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KEYWORDS: ABSTRACT: Longwave downward radiation (LWDR) is an important driving parameter in climate

Climate change; and hydrological models. Compared to traditional ground-based measurements, remote sensing

Longwave radiation;  has unique advantages in estimating global LWDR. However, for current remote sensing mis-

Radiation budgets sions, as the typical available satellite-derived LWDR product with global coverage and hourly
temporal resolution, the Clouds and the Earth’s Radiant Energy System-Synoptic (CERES-SYN) top
of atmosphere and surface fluxes and clouds has a low spatial resolution (1° x 1°). There is still
much room for improvement of the existing remote sensing LWDR products in terms of accuracy,
spatiotemporal resolutions, and the ability to explain and quantify the changes of longwave radia-
tion at various scales. To overcome these limitations, this paper developed a new global LWDR
product with improved accuracy (RMSE < 30W m~ over the globe), high temporal resolution
(hourly), and spatial resolution (5 km) based on Moderate Resolution Imaging Spectroradiometer
(MODIS) measurements. It serves as a LWDR product within the Long-term Earth System spa-
tiotemporally Seamless Radiation budget dataset (referred to as LessRad). As the first long-term
high-resolution, spatiotemporally continuous LWDR product (2002-22, 1h, 5km), the LessRad
reveals its advantages in studying the spatiotemporal variability of LWDR on finer scales. It also
provides a valuable data source for various applications, such as analyzing land—atmosphere
interactions and quantifying climate feedback, and thus is potentially helpful for understanding
Earth's energy budget and dynamics.

SIGNIFICANCE STATEMENT: This study generated a long-term, high-resolution, spatiotemporally
continuous longwave downward radiation product (2002-22, hourly, 5km), known as LessRad
LWDR. This product enables users to comprehensively and accurately assess the dynamics of global
longwave downward radiation. In the context of global warming, accurate global estimation of
longwave downward radiation is crucial for quantifying climate feedback. Our result showed that
the user-friendly product provides a unique data foundation for the fine-scale studies of land
radiation fluxes and related processes, even under complex terrain and various climatic conditions.
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1. Introduction

Surface longwave downward radiation (LWDR) is a fundamental component of the surface
radiation budget and serves as an important driving parameter in climate and hydrological
models (Andrews et al. 2009; Colman 2015; DeAngelis et al. 2015; Loeb et al. 2021; Previdi
and Liepert 2012). Accurately understanding LWDR is indispensable to the greenhouse effect,
the global energy cycle, and climate feedback studies (Wild 2016). Compared to traditional
ground-based measurements, remote sensing enables wide-scale and periodic coverage of
both global and local regions, presenting a promising approach to meet the growing demand
for LWDR applications.

The derivation of all-sky instantaneous LWDR has been extensively attempted and im-
proved. To avoid the computational burden and input parameter requirements with radiation
transfer models (Darnell et al. 1986; Frouin et al. 1988), parameterization methods were widely
adopted to estimate LWDR (Cheng et al. 2019; Guo et al. 2018). Subsequently, the method of
combining parameterization with top-of-atmosphere radiation or brightness temperature to
estimate clear-sky LWDR has enhanced the physical basis of these estimations (Cheng et al.
2017; Wang and Liang 2009, 2010). With increasing attention to cloudy-sky LWDR retrieval
(Forman and Margulis 2009; Gupta et al. 2010), cloud-base height or cloud-base temperature
is a primary controlling factor of cloudy-sky LWDR but cannot be directly measured by optical
sensors and needs to be estimated (Lin et al. 2022; Noh et al. 2017; Shao et al. 2023; Wang
et al. 2018). To address this, some surrogated parameters are used to quantify the cloud con-
tribution (Carmona et al. 2014; Duarte et al. 2006; Iziomon et al. 2003; Lhomme et al. 2007;
Wang et al. 2020; Zhou and Cess 2001; Zhou et al. 2007).

