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Article

A New Benchmark for Surface Radiation 
Products over the East Asia–Pacific Region 
Retrieved from the Himawari-8/AHI Next-
Generation Geostationary Satellite
Husi Letu, Takashi Y. Nakajima, Tianxing Wang, Huazhe Shang, Run Ma, Kun Yang, 
Anthony J. Baran, Jerome Riedi, Hiroshi Ishimoto, Mayumi Yoshida, Chong Shi, 
Pradeep Khatri, Yihan Du, Liangfu Chen, and Jiancheng Shi

ABSTRACT: Surface downward radiation (SDR), including shortwave downward radiation 
(SWDR) and longwave downward radiation (LWDR), is of great importance to energy and climate  
studies. Considering the lack of reliable SDR data with a high spatiotemporal resolution in the 
East Asia–Pacific (EAP) region, we derived SWDR and LWDR at 10-min and 0.05° resolutions for 
this region from 2016 to 2020 based on the next-generation geostationary satellite Himawari-8  
(H-8). The SDR product is unique in terms of its all-sky features, high accuracy, and high-resolution 
levels. The cloud effect is fully considered in the SDR product, and the influence of high aerosol 
loadings and topography on the SWDR are considered. Compared to benchmark products of the 
radiation, such as Clouds and the Earth’s Radiant Energy System (CERES) and the European Centre 
for Medium-Range Weather Forecasts (ECMWF) next-generation reanalysis (ERA5), and the Global 
Land Surface Satellite (GLASS), not only is the resolution of the new SDR product notably much 
higher, but the product accuracy is also higher than that of those products. In particular, hourly 
and daily root-mean-square errors of the new SWDR are 104.9 and 31.5 W m−2, respectively, which 
are much smaller than those of CERES (at 121.6 and 38.6 W m−2, respectively), ERA5 (at 176.6 
and 39.5 W m−2, respectively), and GLASS (daily of 36.5 W m−2). Meanwhile, RMSEs of hourly 
and daily values of the new LWDR are 19.6 and 14.4 W m−2, respectively, which are comparable 
to that of CERES and ERA5, and even better over high-altitude regions.
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Surface downward radiation (SDR), which includes shortwave downward radiation 
(SWDR) and longwave downward radiation (LWDR), is a fundamental component of 
the surface energy balance and one of the main factors influencing climate change, 

as well as the major forcing variable in many land surface and hydrological models (Pinker  
et al. 2005; Stephens et al. 2012; Wang and Dickinson 2013; Liang et al. 2019). 
Consequently, reliable SDR estimations are indispensable for Earth’s energy cycle and 
climate studies as well as solar energy applications (Li et al. 1997; Yang et al. 2006; Ma 
and Pinker 2012).

Ground-based observations, numerical modeling, and satellite observations are all effec-
tive ways to estimate SDR (Liang et al. 2019). Ground-based observations are the most direct 
and reliable method to derive SDR data with a high precision and high temporal resolution 
(Huang et al. 2019); however, they do not exhibit a large spatial scale. In contrast, numeri-
cal modeling, which includes general circulation model (GCM) simulations and atmospheric 
reanalysis data, e.g., European Centre for Medium-Range Weather Forecasts (ECMWF) next-
generation reanalysis (ERA5), provides spatiotemporally continuous SDR data at regional 
and global scales, but overall, its accuracy is limited, and the spatial resolution is relatively 
coarse for many applications (Decker et al. 2012). Based on high-performance numerical 
models and data assimilation techniques via combined ground and satellite measure-
ments, the resolution and accuracy of recent reanalysis data have notably improved. For 
example, the spatial and temporal resolutions of ERA products have increased from 1° and 
6 h, respectively, for the ERA-Interim product to 0.25° and 1 h, respectively, for the ERA5 
product released in 2016, and the accuracy of ERA5 LWDR data are comparable to that of 
state-of-the-art satellite products (Hersbach et al. 2020; Tang et al. 2021). Remote sensing 
yields considerable advantages in surface radiation estimation with global/regional coverage 
and a high spatial resolution. Over the past decades, numerous SDR products based on low-
Earth-orbit (LEO) and geosynchronous-equatorial-orbit (GEO) satellites have been released to 
accurately determine the energy budget at regional and global scales (Zhou and Cess 2001; 
Gupta 1989; Kato et al. 2011; Takenaka et al. 2011; Wang and Liang 2009). Most recently, 
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the cloud property and atmospheric radiation satellite products of Clouds and the Earth’s 
Radiant Energy System (CERES) have been upgraded from edition 2 (Ed2) to edition 4 (Ed4). 
The CERES Ed4 product integrates LEO and GEO satellite data, and the spatiotemporal resolu-
tion (STR) of this product has been accordingly improved (Minnis et al. 2011), approaching 
that of traditional GEO satellites [e.g., Multifunctional Transport Satellite (MTSAT), Meteosat, 
and FengYun-2 series] at the global scale. The Global Land Surface Satellite (GLASS) product 
suite was released during the year 2000 to present. The daily SWDR products of the GLASS 
over land are at a spatial resolution of 0.05°, the generation of which is based on the lookup 
table (LUT) method by combining multiple geostationary and MODIS satellite data. The 
GLASS net radiation product (daytime) over land surfaces has been reported with an RMSE of  
31.61 W m−2 (Liang et al. 2019, 2021).

