the difference between TOA and BOA AREs. Values shown below the panel titles indicate global means. 

 

6.3 Sources of uncertainty and future perspectives 

The results in Sections 3–5 support the basic reliability of the radiative fluxes and derived quantities provided by ALL_RAD. 

At the same time, systematic uncertainties related to cloud regime and cloud cover were identified, particularly for SW fluxes. 635 

In this section, we summarize the current status of ALL_RAD and discuss remaining issues for future improvement and 

validation. 

This study provides an initial evaluation of ALL_RAD based on actual EarthCARE observations. The TOA radiative fluxes 

from ALL_RAD generally agree well with BMA-FLX (Fig. 3), and the surface radiative fluxes are also broadly consistent 

with BSRN observations, although the number of available matchups is limited (Fig. 8). These results represent an important 640 

step from the pre-launch evaluation by Yamauchi et al. (2024) toward evaluation based on actual EarthCARE observations. 
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This progress should be attributed not only to improvements in the ALL_RAD algorithm itself, but also to improvements in 

the input Level-2 cloud and aerosol products and advances in the calibration accuracy of the upstream Level-1 products. 

In contrast to the LW fluxes, non-negligible uncertainties remain in the SW fluxes. The bias and error SD of the SW fluxes 

exhibit clear geographical patterns (Fig. 4) and depend on the COT–CTT space (Fig. 5) and cloud cover within the assessment 645 

domain (Fig. 6), with systematic features appearing in specific cloud regimes, such as low-level liquid-water clouds. These 

uncertainties may originate from multiple processing stages. Possible sources include cloud properties retrieved in the input 

AC_CLP and MSI_CLP products, the construction of combined cloud profiles in which AC_CLP-derived vertical cloud water 

contents are scaled using MSI-derived COT, and inconsistencies in the treatment of cloud particle scattering properties between 

the Level-2 retrieval algorithms and the ALL_RAD radiative transfer calculations. In addition, the positive bias tendency under 650 

partially cloudy conditions (Fig. 6a) may be related to clear-sky contamination at the subpixel scale, heterogeneity in cloud 

properties, or three-dimensional radiative effects, which could affect both the retrievals and the radiative flux calculations. 

However, the ALL_RAD–BMA-FLX differences should not be interpreted as uncertainties in ALL_RAD alone. The BMA-

FLX product serves as a useful independent reference dataset based on BBR observations. Its TOA fluxes are retrieved from 

BBR multi-angle radiances through the BM-RAD unfiltering process (Velázquez Blázquez et al., 2024a) and the BMA-FLX 655 

radiance-to-flux conversion process using an angular distribution model (Velázquez Blázquez et al., 2024b). In addition, the 

comparison includes differences in spatial representativeness between the nadir-only sampling of ALL_RAD and the 

assessment-domain averages of BMA-FLX. Therefore, quantitatively separating the contributions from the cloud–radiation 

representation in ALL_RAD, the BMA-FLX retrieval process, and representativeness uncertainties associated with the 

comparison remains an important issue for future work. 660 

The clear-sky comparison shown in Fig. 7 also suggests additional uncertainties that warrant further attention. In the SW 

clear-sky comparison, residual differences may be related to aerosol representation over ocean (Fig. 7a), whereas over land 

they appear to be associated mainly with surface properties (Fig. 7b). Because aerosol radiative effects are another important 

application target of ALL_RAD, further validation of aerosol representation remains important. In addition, the positive bias 

in clear-sky LW fluxes under low-temperature conditions (Figs. 7c and 7d) suggests the need to examine the uncertainties of 665 

input surface temperature data and their treatment in radiative transfer calculations, particularly over and around Antarctica. 

The CRE and HR structures shown in Figs. 9 and 10 indicate that ALL_RAD can be used not only for radiative closure 

assessment, but also for analyzing cloud radiative effects and atmospheric radiative heating rates. Although uncertainties 

related to geographical patterns and cloud regimes remain in the ALL_RAD SW fluxes, they appear to be partly averaged out 

in the zonal-mean CREs, which are broadly consistent with those derived using BMA-FLX (Fig. 9a). The CREs at TOA, BOA, 670 

and within the atmosphere (Fig. 9), as well as the heating rates associated with cloud radiative effects (Fig. 10), are broadly 

compatible with existing physical understanding and previous studies based on CloudSat/A-Train observations (e.g., L’Ecuyer 

et al., 2008; Kato et al., 2018), and they reasonably represent the latitude–height structure of cloud-induced heating and cooling. 

Nevertheless, these analyses are based only on one month of data from August 2025, and longer-term analyses are essential 

for discussing seasonal variations, annual means, and climatological characteristics. 675 
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Future work can be broadly organized into two directions. The first is the expansion of validation datasets. The comparison 

with BMA-FLX should be extended to longer periods to quantify uncertainties depending on cloud regime, season, and region. 

Similarly, the comparison with BSRN ground-based observations should be expanded to include more sites and longer periods. 

In particular, ground-based sites that simultaneously observe radiative fluxes together with cloud and aerosol properties could 

provide more information from the limited matchup data. In addition, comparison with the ESA radiation product ACM-RT 680 

(Cole et al., 2024), the counterpart of ALL_RAD, would also help distinguish uncertainties common to both products from 

algorithm-specific uncertainties. 