Although satellite-based LWDR products have been widely applied in various disciplines,
their coarse spatial resolutions (100 km) and insufficient accuracy make it difficult to detect
changes in LWDR at smaller scales (Ma et al. 2014; Wang and Dickinson 2013). Having global
coverage with high spatial resolutions, polar-orbiting satellites [such as Moderate Resolution
Imaging Spectroradiometer (MODIS)] are considered the best data source for deriving LWDR
with improved spatial scales (Liang et al. 2021; Nussbaumer and Pinker 2012). Nevertheless,
the daily limited number and time inconsistency of instantaneous observations constrain
their application. The Clouds and the Earth’s Radiant Energy System-Synoptic (CERES-SYN),
widely utilized as a long-term global remote sensing product, is specifically designed to ac-
curately capture diurnal variations (Doelling et al. 2016; Rutan et al. 2015). However, it does
suffer from low spatial resolution (1° x 1°). The Global Land Surface Satellite (GLASS) suite
continuously updates its LWDR products (Shunlin et al. 2023). GLASS-AVHRR (1981-2018) at
5-km resolution provides daily land-only LWDR, GLASS-MODIS (2000-20) at 1-km resolution
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offers instantaneous LWDR, and GLASS-MODIS at 5-km resolution (2002-20) provides only
daily LWDR. Additionally, some regional LWDR products can also be available based on geo-
stationary satellites (Carrer et al. 2012; Letu et al. 2022; Yang et al. 2017). Reanalysis data are
increasingly being used in global climate monitoring, with many of these datasets providing
LWDR products (Gelaro et al. 2017; Kobayashi et al. 2015; Saha et al. 2014, 2010). ERA5 has
the highest spatiotemporal resolution (ERA5 with ~31 km and 1 h, ERA5-Land with ~9 km and
1h) among them (Hersbach et al. 2020; Mufioz-Sabater et al. 2021). However, their accuracy
is limited in certain regions, such as the Tibetan Plateau, which is of significant interest to
the scientific community. In this region, they underestimate by more than 25 W m~2 (Wang
et al. 2021; Zhu et al. 2022).

Accurately capturing the diurnal variations of LWDR can provide a deeper understand-
ing of large-scale climate change, and ecological and surface processes (Doelling et al.
2016; Forman and Margulis 2009). For most research and applications, the ideal resolu-
tion of LWDR is less than 10 km, and subdaily or even hourly (Bourassa et al. 2013; Xu
et al. 2023). With the targeted improvement of our LWDR algorithms (Wang et al. 2023,
2020), this study intends to generate an all-sky global LWDR product (2002-22, hourly,
5 km) with reliable accuracy based on MODIS measurements. It serves as an LWDR product
within the Long-term Earth System spatiotemporally Seamless Radiation budget dataset
(referred to as LessRad).

2. Datasets

a. MOD/MYDO06 data. MODIS is a widely used remote sensing satellite sensor, which pro-
vides instantaneous retrievals for various atmospheric, land, and ocean parameters
(Platnick et al. 2017). In this study, the MOD0O6_L2/MYDO6_L2 products were utilized to
estimate the all-sky instantaneous LWDR. The datasets employed consisted of surface tem-
perature (ST), cloud-top temperature (CTT), and cloud fraction (CF), with a spatial resolution
of 5 km. The temporal coverage spans from 2002 to 2022.

b. Auxiliary data. The auxiliary data used in this study are the ERA5 reanalysis product.
ERA5 provides high-quality reanalysis data for a range of surface and atmospheric param-
eters. The auxiliary data used for estimating instantaneous all-sky LWDR are ERA5 total
column water vapor (TCWV) hourly data with a temporal resolution of 0.25°. Additionally,
ERA5 LWDR hourly data with a resolution of 0.25° are utilized as prior knowledge for LWDR
temporal upscaling. To ensure accuracy and reliability, these data were resampled to a
resolution of 5 km and temporally interpolated to instantaneous every minute to match the
MODIS measurement data.

c. Validation data. The validation data were collected from 292 sites distributed worldwide,
covering a wide range of geographical regions and climate conditions. These ground mea-
surement sites come from the following observation networks: Baseline Surface Radiation
Network (BSRN) (Driemel et al. 2018), the National Tibetan Plateau Data Center (TPDC)
(Ma et al. 2020), TOGA-Tropical Atmosphere Ocean (TOGA-TAO) (Mangum et al. 1994),
AmeriFlux (Schmidt et al. 2012), Coordinated Energy and Water Cycle Observation Project
(CEOP) (Tamagawa et al. 2008), AsiaFlux (Mizoguchi et al. 2009), and Heihe Watershed
Allied Telemetry Experimental Research (HIWATER) (Li et al. 2013). Please note that the LWDR
values from these site measurements have not been assimilated into ERA5 LWDR. Consider-
ing that each network has different temporal resolutions, all ground observation data are
temporally averaged to hourly intervals (when the missing data are less than one-third in the
corresponding period). The distribution of all sites is shown in Fig. 1. Detailed information
about each site can be found in Table 1.
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Fic. 1. Spatial distribution of the ground observation sites used in this study.

