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Abstract The downward surface longwave flux (DSLF) plays a relevant role in the Earth’s surface radiative
budget, which is crucial to monitor, understand and model the impact of changes at local and global scales on
surface temperature and surface conditions. This study focuses on the evaluation and intercomparison of four
DSLF products: (a) a recently developed all-weather DSLF product based on the multivariate adaptive
regression splines (MARS) algorithm driven by satellite cloud information from the Meteosat Second
Generation (MSG) and ERAS reanalysis screen variables; (b) the Satellite Application Facility on Land Surface
Analysis (LSA SAF); (c) CERES Synoptic top-of-atmosphere and surface fluxes and clouds (CERES-
SYNI1deg) and (d) ERAS reanalysis. The study covers the period 2005-2021 and the MSG region focusing on
monthly means. The evaluation performed against 48 ground stations from the Baseline Surface Radiation
Network (BSRN) and FLUXNET2015 networks showed that the MARS product outperforms the remaining
products, particularly the LSA SAF, while ERAS and CERES show similar performance metrics. The fours
products are intercompared in terms of their mean spatial variability and temporal mean annual cycles and inter-
annual variability in four selected regions, showing a high level of agreement, particularly between MARS,
ERAS and CERES. Our results highlight the clear added value of MARS with respect to LSA SAF, while
providing higher spatial resolution (0.05°), constrained by satellite cloud information, when compared with
ERAS (0.25°) or CERES (1°).

Plain Language Summary Radiation that reaches the Earth’s surface is fundamental for our
understanding of the Earth’s energy balance. In this work, we use a complex mathematical method together with
data from weather satellites and ground-based instruments to estimate the heat radiation component. To evaluate
our results, we perform a comparison with those from various existing methods, including the one used by the
Portuguese meteorological service. Our method generally outperforms the already existing techniques, with
small errors as compared to surface measurements, demonstrating the added value of this new approach in
improving our understanding of Earth’s energy budget.

1. Introduction

The energy balance at the Earth’s surface, that is, the balance between net radiation and heat fluxes at any given
time and place, is key in determining the spatial distribution and temporal evolution of surface temperature
(Liou, 2002). Observations or observation-based estimates of the different components of the surface radiation
budget are therefore important to monitor, understand and model the impact of changes at local and global scales
on surface temperature and surface conditions, in general (e.g., Feng, Zhang, et al., 2020, 2023; Houghton
et al., 2001; Wang & Dickinson, 2013). In particular, downward surface longwave fluxes (hereafter DSLF), that
is, the thermal radiation (4-100 pm) emitted by the atmosphere that reaches the surface, play a relevant role in the
Earth’s surface radiative budget (Wild et al., 2013), allowing to control the night-time radiative cooling (e.g.,
Hoch et al., 2011), which can reach values that are comparable to solar radiation in daytime under cloudy
conditions (e.g., Ojo et al., 2019).

In order to continuously measure DSLF, ground stations equipped with state-of-the-art instrumentation such as
pyrgeometers (Meloni et al., 2012) are used. Most of the available stations are scattered across the globe (typically
unevenly distributed), being often installed in regions of higher population density, generally in mid-latitudes of
the northern hemisphere (NH), leading to an uneven geographical distribution of observational datasets based on
in situ measurements. These can also be limited, mostly due to equipment and maintenance costs, with only a
small number of stations being actually dedicated to surface radiation observations, for instance the usually
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referenced Baseline Surface Radiation Network (BSRN, Driemel et al., 2018). Moreover, some of these stations
can be located in remote areas of difficult access that do not provide the required conditions for their regular
maintenance, thus not allowing to perform a correct assessment of DSLF. Since DSLF is primarily determined by
emission in the lowest portion of the atmospheric boundary layer, that is, within the first hundred meters above the
Earth’s surface (Zhao et al., 1994), satellite observations are only indirectly related with DSLF. However, it has
been previously shown that estimates based solely on satellite observations can be computed, allowing to perform
studies not only at remote locations but also over larger areas (e.g., Cheng et al., 2017; Jiao, 2022). Despite this
advantage compared to in situ, satellite estimates of DSLF are difficult and typically associated with significant
uncertainties, relying on the satellite interpretation of clouds and associated errors (Ellingson, 1995). In addition
to a very high dependency on the vertical profiles of atmospheric air temperature and, most noticeably, water
vapor, DSLF variability is significantly influenced by cloud-base properties (height, temperature, and emissivity),
by increasing the total effective emissivity of the sky. Therefore, a correct estimation of DSLF requires an ac-
curate characterization of these parameters, which cannot be adequately addressed only with satellite
observations.