The second direction is the advancement of validation methodologies. ALL_RAD currently calculates radiative fluxes using 

cloud and aerosol information based on nadir observations. By applying a donor–recipient approach, as used in A-Train 

analyses (Barker et al., 2011; Okata et al., 2017), CPR/ATLID cloud vertical profiles observed along the nadir track could be 685 

assigned to across-track MSI pixels within the assessment domain. The resulting reconstructed three-dimensional cloud fields 

would be useful for evaluating representativeness uncertainties associated with nadir sampling in the ALL_RAD–BMA-FLX 

comparison. They could also be used as input for 3D radiative transfer calculations, which can provide multi-angle radiances. 

Direct comparison of these simulated radiances with BM-RAD radiances would enable a radiance-level evaluation of 

ALL_RAD, independent of the ADM-based flux conversion in BMA-FLX. This would complement the radiative closure 690 

assessment based on the BMA-FLX flux comparison. 

The ESA operational products already include components for three-dimensional cloud-field reconstruction (ACMB-3D; 

Qu et al., 2023), 3D radiative transfer calculations (ACM-RT), and radiative closure assessment based on these calculations 

(ACMB-DF; Barker et al., 2025). For ALL_RAD, it will also be important to develop a framework that can quantify 

representativeness uncertainties and 3D radiative effects, in addition to the current nadir-based 1D radiative transfer 695 

calculations. This would allow the evaluation to go beyond the validation of TOA and surface fluxes and toward a more 

comprehensive assessment of cloud and aerosol radiative effects.  

 

7 Conclusions 

In this study, we conducted an initial evaluation of ALL_RAD version Ba, the JAXA four-sensor synergy radiation budget 700 

product, using actual EarthCARE observations. The ALL_RAD algorithm generates composite cloud and aerosol profiles by 

integrating JAXA Level-2 retrieval products derived from CPR, ATLID, and MSI, and then estimates broadband SW and LW 

radiative fluxes at the TOA and surface, as well as radiative heating-rate profiles, using a one-dimensional radiative transfer 

model. The performance of the ALL_RAD radiative flux estimates was evaluated through comparisons with the BBR-based 

BMA-FLX product at the TOA and ground-based BSRN observations at the surface. 705 

The TOA radiative fluxes from ALL_RAD generally showed good agreement with BMA-FLX. In particular, LW fluxes 

showed small biases and RMSEs under both all-sky and clear-sky conditions, indicating stable performance. For SW fluxes, 

the overall mean bias was small and the RMSE remained within a reasonable range. Nevertheless, non-negligible cloud-
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regime-dependent biases and error SDs were identified, suggesting the need for further improvements in the ALL_RAD 

algorithm itself, together with continued refinement of the input Level-2 products. The improved agreement relative to pre-710 

launch assessments reflects the maturation of the ALL_RAD algorithm together with improvements in the upstream 

EarthCARE Level-1 and Level-2 products. 

For surface radiative fluxes, although the number of available BSRN matchups was limited, ALL_RAD broadly reproduced 

the variability of downward SW and LW surface fluxes. This provides initial evidence that ALL_RAD provides reasonable 

radiative flux estimates not only at the TOA but also at the surface. Further validation using more sites and longer periods is 715 

needed to obtain a more robust assessment. 

As an application of the ALL_RAD radiative fluxes, we also analyzed cloud and aerosol radiative effects and cloud-induced 

radiative heating rates. These quantities showed latitudinal and latitude–height structures that were broadly consistent with 

existing physical understanding and previous studies based on A-Train observations. This indicates that ALL_RAD can 

provide useful information not only for radiative closure assessment, but also for analyzing radiative impacts of clouds and 720 

aerosols and atmospheric radiative heating rates. 

Future work should extend the validation to longer periods and a wider range of regions and cloud regimes. Further 

evaluation of aerosol radiative effects is also needed, particularly through comparisons with observations that provide 

simultaneous information on aerosols and radiative fluxes. In addition, separating the ALL_RAD–BMA-FLX differences into 

contributions from uncertainties in the two products themselves, spatial representativeness, and three-dimensional radiative 725 

effects will be important for improving the interpretation of these differences and for advancing radiative closure assessment 

using EarthCARE observations. 
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Data availability 730 

 The EarthCARE products used in this study are available online on the Globe Portal System (G-Portal) of JAXA 

(https://gportal.jaxa.jp) and are identified by the following DOIs: EarthCARE L2B Four Sensor Synergy Radiation Budget 

Product (ALL_RAD; https://doi.org/10.57746/EO.01jkwjp98y6mndbxt887cgcgw6; JAXA, 2024a),EarthCARE L2B CPR-

ATLID Synergy Cloud Products (AC_CLP; https://doi.org/10.57746/EO.01jkwjeg2y0bqndnsvjvaaskaw; JAXA, 2024b), 

EarthCARE L2A ATLID one-sensor Cloud Products (ATL_CLA; https://doi.org/10.57746/EO.01jkwjk45jrx9frz6c11x4rs8e; 735 

JAXA, 2024c), and EarthCARE L2A MSI one-sensor Cloud Products (MSI_CLP; 

https://doi.org/10.57746/EO.01jkwjkd9yt4shyz0z27drfve3; JAXA, 2024d). The two surface emissivity products, derived from 

the UW Baseline Fit Emissivity Database based on MODIS observations and the ASTER Global Emissivity Dataset, are 

available from the Cooperative Institute for Meteorological Satellite Studies (CIMSS), University of Wisconsin–Madison 

(https://cimss.ssec.wisc.edu/iremis/). 740 
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