3. Processing methodology
The LWDR production algorithm consists of two parts, i.e., instantaneous LWDR calculation
and temporal upscaling.

First, an improved version of parameterization only based on CTT, ST, and TCWYV is
employed to generate all-sky instantaneous LWDR (Letu et al. 2022; Wang et al. 2023, 2020).
Specifically, a new representative training database is incorporated to improve the accu-
racy of the derived instantaneous all-sky LWDR and to reduce the relatively large errors of
LWDR (flux range < 150 W m~2) under extremely cold and dry conditions; the corresponding
parameterization coefficients of the refitted polynomial model are updated. The resulting
instantaneous LWDR had an RMSE of less than 22 W m~ and a bias of less than 0.5 W m™
under all-sky conditions (Wang et al. 2023).

The cloud strongly modulates LWDR, and the cloudy thermal contribution is directly related
to either the cloud-base temperature or height (Zhou and Cess 2001). However, optical remote
sensing can only detect cloud-top information due to the opacity of the clouds. Therefore,
many remote sensing missions provide CTT, which offers the possibility of calculating LWDR
under cloudy sky. The all-sky LWDR is modeled as

LWDR = A0+ ALxST* xIn(1+CWV)* +A2xIn(1+CWV)™ + A3xIn(l+CWV)*, (1)

TaeLe 1. Detailed information of ground observation sites used in this study.

AmeriFlux 2006, 2008, 2010, 2014, 2016, 2019 30min 157
AsiaFlux 2006, 2008, 2010, 2014, 2016, 2019 30min 7
BSRN 2006, 2008, 2010, 2014, 2016, 2019 1min 64
CEOP 2006, 2008, 2010 30min 43
TOGA-TAO 2008, 2010, 2014 2min 4
TPDC 2006, 2008, 2010, 2014, 2016 1h

HiWATER 2014 10min 12
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LWDR , = B0+ BIxLWDR__+B2xCIT™ /

)
In(1+CWV)® +1n(1+CWV)®? +1In(1+CWV)°3 |,

LWDR Allsly = (1—cf)xLWDR , +LWDR  xcf, 3)
where LWDR | is the clear-sky LWDR; AO, A1, A2, A3, a0, al, a2, and a3, and BO, B1, B2, b0,
b1, b2, and b3 are all fitting coefficients (Table 2); LWDR _, is the cloudy-sky LWDR; LWDR__is
the thermal contribution from the subcloud atmosphere, calculated using the same equation
and coefficient; cf is the cloud fraction of pixels; and LWDR, , is the all-sky LWDR.

Then, considering the impact of abnormal or missing observations in instantaneous
samples, the instantaneous LWDR is upscaled to an hourly scale (or any time scale) using
the diurnal variation shape of LWDR from prior knowledge (Du et al. 2023). By taking into
account the resolution and accuracy of existing products, although ERA5 still has limitations
in local accuracy and diurnal variations, preventing it from being an ideal LWDR product,
it possesses the advantages of global coverage, temporal continuity, and spatial uniformity.
Different resolutions represent different LWDR trends. In preliminary tests, while CERES-SYN
has made significant contributions in capturing the diurnal cycle, the spatial matching of a
1° resolution from CERES-SYN with a 5-km resolution from MODIS may introduce additional
uncertainties and errors due to the significant difference in spatial scales. ERA5, on the
other hand, can provide diurnal shape patterns similar to ground observations in most cases
(Du et al. 2023). Therefore, we have chosen the ERA5 LWDR product as the prior information
for temporal upscaling in this study. This method fully combines the high spatial resolu-
tion of polar-orbiting satellites with the excellent temporal performance of reanalysis data.
Specifically, the difference between the MODIS instantaneous LWDR and the ERA5 LWDR
of corresponding time was first calculated. Then, between each pair of consecutive MODIS
overpass times, we combine the average of the differences with the ERA5 LWDR to obtain
the LWDR curve of the new product.

The algorithm constructed for generating LessRad LWDR product with a 5-km spa-
tial resolution and hourly temporal resolution is represented by the flowchart shown in
Fig. 2. The input data include MODIS CTT, ST, and ERA5 TCWV, which are used to calculate
the instantaneous LWDR. Additionally, ERA5 LWDR data are utilized as prior knowledge
for temporal upscaling.