Numerical weather prediction (NWP) models, such as those used in reanalyzes, provide spatially complete DSLF
estimates at sub-daily temporal frequencies covering long periods of time (Wild et al., 2001). However, these are
usually hampered by uncertainties due to high sensibility toward the longwave flux parameterization used on the
one hand, and to the sensitivity to model variables which are also often prone to significant errors, such as cloud
cover and type. To reduce uncertainty under such conditions, NWP variables can be blended with remotely sensed
information, which is often more reliable in characterizing cloud patterns and their temporal evolution, through
the use of empirical or semi-empirical methods (e.g., Diak et al., 2000; Iziomon et al., 2003; Trigo et al., 2010;
Wang & Dickinson, 2013; Zeng et al., 2020; Zhong et al., 2019), relying on large datasets to derive those re-
lationships and algorithms to estimate DSLF. In recent decades, there has been an increasing use of this approach
to derive DSLF, namely based on multiple regression models (e.g., Trigo et al., 2010; Zeng et al., 2020) and, more
recently, machine learning models (e.g., Cao et al., 2022; Feng, Ye, & Zou, 2020; Feng, Zhang, et al., 2020; Feng
et al., 2021; Jiang et al., 2022; Lopes et al., 2022; Shao et al., 2023; Wang et al., 2012, 2020; Zhou et al., 2018,
2019; Jung et al., 2019), which are able to account for complex nonlinear interactions that occur between DSLF
and respective predictors. The latter can be separated into different branches, including artificial neural network
(e.g., Feng, Ye, & Zou, 2020; Feng, Zhang, et al., 2020; Jiang et al., 2022; Wang et al., 2012), random forest (e.g.,
Shao et al., 2023; Wang et al., 2020), extremely randomized trees (e.g., Cao et al., 2022), gradient boosting
regression tree (e.g., Feng et al., 2021), and multivariate adaptive regression splines (MARS, e.g., Jung
etal., 2019; Lopes et al., 2022; Zhou et al., 2018, 2019). For instance, Jiang et al. (2022) used a generic algorithm-
artificial neural network to create a model that combines DSLF data simulated by the Moderate Resolution
Atmospheric Transmittance and Radiance Code (MODTRAN-5) with satellite information (radiance at top-of-
atmosphere, cloud mask, and water vapor content) from the Moderate-resolution Imaging Spectroradiometer
(MODIS) and ERAS reanalysis (cloud base height and temperature, total cloud cover, 2-m air and dew point
temperatures) to produce estimates of DSLF under cloudy-sky conditions. When evaluated against different
observational network sites, the accuracy of the estimated DSLF was shown to have a strong dependency on the
estimation of cloud base height and near-surface air temperature. Indeed, the uncertainty generated from cloud
base height retrieval through remote sensing was highlighted by Shao et al. (2023) when estimating hourly DSLF
values using a random forest algorithm under cloudy conditions, from which a better performance was attained in
comparison to ERAS and CERES. Daily datasets of DSLF with a 5-km spatial resolution based on a combination
of a gradient boosting regression tree algorithm with DSLF observations from 4 different networks, ERAS
variables (2-m air temperature, relative humidity at 1,000 hPa, and total column water vapor), and satellite surface
downward shortwave radiation, were evaluated by Feng et al. (2021). The corresponding results showed higher
daily errors than monthly DSLF aggregations, as expected. With the latter, the authors showed that the perfor-
mance of the proposed model surpasses that of other existing models or satellite-based products, including ERAS
and CERES Synoptic top-of-atmosphere and surface fluxes and clouds (CERES-SYN). To validate the accuracy
of different machine learning methods in estimating DSLF, Feng, Ye, and Zou (2020) and Feng, Zhang,
et al. (2020) combined MARS with BSRN observations to train their model to produce daily and monthly DSLF
values. The differences found between the MARS model and the remaining models were small, highlighting the
need for a better optimization of model parameters and input variables selection, although it should be stressed
that the considered models did not use remotely sensed information. Zhou et al. (2018, 2019) made use of a
MARS algorithm combined with MODIS thermal infrared bands top-of-atmosphere radiances and observations
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from 6 different networks to produce estimates under clear-sky conditions only. The validation results yield a
comparable accuracy of the MARS model to other existing products, being attained using an independent group
of observational sites. More recent efforts toward the use of a high spatial resolution algorithm that enables the
combination of cloud information from remotely sensed data with ground observations and reanalysis data have
been achieved by Lopes et al. (2022), being the starting point of the present study.