Since 2010, next-generation geostationary satellites, such as the Geostationary Operational 
Environmental Satellite R-series (GOES-R), Himawari-8 (H-8) (Bessho et al. 2016; Letu et al. 
2019), and FengYun-4 (Yang et al. 2017), have been successfully launched, and their STR is 
notably higher than that of traditional GEO satellites and ERA5 and CERES products. Among 
them, H-8 is the most widely studied by scientists worldwide since it provides multiple bands 
to retrieve accurate SDR data in the East Asia–Pacific (EAP) region (Letu et al. 2020). Unfortu-
nately, to date, the uncertainties in the SDR products derived from H-8 measurements caused 
by clouds, heavy aerosols, and topographic effects have not been comprehensively addressed. 
More importantly, its all-sky LWDR product has yet to be released.

Considering the lack of reliable SDR data with a high STR in the EAP region, we derive 
all-sky SWDR and LWDR data with unprecedented 10-min and 0.05° resolutions from 
2016 to 2020 based on the new generation of geostationary measurements. More impor-
tantly, the new SDR product comprehensively considers the effects of the cloud phase, 
heavy aerosols, and topography on shortwave radiation, which have been neglected in 
many SDR studies.

Input data
H-8 L1B data. H-8 is the next-generation geostationary satellite of the Japan Meteorological 
Agency (JMA), which was launched into geosynchronous orbit at approximately 140°E on 
17 October 2014 and started its operation in 2015. The major instrument on board H-8 is the 
Advanced Himawari Imager (AHI), which provides measurements in 16 separate channels, 
with central wavelengths ranging from 0.47 to 13.3 μm and spatial resolutions ranging from 
0.5 to 2 km. The AHI scans the full disk (the whole Earth as observed from the satellite) at  
10-min intervals. Additionally, the AHI scans four other areas (Japan, target, and two land-
mark areas) at a temporal resolution of 0.5 or 2.5 min to ensure a prompt response to meteo-
rological conditions. The band data of the AHI are released in separate files, the radiance 
[W (m2 sr μm)−1] is recorded in all bands, the visible or near-infrared bands (bands 1–6) can 
be converted into the albedo or reflectance, and the infrared bands (bands 7–16) can be con-
verted into the brightness temperature. The latest standard H-8 L1B data are distributed in 
HSD and netCDF formats via www.eorc.jaxa.jp/ptree/index.html. The HSD format maintains the 
original resolution, while the netCDF format (60°S–60°N, 80°E–160°W) is reorganized to 
0.05° with slightly lower coverage because of margin trimming.