4. Features of LessRad LWDR

In this section, three characteristics of LessRad LWDR are presented: 1) currently, the only
spatiotemporal continuous all-sky LWDR product (2002-22) with kilometer spatial resolu-
tion, hourly temporal resolution, and improved accuracy; 2) noticeable improvements in
accuracy and spatial pattern at regional scales . o

in ch.a.llenging terrain§ e.md diver.se climatic I::L:ht aﬁ:l?:;;lclj\‘lavn;;?f the parameterizations
conditions; and 3) providing a feasible scheme

and reference to generate high-resolution LWDR _

products at any temporal scales based on in- &l KBS £ Selles
stantaneous measurements of a single remote Al 0.00021458248 B 0.868615
sensing instrument (e.g., MODIS). A2 0.86771970 B2 119126 x 10°°

To better visualize and analyze the temporal A3 44.400631 b0 2.89056
trends of LWDR over the 21 years, this study a0 2.4802001 b1 2.22786
divided the globe into different regions: the | @ 0.16513199 b2 —0.278429
low-latitude zone (30°N-30°S), the midlatitude | @2 5.2873175 b3 -0.175044
zone (30°-60°N and 30°-60°S), the Tibetan [33  0.83203453
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Fic. 2. Flowchart for generating LessRad LWDR product.

Plateau zone (20°-50°N and 60°-110°E), the Arctic zone (60°-90°N), and the Antarctic zone
(60°-90°S). The Tibetan Plateau, the Antarctic, and the Arctics, known as Earth’s three poles,
have complex climatic conditions and are considered typical areas highly sensitive to global
climate change (DeConto and Pollard 2016; Hu et al. 2023; Screen and Simmonds 2010).
Thus, these regions are selected as intensive areas for validation and analysis.

LessRad is developed based on the advanced all-weather instantaneous algorithm and
temporal upscaling algorithm, which greatly minimizes the error propagation of invalid
values and uncertainties of instantaneous LWDR to hourly scale LWDR estimation. We
selected two well-known and temporally continuous global LWDR datasets, CERES-SYN
and ERA5. The spatial details of LessRad were compared with them (Fig. 3). LessRad has a
higher spatial resolution (0.05°) compared to the CERES-SYN (1°) and ERA5 (0.25°) products,
implying that more details of LWDR variations can be successfully monitored. Moreover,
unlike LessRad, in the area labeled “a” located in the Tibetan Plateau, both the ERA5 and
CERES-SYN are considered to underestimate the LWDR, as validated in section 5. This could
be attributed to the influence of spatial resolution, and the low-value areas appear larger
than their actual extent due to the coarse spatial resolution. Similar phenomena also occur
in other local regions.

Studying the temporal variations of long-term LWDR is crucial in the context of global
warming. During the 21 years from 2002 to 2022, the monthly LWDR from all the datasets
in each region consistently exhibits systematic LWDR variations from peaks to troughs on
an annual basis (Fig. 4). This pattern of variation aligns with the annual seasonal changes;
that is, LWDR reaches its peak during the summer season and reaches its lowest point during
the spring and winter seasons. This seasonal variation in LWDR is particularly pronounced
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Fic. 3. Comparison of the LWDR from (left) LessRad-5km, (center) ERA5-0.25°, and (right) CERES-SYN-1° at 0000 UTC 15 Mar 2016.
The top row shows the global LWDR, while the second to fourth rows depict zoomed-in areas corresponding to labels a-c in the
top row (their relative positions in the global map are indicated in the top row, located in the Tibetan Plateau, Antarctica, and
the Arctic, respectively).
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(f) Antarctic. STD: monthly standard deviation for each product.
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in the Tibetan Plateau and midlatitude regions. In low-latitude regions, the interannual
variation amplitude of LWDR is approximately 20 W m2, which is the smallest among the
studied regions.

Previously, according to the BSRN LWDR records from 1990 to 2014, Wild (2016)
proposed that the LWDR has been increasing by 2.0 W m~ decade™ since the early 1990s.
At the global scale, both LessRad and ERA5 show an increasing trend in LWDR. In con-
trast, the trends observed in CERES-SYN are less pronounced, which could be attributed
to the potential limitations arising from its coarse resolution. Over the past two decades,
ERA5 has exhibited a positive trend of 1.6 W m~ decade™, while LessRad shows a trend
of 1.4 W m~ decade™, consistent with the trend of global warming caused by enhanced
global greenhouse effects. Compared to other regions, the Tibetan Plateau and the Arctic
exhibit the most pronounced trends in LWDR changes. According to the LessRad data, they
show an increasing trend of 5.2 and 5.3 W m™ decade™, respectively, which aligns with
the amplification effects of the Tibetan Plateau and the Arctic on global climate (Hu et al.
2023; Screen and Simmonds 2010).