In this work, we propose the combination of remotely sensed observations and near surface (2-m air and dew point
temperatures) and bulk (total column water vapor) variables derived from state-of-the reanalysis to compute
DSLF for all-sky conditions. In particular, we aim to produce instantaneous values (at 30-min frequency) of
DSLF for the whole disc observed by the Meteosat Second Generation (MSG) satellite series, within the
framework of the European Organization for the Exploitation of Meteorological Satellites (EUMETSAT) Sat-
ellite Application Facility on Land Surface Analysis (LSA SAF) operations. For that purpose, we use the MARS
algorithm, previously calibrated with in situ observations, to estimate DSLF, which, as described by Lopes
et al. (2022), provided a good performance with very satisfactory results. The MARS algorithm was trained with
BSRN observations of DSLF from 23 ground stations, air and dewpoint temperatures and water vapor gathered
from the European Centre for Medium-range Weather Forecasts (ECMWF) latest reanalysis (ERAS), while cloud
information was obtained from the MSG satellite to compute separately DSLF for clear and cloudy-sky condi-
tions. Besides providing a good performance when evaluated against ground observations, the MARS algorithm
was also shown to outperform other DSLF products, including the current LSA SAF operational algorithm.
Moreover, an additional evaluation against an independent network of 52 ground observations from FLUX-
NET2015 (Pastorello et al., 2020), highlighted the improvements attained in estimating hourly DSLF values with
MARS in comparison to other existing products, demonstrating the algorithm accuracy in its application over
different locations than the ones used during the training stage. Although MARS DSLF estimates typically yield
lower errors, they also exhibit characteristic errors, similarly to the other DSLF products (Silber et al., 2019). In
particular, the algorithm was shown to produce an overall overestimation of hourly DSLF estimates for clear-sky
conditions, and an underestimation for cloudy conditions. Despite this behavior, a general improvement is found
when directly compared with LSA SAF operational product.

This study focuses the evaluation and intercomparison of four DSLF products: (a) the recently developed all-
weather DSLF product based on the MARS algorithm driven by satellite cloud information from the MSG
and ERAS reanalysis screen variables; (b) the LSA SAF; (¢) CERES-SYNI1deg and (d) ERAS. The study covers
the period 2005-2021 and the MSG region focusing on monthly means. The first part of the work addresses the
evaluation, which is performed against 48 ground stations from the BSRN and FLUXNET2015 networks. The
second part focuses on the four products' intercomparison in terms of their mean spatial variability and temporal
mean annual cycles and inter-annual variability in four selected regions. It should be noted that this procedure is
an important step within the framework of LSA SAF operations, with the aim of supporting the transition from the
current (and outdated) operational algorithm to a new algorithm as LSA SAF product for DSLF. Taking
advantage of the MARS flexibility, such implementation will also benefit from the use of satellite information
acquired through the Meteosat Third Generation satellite for operational purposes, which will enable higher
temporally and spatially resolved DSLF products.

The remaining structure of this paper is given as follows: data curation and the adopted methodology are pre-
sented in Section 2; the main results are shown in Section 3, with the respective discussion being provided in
Section 4; final remarks are given in Section 5, while additional material related to the analysis is available in the
Supporting Information S1.

2. Data and Methodology
2.1. Observational Data

Evaluation of DSLF products is performed using ground stations provided by two separate databases: BSRN
(Driemel et al., 2018) and FLUXNET2015 (Pastorello et al., 2020). BSRN data (https://bsrn.awi.de/; accessed on
22 January 2024) are often used for downward longwave radiation studies (e.g., Obot et al., 2019; Roesch
et al., 2011; Wild et al., 2001; Zhang et al., 2015), serving as reference for radiation measurements over the last
decades, given the high-quality standards for the measured data. In the present work, following the data pre-
processing (described further on), measured data from 17 (out of 57 in total) operational BSRN ground sta-
tions (temporally aggregated to hourly and then to monthly values) is used to validate DSLF estimates produced
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DSLF Products Used to Compare the MARS Estimates Within the MSG Disc, Including the LSA SAF Operational Product (MDSLF), ERAS, and CERES
Product Algorithm Coverage Spatial res. Frequency Cloud info.
MARS Multivariate adaptive regression splines MSG disc (lat./lon. £+ 75° E/N) 0.05° 30-min MSG (SEVIRI) cloud fraction
MDSLF Bulk parameterization scheme + piecewise regression
ERAS Reanalysis Global 0.25° Hourly ERAS model cloud information
CERES Radiative transfer model 1° Monthly Terra and Aqua (MODIS) cloud properties