H-8 atmospheric products.  High-precision cloud microphysical parameters for differ-
ent phases (ice and water clouds) are employed to derive the SDR product. Clouds are the 
most important factors influencing SDR (including both SWDR and LWDR). Cloud particles 
consisting of different thermodynamic phases impose different effects on SWDR. In recent 
years, we have developed official cloud products, including a cloud mask, cloud thermo-
dynamic phase, optical thickness, and effective particle radius (examples are shown in 
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Figs. 1 and 2), for H-8 satellite products (Letu et al. 2019, 2020). In this study, an SWDR  
retrieval algorithm is constructed based on the LUT method combined with radiative transfer  
principles. The macro- and microphysical parameters of different cloud phases are adopted 
as input parameters to calculate SWDR to improve its accuracy in regions covered by liquid 
or ice clouds.

The LWDR algorithm is an improved general regression method, trained mainly with 
CERES products and ground measurement data. It is a full-sky LWDR model based only on 
surface temperature (LST), column water vapor, and cloud-top temperature (CTT) (Wang 
et al. 2020). The advantage of this method is that it is easy to operate, and the required 
input data are readily available in both day- and nighttime, especially for the currently 
available moderate- and high-resolution satellite data. Most studies have reported that 
clouds severely modulate LWDR, and accurate derivation of longwave radiation under 
all-sky conditions remains a challenge in the community (Gupta et al. 2010; Kato et al. 
2011). Moreover, almost all publicly available LWDR products exhibit a very coarse reso-
lution (>0.25°) no matter space-based or reanalysis data, which cannot accurately reflect 
the variations in longwave radiation at regional and even global scales (Wang et al. 2018). 
Although the cloud-base temperature or height can directly relate to the cloudy thermal 
contribution (Zhou and Cess 2001), it is not easy to directly estimate from the satellites due 
to the opacity of the clouds in optical spectral range. In contrast, the CTT can be detected 
at both daytime and nighttime for most thermal infrared remote sensing missions, and 
many cloud-top height products are currently readily available for the public. Although 
the CTT cannot directly contribute to LWDR, a nonlinear positive correlation between 
the CTT and cloud-bottom temperature is found in our study. Thus, CTT is used as an 
indicator to quantify the cloud thermal contribution in a proper manner instead of using 
the temperature at cloud base. In this study, we quantified the cloud effect on LWDR via 
incorporation of the AHI CTT, and the all-sky LWDR at 0.05° and 10-min resolutions were 
then derived through further parameterization of the precipitable water vapor (PWV) 
and surface skin temperature (SKT). The CTT (Fig. 2) was retrieved from H-8 data with a 
brightness temperature (10.8 μm)-based split-window algorithm according to reanalysis 
data and empirically determined thresholds (Nakajima et al. 2019).

Studies have indicated that high concentrations of aerosols (including dust or heavy haze) 
may strongly scatter or absorb solar radiation, resulting in a notable reduction in SWDR (Ma  
et al. 2020). In this study, aerosol optical thickness data that are more accurate in dusty or hazy 

Fig. 1. (left) Full-disk true-color RGB image (0.64–0.51–0.46 μm) retrieved from the H-8 AHI on  
12 Sep 2016 (0300 UTC). (right) AHI cloud-phase results.
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areas are taken into account to improve the SWDR estimation accuracy, particularly under  
the high-aerosol loading conditions typical in East Asia. The aerosol optical depth (AOD) 
at 0.50 μm is inferred via a common aerosol retrieval algorithm of the JAXA-Ptree system 
(Mayumi et al. 2018), which considers different weights for the first five AHI channels based 
on the optimal estimation approach and is adopted as the input parameter of the algorithm 
to reduce the uncertainties in SWDR estimation. A comprehensive validation demonstrates 
that the H-8-derived AODs are generally consistent with those of AERONET with a root-mean-
square error of 0.174 (Mayumi et al. 2018). An example of the AOD distribution in the EAP 
region is shown in Fig. 2.

Auxiliary data. The auxiliary data used to correct the SWDR estimation include PWV and 
ozone data at a spatial resolution of 0.25°, and surface pressure data at a spatial resolution 
of 0.1°. The auxiliary data used to correct the LWDR estimation include PWV and surface 
temperature data. All auxiliary data mentioned above are sourced from ERA5 data and resa-
mpled to 0.05° to collocate with the H-8 measurements.