The quantity and temporal distribution of MODIS instantaneous LWDR are insufficient to
meet the requirement for continuous observations (as shown in Fig. 5). The radiative forc-
ing of clouds contributes to more uncertainties in the LWDR, leading to more observations
necessary to quantify the diurnal variation of LWDR. However, the instantaneous LWDR
acquired from satellite data is limited by the overpass time, especially the polar-orbiting
satellites can only acquire a limited number of instantaneous LWDR observations per day.
Additionally, both anomalies and missing instantaneous samples can lead to a significant
decrease in the accuracy and validity rate of LWDR temporal upscaling (Du et al. 2023).
LessRad reduces the invalid values and uncertainties of temporal upscaling based on lim-
ited instantaneous LWDR samples, enabling a more temporally continuous LWDR that is
closer to ground observations compared to other products. Additionally, LessRad modifies
the underestimation of ERA5 and the errors introduced in the MODIS instantaneous LWDR
estimation (Fig. 5).

To further compare the performance of different products under complex conditions, the
hourly and daily LWDR comparisons of each product over the Tibetan Plateau for January
2016 and the entire year are shown in Fig. 6. ERA5 shows significant underestimation in
LWDR over the Tibetan Plateau (detailed accuracy validation in section 5). However, its shape
of the diurnal variation closely matches the ground observations, which is why we selected
ERAS5 as the prior knowledge. Although LessRad utilizes ERA5 LWDR diurnal variation

500
— Observed
4004 * MODIS instantaneous LWDR
e —— CERES-SYN
g —— ERAS
% 3001 —— fessRad
(=
0O 200 1
—
100 A
0

2016-01-21 00:00 2016-01-21 12:00 2016-01-22 00:00 2016-01-22 12:00 2016-01-23 00:00
Time
Fic. 5. Hourly LWDR from CERES-SYN (1°), ERAS5 (0.25°), and LessRad (5km), as well as MODIS instanta-
neous LWDR observations at the ground site of the Arctic (71.5862°N, 128.9188°E) on 21-22 Jan 2016.
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Fic. 6. (a) Hourly and (b) daily LWDR variations of CERES-SYN, ERAS5, and LessRad, at the ground site of
the Tibetan Plateau (28.36°N, 86.95°E). All products have been resampled to a scale of 1°.

shape as prior knowledge, it does not exhibit the same underestimation. Compared to ERA5
or CERES, LessRad provides significantly closer LWDR values to ground measurements. This
demonstrates that even in regions with complex climates and terrains, LessRad can accurately
capture diurnal variations of LWDR.

5. Validation and comparison

LessRad LWDR was first compared with ground observation data in different regions. Accuracy
was evaluated using root-mean-square error (RMSE), mean bias error (MBE), and correla-
tion coefficient (R). LessRad showed a high global performance with an R value of 0.91, an
MBE of 5.5 W m, and an RMSE of 29.7 W m2. This indicates that LessRad LWDR performs
well at a high spatial resolution. In specific regions such as low latitudes, midlatitudes, the
Tibetan Plateau, the Arctic, and the Antarctic, the product achieved R values of 0.90, 0.86,
0.90, 0.87, and 0.94, with MBE values of 1.4, 6.6, 1.7, 2.1, and 2.6 W m2, and RMSE values
of 21.4, 31.0, 32.0, 30.2, and 24.2 W m?, respectively (Fig. 7).

To quantitatively validate the performance of LessRad LWDR, we also used CERES
SYN and ERAS5 products for comparison (Fig. 8). First, to ensure theoretical compara-
bility among these products on global and regional scales, LessRad and ERA5 were
aggregated to the spatial resolution of CERES-SYN (1° x 1°). Validation based on ground
measurements revealed that LessRad, CERES, and ERA5 show global RMSE values of
27.8, 30.8, and 29.6 W m~, respectively. Moreover, not only at the global scale but also in
different local regions, such as the Tibetan Plateau, the Arctic, the Antarctic, and midlati-
tudes, the accuracy of LessRad surpasses that of other products. In low-latitude regions, the
accuracy of the three products is similar. Specifically, the deviations for LessRad, CERES,
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Fic. 7. Validation of LessRad LWDR (5 km) with ground-based measurements at (a) global scale, (b) low latitudes, (c) midlatitudes,
(d) the Tibetan Plateau, (e) the Arctic, and (f) the Antarctic.

and ERA5 are 1.6, 0.2, and —4.6 W m™, respectively, while the corresponding RMSE values
are 20.0, 21.4, and 19.5 W m2.