Note. Product details are provided respectively.

with the MARS algorithm considering a 19-year period (from 2004 to 2022). The FLUXNET2015 data (https:/
fluxnet.org; accessed on 22 January 2024) includes 30-min measurements of DSLF (temporally aggregated to
hourly and then to monthly values) from 28 ground stations comprising a 11-year period (from 2004 to 2014). All
selected stations are within the MSG disc (i.e., longitude/latitude £ 75°E/N), being mostly located within the
European region. More details concerning each station information are available from Lopes et al. (2022), in
which both observational networks were used for an initial hourly assessment of DSLF estimates produced with
the MARS algorithm.

2.2. Satellite and Model Data

To evaluate the MARS algorithm performance in estimating DSLF computed from instantaneous values for the
whole MSG disc, several DSLF products are used for comparison. These include the LSA SAF current opera-
tional algorithm, as well as radiation fluxes from ERAS and CERES. A summary of all DSLF products used in this
study is provided in Table 1.

2.2.1. MARS Downwelling Longwave Radiation

The MARS core algorithm (Friedman, 1991; Friedman & Roosen, 1995) is based on a weighted sum of piecewise
functions (also known as hinge functions), following a recursive partitioning form that results in a series of
regression coefficients that can then be used to better adjust predictions to the data considering the maximum
reduction in sum-of-squares residual error. Subsequent to the training procedure, the least effective terms are then
removed within the algorithm at each step to avoid model overfitting. Here, we use the previously calibrated
MARS algorithm, considering a random selection of 6 months of input data (or 40% of the available information)
from each of the 23 ground stations used, corresponding to a DSLF sample range of about 5.87 years (Lopes
et al., 2022). ERAS hourly total column water vapor, 2-m air and dewpoint temperatures, together with MSG
cloud fraction, were used as predictors during the calibration procedure. Cloud fraction information, retrieved
from the Spinning Enhanced Visible and Infrared Imager (SEVIRI) sensor on board the MSG satellite every 15-
min, is primarily used for sky classification purposes, allowing to calibrate separately the DSLF computation for
clear and cloudy conditions on a pixel level. As previously mentioned, the MARS algorithm showed a good
performance, with the ability to produce hourly values of DSLF with a closer approximation to observations in
comparison to the estimates produced with other products, including the LSA SAF operational algorithm. The
validation analyses performed with BSRN and FLUXNET2015 showed that DSLF hourly estimates produced
with the MARS algorithm generally have lower errors and higher correlations than other products, particularly for
conditions where higher samples of observed DSLF exist.

In this study, the potential of MARS DSLF estimates is further exploited, particularly to serve as LSA SAF
operational product. To this end, MARS DSLF calculations are now performed for the whole MSG disc at the 30-
min frequency over a high-resolution regular grid (0.05°), out of which hourly, daily, and monthly mean values
can then be computed for evaluation. The setup configuration to produce DSLF over the MSG disc is similar to
the one used for the LSA SAF operational algorithm, being directly fed with ERAS hourly data (total column
water vapor, 2-m air and dewpoint temperatures) interpolated to 30-min time steps and sky classification (clear
sky, cloudy, partially cloudy), which is available with a frequency of up to 15-min information from MSG/
SEVIRL. It should be noted that in this work, the applied method only considers 30-min cloud information, where
MARS DSLF values are estimated using separately the previous obtained clear/cloud MARS set of regression

LOPES ET AL.

4 of 17

95U90|7 SUOWILLOD 381D 3|cedldde auy Aq peusenob afe sopiie YO ‘8sn Josa|ni o Afeiqi]auljuO A8]1/ UO (SUONIPUOD-PUR-SLUBIALI0D 4D | IMAfe.d 1[eu1|UO//:SAny) SUONIPUOD pue SWie | 84y 89S *[7202/70/80] Uo Akeid i auliuo AS|IMm ‘younz H13 Ag 90£0¥0Arez02/620T 0T/10p/woo’ A3 Arelqipuluo'sqndnBe;/sdny wo.y pepeojumod ‘9 ‘v20Z ‘96686912


https://fluxnet.org
https://fluxnet.org

NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/202371D040306

coefficients, depending on the sky classification of each MSG/SEVIRI pixel; as well as an equal weight that is
given to both MARS cloudy and MARS clear DSLF estimates in the case the pixel is classified as partially cloudy.