Validation data. The validation data we employed to quantitatively assess the accuracy of 
the SWDR obtained from 27 sites among 5 networks across the EAP region. In particu-
lar, there are 6 sites across Oceania maintained by the Australian Governments Bureau of  
Meteorology (BOM), 7 sites in coastal areas and the ocean of the Baseline Surface Radiation 
Network (BSRN) (Ohmura et al. 1998), 5 sites across the ocean of the Global Moored Buoy 
Array (GTMBA) (McPhaden et al. 2010), and 9 sites in mainland China affiliated with the 

Fig. 2. Retrievals of (top left) cloud optical thickness, (top right) 2.3-μm cloud effective radius, 
(bottom left) cloud-top temperature, and (bottom right) aerosol optical thickness from the H-8 
AHI for the same time as that in Fig. 1.
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China Meteorological Administra-
tion (CMA). In addition, 11 sites from 
the BSRN and the other 3 sites from 
the Nam Co Watershed (NMC) are 
employed for the LWDR validation. 
Note that NMC is a ground observa-
tion network built by the Second Ti-
betan Plateau Scientific Expedition 
and Research Program (STEP) proj-
ect, and the corresponding measure-
ments include SWDR, LWDR, and 
net radiation. Moreover, the altitudes 
of these three stations are all above 
4.5 km. The distributions of these ob-
servational sites are shown in Fig. 3, 
where the sites marked in black and 
red denote the SWDR and LWDR re-
sults, respectively, in this study. The 
stations at these sites conduct SDR 
measurements every 1–3 min except 
for those at the CMA sites.

Processing methodology
The algorithms yielding the all-sky SDR products are constructed according to the flowchart 
shown in Fig. 4. The input data include AHI L1 data containing geolocation information; AHI 
L2 products of the AOD; cloud optical thickness (COT), cloud effective radius (CER), and CTT 
for water and ice clouds; Moderate-Resolution Imaging Spectroradiometer (MODIS) L3 8-day 
(MCD43C3) surface albedo; and ERA5 SKT and PWV products.

We employ a precalculated LUT to combine aerosol (clear-sky) and cloud properties (cloudy-
sky) combined with the viewing geometry (solar zenith angle, viewing zenith angle, and relative 
azimuth angle) to estimate SWDR (Letu et al. 2020). In addition, machine learning is adopted to 
accelerate SWDR searching in the very large LUT without reducing the accuracy (Ma et al. 2020). For 
simplicity, in the LUT calculation for SWDR retrieval, the surfaces are assumed to be homogeneous, 
and the PWV is assumed to be constant. A lack of surface elevation and actual PWV would lead to 
approximately 5% and 10% uncertainty in the estimation of SWDR (Zhang et al. 2019). Therefore, 
to reduce the uncertainties introduced by the above default assumptions on the surface elevation 
and PWV, normalized transmittance coefficients for both PWV and elevation are calculated. This 
is based on the near-real-time PWV, and the in situ elevation is adopted to further correct the es-
timated SWDR. The normalized transmittance coefficients are calculated according to Kim and 
Liang (2010) and Yang et al. (2006).

The LWDR derivation algorithm also consists of two parts, i.e., clear- and cloudy-sky con-
ditions. Under clear-sky conditions, ERA5-derived SKT and PWV parameters are resampled 
to match the resolution of H-8. H-8 cloud cover and CTT products are then incorporated to 
obtain the cloudy-sky LWDR. More details regarding the LWDR algorithm are provided in Wang  
et al. (2020). Note that a negative mean bias error (MBE) in the original LWDR algorithm over 
high-altitude conditions is corrected for in this study.

Features of the new products
In this section, four features of the new products are presented; they are characterized by high 
resolution, considering cloud effects, aerosol effects, and effects of complex terrain.