It is worth noting that ERA5 exhibits poor accuracy in certain regions, particularly in
high-altitude areas such as the Tibetan Plateau. When compared to ground observations,
ERAS5 significantly underestimates LWDR, with an MBE value of -25.4 W m~ and RMSE
value of 39.4 W m™. In contrast, LessRad and CERES-SYN demonstrate MBE values of 1.4 and
—-9.6 W m~2, and RMSE values of 29.5 and 35.4 W m™2, respectively.

The differences in climate conditions, particularly the differences in cloud cover, water
vapor, and temperature, which are closely related to LWDR, can result in distinct LWDR
values and variations across different regions. Considering the impact of LWDR on climate
change research, we compared the RMSEs of various products at all validation sites based
on the Képpen—Geiger climate classification (Fig. 9). This classification is based on regional
vegetation characteristics, temperature, and precipitation (Beck et al. 2023). The accuracy
in different regions is consistent with Fig. 8. It can be observed that the selected validation
sites cover most climatic types worldwide. Across various climatic types and sites, LessRad
shows better or comparable accuracy to other products. In dry regions, LWDR is more likely
to exhibit greater uncertainty.

In addition, LessRad improves the accuracy and shows a noticeable advantage in spa-
tial resolution. The validation across nine major land cover types (Fig. 10) reveals that at
a finer resolution (5 km), LessRad exhibits superior or comparable accuracy across various
performance metrics compared to CERES-SYN (at 1° resolution) and ERA5 (at 0.25° resolu-
tion). This is attributed to the fact that at coarser spatial resolutions, the pixels may contain
multiple land cover types (with different STs), thereby affecting the value of LWDR. With its
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Fic. 8. Comparison of the hourly LWDR results of (left) LessRad, (center) CERES-SYN, and (right) ERA5
with ground-based measurements. The top row depicts global results, while the second to sixth rows
show specific regions including low latitudes, midlatitudes, the Tibetan Plateau, the Arctic, and the
Antarctic. All products have been resampled to a scale of 1°. MBE and RMSE are expressed in watts per
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Képpen-Geiger climatic types.
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Fic. 10. Comparison of hourly LWDR results on nine major land-cover types between LessRad at 5-km resolution, ERA5 at
0.25° resolution, and CERES-SYN at 1° resolution with ground-based measurements.

higher spatial resolution, LessRad facilitates the fine-scale investigation of surface radiation
budgets for different land cover types, enabling long-term quantification of climate impacts
with exceptional performance.

6. Conclusions

This study generates an all-sky global LWDR product called LessRad LWDR with high accu-
racy at 5-km and 1-h resolution based on MODIS data and ERA5 reanalysis hourly data from
2002 to 2022. Unlike existing products, LessRad is estimated based on the instantaneous
measurements using a single remote sensing instrument, i.e., MODIS. The main advantages
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of this new product are its high spatiotemporal resolution and improved accuracy. The spatial
resolution (5 km) of LessRad is greatly higher than that of CERES-SYN (1°) and ERA5 (0.25°),
and its accuracy is superior to or at least comparable with these products on both global and
regional scales.

LessRad exhibits RMSE values of 29.7, 21.4, 31.0, 32.0, 30.2, and 24.2 W m~2 over the globe,
low latitudes, midlatitudes, the Tibetan Plateau, the Arctic, and the Antarctic, respectively.
The comprehensive validation reveals that it shows obvious advantages at the regional scales
in terms of both accuracy and spatial pattern, demonstrating its better applicability under
complex terrain and various climatic conditions.

This study combines the advantages of MODIS and ERA5, employing the latest all-sky
instantaneous LWDR estimation algorithm and temporal upscaling model. It breaks through
the defects of satellite-based LWDR estimations which are limited for a long time by cloud and
observation frequency, especially for the polar-orbiting satellites. LessRad LWDR deepens
the understanding of the LWDR evolution in different areas under global warming, allowing
for a more comprehensive and accurate assessment of global LWDR dynamics. It provides a
unique data basis for land radiation flux and related processes in fine-scale studies.
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