2.2.2. LSA SAF Downwelling Longwave Radiation

The current LSA SAF operational product for DSLF (MDSLF, Trigo et al., 2011) is based in a bulk param-
eterization scheme which follows a piecewise regression, using the same inputs as MARS: total column water
vapor, 2-m air and dewpoint temperatures and cloud fraction. The algorithm was previously calibrated (Trigo
et al., 2010) using atmospheric profiles of temperature and humidity from the Thermodynamic Initial Guess
Retrieval (TIGR, Chevallier et al., 2000) based on ERA-40, and downward infrared flux simulations from the
MODTRAN-4 (Berk et al., 2003). When compared with downward longwave flux observations, the MDSLF
algorithm showed an overall underestimation, which is particularly pronounced for low DSLF values. This
effect is closely related to the LSA SAF original calibration, especially to the synthetic radiation flux data used
from MODTRAN-4. Consequently, larger deviations between the MDSLF estimates and station observations
are usually observed at very high-latitude regions (Lopes et al., 2022; Trigo et al., 2010). The MDSLF product
over the whole MSG disc is available as Network Common Data Form (netCDF) in a regular 0.05° grid from
2004 to real time in the LSA SAF data service archive. Between 2004 and 2015, the product was generated
using the total column water vapor and the 2-m air and dewpoint temperatures from the ERA-Interim rean-
alysis, while from 2016 onwards the operational real time product uses as inputs the ECMWF operational
forecasts that are available at the time of production, corresponding to the +12-hr to +24-hr forecasts of the 00
and 12 UTC runs.

2.2.3. ECMWF Reanalysis

Datasets from the latest ECMWF reanalysis (ERAS, Hersbach et al., 2018) are used as inputs in both MARS and
MDSLF pre-calibrated algorithms to compute DSLF for the whole MSG disc. In particular, hourly information
from the atmospheric profiles of water vapor, 2-m air and dewpoint temperatures has been previously extracted
from the Copernicus Data Store (https://cds.climate.copernicus.eu; accessed on 22 January 2024) to feed the
MARS algorithm. In this work, the same variables, now linearly interpolated to 30-min temporal frequency, are
added as inputs for the computation of DSLF within the MSG disc. All variables are bilinearly interpolated to
SEVIRI/MSG pixels, while 2-m air and dew point temperatures are corrected to consider differences between the
ERAS model orography and the finer pixel-scale elevation, considering a fixed lapse rate of 0.65 K/100 m and
assuming a constant dew point depression. Additionally, the ERAS surface thermal radiation downward
parameter (in Wm™?) is also considered for comparison purposes, being available on a regular latitude-longitude
grid of 0.25°. For validation purposes, it should be noted that ERAS fluxes are adjusted according to each
observation elevation using the reanalysis orography information, following a correction factor of —2.8 Wm™>
per 100 m (Marty et al., 2002).

2.2.4. CERES Dataset

Downward longwave fluxes, represented by the Surface longwave flux down (all-sky) parameter, from the
CERES-SYNI1deg product (Rutan et al., 2015), are also used in this work for comparison against the MARS
estimates within the MSG disc. The CERES estimates result from the combination between CERES and MODIS
instruments aboard the Terra and Aqua satellites, from which cloud properties are derived from MODIS and
geostationary imager measurements to produce radiation fluxes over a 1° resolution grid. CERES estimates are
used in the present analysis from February 2004 to March 2022, being retrieved from the NASA’s Atmospheric
Science Data Center (https://ceres.larc.nasa.gov/data/; accessed on 22 January 2024). Similarly, to ERAS
longwave radiation used for the validation procedure, CERES fluxes are also adjusted according to each ob-
servation’s elevation using CERE’s dataset elevation above sea level parameter, acquired separately from the
hourly gridded observed top-of-atmosphere and Fu-Liou radiative transfer surface fluxes and clouds product
(Doelling et al., 2016).