Fig. 3. Observational sites of SDR and their locations 
across the EAP region. The black and red markers indi-
cate the sites of the SWDR and LWDR measurements 
used in this study. The sites of the different networks 
are marked with different shaped markers.
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The construction method of our products is developed based on the latest versions of the 
H-8 aerosol and cloud retrieval algorithms, which minimize the propagation of uncertain-
ties in aerosol or cloud retrieval to the estimation of SWDR and LWDR. The spatial details 
of H-8 full-disk SDR products are evaluated with CERES and ERA5 results. Figures 5 and 6 
show the daily mean SWDR and LWDR values on 1 January 2016 versus CERES and ERA5 
values, in which areas a–c indicated in the top-left panels depict detailed regional SDR 
distributions of the above three mentioned products. Areas a–c are arbitrarily selected with 
relatively low, high, and intermediate SDR values, respectively. The high spatial resolution 
of the H-8 SDR enables the zoomed results within areas a–c to be detailed. However, the 
ERA5 and CERES results are obviously pixelated.

As shown in Fig. 5, the high SWDR values along the belt at latitude 30°S and intermedi-
ate and low SWDR values at high northern latitudes for the three products exhibit similar 
spatial distributions. Based on the zoomed results within areas a–c, the H-8 and CERES 
results are similar, while the ERA5 results exhibit inconsistent features in terms of the 
ranges of low SWDR values in areas a and c and high SWDR values in area b. The differ-
ences among these results in zoomed-in area b include a lower magnitude of the high SWDR 
values (300–400 W m−2) estimated from H-8 than that of the high SWDR values estimated 
from CERES and ERA5. In terms of the spatial resolution, the higher spatial resolution of 
the H-8 products (0.05°) than that of the CERES (1.00°) and ERA5 (0.25°) products reveals 
more SWDR distribution details even in terms of the daily average values. The SWDR values 
estimated from H-8 exhibit much more subtle changes, but both the CERES- and ERA5-
estimated values are very homogeneous. The H-8 product resolves the notable variation 
in SWDR that is not recognized by the other two data products.

Fig. 4. Flowchart for the estimation of the all-sky SWDR and LWDR based on H-8.
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In regard to the LWDR shown in Fig. 6, the high LWDR values are mainly distributed be-
tween the regions of 30°S and 30°N, which is in line with the spatial pattern of the temperature 
and PWV. Three enlarged regions (areas a–c) exhibit the differences among these three LWDR 
products. Generally, although the spatial pattern is very similar in the H-8 full-disk region, 
more LWDR details are found in the H-8 product, and other differences in terms of the LWDR 
magnitude among these products are also detected.

SWDR is a highly variable quantity that largely depends on the movement of the sun and atmo-
spheric transmittance. Figure 7 shows an intercomparison of the diurnal variations in SWDR and 
LWDR from 21 to 25 August 2016, for the H-8, CERES, and ERA5 products, wherein the temporal 

Fig. 5. Comparison of the daily mean (1 January 2016) SWDR values estimated from (left) H-8, 
(center) CERES, and (right) ERA5. (top) The full-disk SWDR and (second to fourth rows) show the 
SWDR values in zoomed-in areas a–c (their relative positions in the full disk are shown in the top-
left panel).
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resolution of CERES and ERA5 is 1 h, while the H-8 product and ground-based measurements are 
shown at a temporal resolution of 10 min, of which the latter are adopted as a benchmark. Good  
agreement is observed among the four data products on both clear- and cloudy-sky days. However,  
from 21 to 25 August, when SWDR greatly varied, H-8 clearly provided SWDR values closer to  
the ground measurements than either ERA5 or CERES did. Therefore, its high temporal resolution 
enables H-8 to capture more variations in SWDR at competitive accuracy. Similar to SWDR, on 
the whole, the LWDR values obtained with H-8, CERES, and ERA5 reveal reasonable consistency 
with the in situ measurements. The diurnal variation in LWDR also attains high values during 
the daytime and low values during the nighttime, although the oscillation is not as notable as 

Fig. 6. Comparison of the daily mean LWDR values estimated from (left) H-8, (center) CERES, and 
(right) ERA5 for the same time as that in Fig. 5. (top) The the full-disk LWDR and (second to fourth 
rows) the LWDR values in zoomed-in areas a–c (their relative positions in the full disk are shown 
in the top-left panel).
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that in SWDR. In addition, based on Fig. 7, we clearly observe the cloud effect on LWDR from  
21 to 23 August 2016 (especially in regard to H-8 and in situ LWDR), where the fluctuations in 
LWDR are consistent with the drastic variations in SWDR due to the presence of clouds, while 
this phenomenon is not captured in the CERES and ERA5 products due to their relatively coarse 
temporal resolution.

To investigate the influence of aerosols on the SWDR estimation, we validated the  
H-8-derived SWDR product against ground-based measurements at the Xianghe site 
(39.78°N, 116.98°E), which is an AERONET site located in North China with a high probability 
of air pollution in the winter. The corresponding SWDR products retrieved from CERES and 
ERA5 are also compared. Figure 8 (left) shows that the H-8-derived hourly SWDR exhibits 
a higher consistency with the in situ measurements under low-aerosol loading condition. 
In the polluted case shown in Fig. 8 (right), the variation in the hourly H-8-derived SWDR 
values approximately coincides with that in the ground observations from 1000 to 1400 
local time, while the CERES and ERA5 SWDR values are over- and underestimated, re-
spectively. Owing to the comprehensive modeling of the aerosol effects on solar radiative 
transfer, the current algorithm based on H-8 yields a generally more accurate estimation of 
the hourly SWDR. In contrast, the corresponding CERES and ERA5 products exhibit large 
discrepancies when a high aerosol contamination level occurs, from approximately 1000 
to 1400 local time.

Another characteristic of our SWDR products is that the influence of a complex topography 
is considered for the Tibetan Plateau region. Current surface radiation products ignore the 
influence of topographic variability on the derived radiation by simply assuming that the 
surface is horizontal and uniform, resulting in unreliable estimations in rugged regions. How-
ever, to date, few models are available operationally that consider this effect at large scales. 
Based on the topographically corrected shortwave radiation model proposed by Wang et al. 
(2018), a case SWDR product for the Tibetan Plateau (22°–45°N, 80°–112°E) was developed 

Fig. 7. Comparison of the diurnal variations in (a) SWDR and (b) LWDR among CERES (1 h), ERA5 
(1 h), H-8 (10 min), and ground-based measurements (10 min) from 21 to 25 Aug 2016. The zero-
value dots during the nighttime denote invalid data.
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via incorporation of the H-8 SWDR product mentioned above. As a randomly selected datum, 
the impact of terrain correction on SWDR in a small subregion of the Tibetan Plateau under 
relatively clear-sky conditions is illustrated in Fig. 9. Before topographic correction, the 
SWDR values are very homogeneous with unrecognizable ground surface features, and the 
vast majority of the selected areas exhibits a rather fixed value (approximately 760 W m−2). 
In contrast, the corrected SWDR values reveal subtle variations, especially on shady and 
sunny slopes, and the difference between the maximum and minimum SWDR values in the 
corrected radiation map is approximately 700 W m−2, indicating very high spatial dynamics 
in the SWDR values.

Validation of the new products
To quantitatively verify the performance of new SWDR products, we selected three well-known 
SWDR products, the CERES, ERA5 and GLASS products to compare. Their spatial resolutions 
vary from 0.05° to 1°. All the SWDR products are compared with ground-based measurements 
in the EAP region (see Fig. 3) through scatter diagrams, as shown in Figs. 10 and 11. Since the 
GLASS SWDR product is provided on a daily scale, validation with GLASS is only conducted at 
a daily scale. It is known that the validation of shortwave radiation products against ground 
measurements can be influenced by the spatial resolution that has been adopted. So, all 
products are aggregated to the same spatial resolution (1°) for the validation. The accuracy 
is evaluated via the root-mean-square error (RMSE), MBE, and correlation coefficient (R).

Fig. 8. Comparison of the hourly variations in SWDR among CERES, ERA5, H-8, and ground-based  
measurements (Xianghe, China) under (left) clean and (right) polluted conditions. The AOD  
retrieved from the H-8 AHI is shown on the right-hand y axis.