2.3. Methods

The evaluation of the MARS algorithm for the MSG disc is carried out using standard error metrics, including the:
bias (u), standard deviation of errors (6), RMSE, and temporal correlation coefficient (R). The assessment is
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Figure 1. Location of each of the 17 Baseline Surface Radiation Network (BSRN) and 28 FLUXNET2015 ground stations
within the Meteosat Second Generation satellite domain, marked by blue and red dots, respectively.

divided into two separate analyses: validation of the MARS algorithm new setup configuration for the whole
MSG disc to compute DSLF against ground observations (BSRN and FLUXNET2015); and a spatio-temporal
comparison of the algorithm overall performance against other products within the MSG domain.

For validation and intercomparison between products, a focus is given to monthly mean values from the
beginning of the MSG data record in February 2004 to March 2022, from which a monthly validation is
performed separately against BSRN and FLUXNET2015. In this context, all longwave radiation estimates are
aggregated to monthly values within the available periods, that is, from 2004 to 2019 for BSRN and from
2004 to 2014 for FLUXNET2015. All gridded monthly products are then interpolated to the ERAS regular
grid (0.25°), to ease dataset intercomparison against observations, from which the nearest points to station
location are selected. As described by Roesch et al. (2011), in order to avoid systematic biases, observed
monthly mean values are computed for each station considering the monthly mean diurnal cycle (i.e., 24 hr)
from the hourly values of each month. Moreover, for each hour value to be computed in the diurnal cycle, at
least 95% of the expected hourly means must be present. To reinforce the monthly validation analyses, only
stations with at least 40 months of valid data within the selected period and with a maximum elevation
difference of 600 m between model/dataset grid and observation elevation are selected. As result, a total of
17 BSRN and 28 FLUXNET2015 stations were found adequate for the monthly validation analyses
(Figure 1). In addition to selecting the nearest points of MARS DSLF aggregated on the 0.25° grid, the
nearest point of the MARS DSLF product from the original resolution (at 0.05°) was also selected, which is
denoted here as MARS*.

In the second part of the analysis, the different products are inter-compared seasonally and annually, from which
regional averages are weighted by the cosine of the latitude.
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Figure 2. Scatter plots of the monthly DSLF products (vertical axis) against BSRN observations from 17 stations (horizontal
axis) between 2004 and 2019: (a) MARS; (b) LSA SAF (MDSLF); (c) ERAS; and (d) CERES. All model estimates are
compared against observations considering the nearest point of a 0.25° grid. Evaluation metrics are added in the lower right
corner of each subplot, including the number of samples used (#), while the red dashed-lines depict the identity line. Units are
in Wm™2, while correlations coefficient (R) are between 0 and 1.
3. Results
3.1. Validation Against In Situ Observations
DSLF monthly estimates are evaluated separately against observations from BSRN and FLUXNET2015 ground
stations within the MSG disc (Figures 2 and 3, respectively), including corresponding statistical summaries.
Generally, when compared with BSRN observations from 17 ground stations (resulting in a total of 2084
monthly values), the MARS DSLF monthly estimates are shown to have relatively low errors, and are closer to
the observations (Figure 2a), when compared to other DSLF products, particularly to the MDSLF (Figure 2b).
The MARS DSLF bias is close to zero (0.04 Wm™2) and the RMSE of 7.10 Wm™? is roughly 56% lower than
that of the current LSA SAF operational product. Despite relatively small errors, the MARS estimates of high
longwave flux values (typically between 300 and 400 Wm™?) seem to be slightly higher than observations in
comparison to other products, which show an overall underestimation, particularly ERAS and MDSLF esti-
mates (biases of —5.90 and —4.61 Wm™ 2, respectively). The CERES estimates present an overall low mean
error (—0.30 Wm™?), but higher dispersion than the MARS values. In terms of RMSE, the current LSA SAF
LOPES ET AL. 7 of 17
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Figure 3. Similar to Figure 2 but for the FLUXNET2015 observations between 2004 and 2014.