Fig. 9. SWDR estimations based on the H-8 AHI over the Tibetan Plateau on 10 Jan 2018 (0600 UTC): 
(left) before terrain correction and (right) after terrain correction.
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Validation of hourly SWDR values retrieved from H-8, CERES, and ERA5 against the ground 
observations indicates that the RMSE values are 104.9, 121.6, and 176.6 W m−2, respectively; 
the MBE values are 3.3, −3.9, and 7.0 W m−2; respectively, and the R values are 0.94, 0.92, and 
0.82, respectively (Fig. 10). Validation of the daily SWDR values retrieved from H-8, CERES, 
and ERA5 against the ground observations shows that the RMSE values are 31.5, 38.6, and 
39.5 W m−2, respectively. The MBE values were found to be 1.4, −2.0, and 1.3 W m−2, respec-
tively, and the R values are 0.95, 0.92, and 0.91, respectively (Fig. 11).

Notably, the abovementioned SWDR validation is done with measurements from 27 sites 
(Fig. 3), and the comparison with GLASS below is done with 19 land sites because the GLASS 
SWDR product does not provide data over ocean areas. As summarized in Table 1, the SWDR 
validation under the same spatial resolution shows that the RMSE values for H-8, CERES, 
ERA5, and GLASS are 30.8, 39.6, 39.3, and 36.5 W m−2, respectively. In conclusion, the com-
parison at both the daily and hourly scales reveals that the H-8-derived SWDR results attain 
the best performance.

Similarly, ground-based measurements collected at the 11 sites shown in Fig. 3 (red 
marks) are adopted to validate the L-WDR results (Figs. 12 and 13). To ensure that these 
three products are theoretically comparable, the H-8 and ERA5 products are aggregated to 
the coarser spatial resolution of CERES (1° × 1°). It can be readily concluded that the CERES-, 
ERA5-, and H-8-derived LWDR values exhibit comparable accuracy at both the hourly and 
daily scales. Validation of the hourly LWDR derived from H-8, CERES, and ERA5 against 
the ground measurements reveals that the RMSE values are 19.6, 20.5, and 17.2 W m−2, 

Fig. 10. Comparison of the hourly SWDR results of (left) H-8, (center) CERES, and (right) ERA5 to ground-based  
measurements in 2016. MBE and RMSE are expressed in W m−2. The number of ground sites is 27.

Fig. 11. As in Fig. 10, but for the daily SWDR results.
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respectively. The MBE values are −1.8, 2.7, and −5.7 W m−2, respectively, and the R values 
are 0.95, 0.94, and 0.97, respectively (Fig. 12). The corresponding validation of the daily 
H-8, CERES, and ERA5 results indicates that the RMSE values are 14.4, 13.8, and 11.0 W m−2, 
respectively. The MBE values are −1.9, 2.6, and −5.8 W m−2, and the R values are 0.97, 0.97, 
and 0.99, respectively (Fig. 13). Relatively speaking, ERA5 has the highest accuracy but 
with the largest MBE values in the EAP region, and H-8 attains a very similar performance 
to that of CERES. Except for the accuracy, the H-8 LWDR has higher spatiotemporal reso-
lutions (10 min, 0.05°) than CERES and ERA5. Notably, the H-8 LWDR product is slightly 
overestimated compared to the ground-based observations when the observed LWDR is 
relatively low (200–250 W m−2) (Fig. 12). Many existing studies in the literature proved that 
LWDR is very sensitive to water vapor (Gupta 1989; Zhou and Cess 2001; Kato et al. 2011; 
Wang et al. 2018), especially for the cases with lower water vapor loading, and we have 
found similar problems with our method; fortunately, this is not too serious.

However, it has been reported that ERA5 is comparable to or outperforms current satellite 
LWDR products at coarser scales (Tang et al. 2021), to some extent. Our study reveals that 
ERA5 demonstrates a poor accuracy over some regions, especially over high-altitude areas. 
Specifically, we verified the hourly radiation of the three products versus ground measure-
ments from 1 to 15 December 2019 at the NMC site (Fig. 3) over the Tibetan Plateau. The 
RMSE values of H-8, CERES and ERA5 LWDR are 18.1, 20.6, and 31.9 W m−2, respectively, 
the MBE values are −5.5, −6.3, and −23.3 W m−2, respectively; and the R values are 0.96, 

Table 1. Summary of SWDR validation results (note that the GLASS only has SWDR over land).

Himawari-8 CERES ERA5 GLASS Sites

Hourly

 MBE (W m−2) 3.3 −3.9 7.0 — 19 land sites + 8 ocean sites

 RMSE (W m−2) 104.9 121.6 176.6 —

 R 0.94 0.92 0.82 —

Daily

 MBE (W m−2) 1.4 −2.0 1.3 — 19 land sites + 8 ocean sites

 RMSE (W m−2) 31.5 38.6 39.5 —

 R 0.95 0.92 0.91 —

Daily

 MBE (W m−2) 0 −4.6 −0.6 −11.7 19 land sites

 RMSE (W m−2) 30.8 39.6 39.3 36.5

 R 0.96 0.93 0.93 0.94

Fig. 12. Comparison of the hourly LWDR results of (left) H-8, (center) CERES, and (right) ERA5 to ground-based 
measurements in 2016. MBE and RMSE are expressed in W m−2. The number of ground sites is 7.
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0.95, and 0.95, respectively. It is shown that the H-8 product has the best accuracy in both 
MBE and RMSE, while ERA5 has the worst accuracy in high-altitude regions. In particular, 
this dataset has a notably low bias in winter in the Tibetan Plateau region. Figure 14 dem-
onstrates the hourly variations in LWDR over NMC sites over the Tibetan Plateau from 1 to 
15 December 2019. This result shows that the H-8 LWDR is very similar to that of CERES; 
however, the large magnitude of MBE in the ERA5 LWDR can be clearly detected.

Summary
Surface downward radiation (SDR), including shortwave downward radiation (SWDR) and 
longwave downward radiation (LWDR), is a fundamental component of the energy budget of 
the Earth–atmosphere system. The Advanced Himawari Imager (AHI) on board the Himawari-8 
(H-8) satellite, as a new-generation geostationary satellite, receives high spatial and high tem-
poral resolution spectral signals, which provides a unique opportunity to accurately estimate 
SDR in the East Asia–Pacific (EAP) region.

In this study, we developed an all-sky SDR product with high spatial (0.05°) and temporal 
(10 min) resolutions from 2016 to 2020 in the EAP region based on AHI data. The advantages 
of the new SDR product are as follows:

1) The SDR product is unique in its high spatiotemporal resolution and improved overall 
accuracy. The spatial resolution and accuracy of the new SWDR product is significantly  
higher than that of the Earth’s Radiant Energy System (CERES) and the European  
Centre for Medium-Range Weather Forecasts (ECMWF) next-generation reanalysis (ERA5).  

Fig. 14. Hourly variations of H-8, CERES, and ERA5 LWDR products from 1 to 15 Dec 2019 at NMC 
sites over the Tibetan Plateau.

Fig. 13. As in Fig. 12, but for the daily LWDR results.
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The new SWDR is at the same spatial resolution as the SWDR of the Global Land Surface 
Satellite (GLASS) product, but the former has higher temporal resolution and accuracy 
than the latter.

2) In the calculation of shortwave radiation, in addition to atmospheric gases and altitude, 
cloud phases, heavy haze, and complex terrain conditions are fully considered.

3) In the derivation of longwave radiation, a generalized parameterization scheme is em-
ployed via incorporation of the cloud-top temperature, total column water vapor, and sur-
face skin temperature.

The root-mean-square error (RMSE) of the hourly and daily average shortwave SDR estimation 
is notably smaller than those of CERES and ERA5, and the RMSE of the longwave SDR results 
is at least comparable to that of the CERES and ERA5 products (smaller than 15 W m−2 at a 
daily scale). Particularly, over high-altitude regions, the new H-8 product is obviously superior 
to the ERA5 and CERES products in terms of both accuracy and spatiotemporal resolution. 
The developed SDR products, including SWDR and LWDR, will be available via the National 
Tibetan Plateau Data Center (http://data.tpdc.ac.cn/zh-hans/about/) upon manuscript acceptance.

In summary, compared to previous products, the new products developed in this study 
exhibit outstanding characteristics and high accuracy. The high-accuracy and high-resolution 
products may be useful for radiation budget studies and driving land models as well as the 
reference of solar energy.
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