MDSLEF product presents the highest value (16.09 Wm™2), while ERA5 and CERES present lower and similar
values (9.51 and 9.31 Wm™2, respectively). The standard deviation of errors is the lowest for MARS and ERA5
(5.28 and 5.29 Wm™>, respectively), while the highest values are seen in MDSLF and CERES (11.17 and
7.08 Wm™2, respectively). As clearly noticed in the corresponding MDSLF density plot (Figure 2b), there is a
significant underestimation of observations for the lower range of DSLF values (i.e., between 150 and
300 Wm™?), critically contributing to increase the standard deviation of errors. This is related to the LSA SAF
MDSLF original algorithm calibration, particularly the synthetic radiation fluxes used from MODTRAN-4. As
result, the MDSLF shows a tendency to underestimate low values of DSLF, which in this case are being
depicted by one station (GVN) located at a very high latitude (about 70.65°S) in Antarctica. Regarding the
MARS* performance, when the 0.05° grid nearest points to observations are directly used, the evaluation
metrics (Table 2) show a small improvement in comparison with using the MARS nearest points to obser-
vations over a regular 0.25° grid. For instance, despite a small bias increase to 0.20 Wm™2, there is a reduction
of the standard deviation of errors and RMSE (5.16 and 6.97 Wm ™2, respectively), when MARS* is considered.
More detailed information regarding the error metrics distributions computed independently at each BSRN
station is available in Table S1 (see Supporting Information S1). It is worth noting that at the SMS station,
located in Brazil, the biases are much larger in comparison to values found at other locations due to the frequent
occurrence of stratiform and shallow convective clouds (Aradjo Palharini & Vila, 2017), which hamper
measurement and estimation of DSLF under such conditions.
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T The MARS algorithm was calibrated with a sub-set of observations from
able 2

Statistical Summary for the Monthly Validation Between the MARS DSLF
Product With Original Grid Resolution 0.05° (MARS*) and Two
Observational Networks (BSRN and FLUXNET2015) Considering Two
Periods (2004-2019 and 2004-2014, Respectively)

BSRN FLUXNET2015
g (Wm™?) 0.20 —0.52

o (Wm™2) 5.16 7.79
RMSE (Wm™2) 6.97 10.77

R (-) 0.99 0.94

# 2,084 2,395

Note. Several metrics are shown: bias (p); standard deviation of errors (c);
root mean square error (RMSE); and correlation coefficient (R); together
with the number of adequate monthly samples used (#). Units are in Wm ™2,
while correlations are between 0 and 1.

BSRN, which partially explains the good performance of the product when
validated against the BSRN network. When an independent network
(FLUXNET2015) of stations, providing a total of 2395 monthly values, is
used the obtained results allow to assess the robustness of the MARS product
(Figure 3a). As shown by the corresponding error metrics (Figure 3 and
Table 2), an overall underestimation is now found in all longwave flux esti-
mates, with the lowest bias (=0.52 Wm™2) being obtained with MARS*,
closely followed by MARS (—0.61 Wm™2) and MDSLF (—2.44 Wm™?),
while CERES and, particularly ERAS, show the highest biases (—5.24 and
—8.94 Wm™2, respectively). The MDSLF product presents again large dis-
crepancies with respect to observed values, especially in the lower range (for
DSLF below 300 Wm™>), leading to standard deviation of errors and RMSE
of 11.68 and 15.10 Wm ™2, respectively, while the lowest standard deviation
of errors is attained by MARS, particularly with MARS* (10.79 and
10.77 Wm™2, respectively), being followed by ERA5 and CERES.

3.2. DSLF Products Intercomparison

The consistency of the different products is now assessed in terms of the annual mean spatial distribution over

land points (Figure 4) (and seasonally, see Figures S1-S4 in Supporting Information S1). The spatial distri-
bution of the DSLF annual mean (computed for the 2005-2021 period) obtained with MARS (Figure 4f) shows
a very consistent behavior in comparison to the other product datasets. As expected, maximum DSLF values
(around 400 Wm™2) are attained over the tropical regions, while minimum values (around 200 Wm™?) are

found at higher latitudes. Moreover, overall area means (X), weighted using the cosine of the latitude, show

similar values among all products, where the highest value is obtained with CERES (355 Wm™>); the lowest
value with ERA5 (349 Wm™?); while the MARS and MDSLF are very close (354 and 355 Wm 2, respec-
tively). Despite these similarities, systematic differences also occur, including higher values of MDSLF when
compared to other estimates (Figures 4b—4d), particularly in South America. These are more significant when

compared against ERA5 and CERES (see African, Caspian Sea, and Europe regions); MDSLF clearly tends to

generate lower values than the other products at lower ranges of DSLF, between 150 and 200 Wm™2

(Figures 4e, 3i and 3m); MARS generally shows higher values than ERAS, with highest values being reached
over the Andes mountain range and the Caspian Sea region (Figure 4g), while lower values generated with the
DSLF are found over most of the African region and over Brazil when compared with CERES (Figure 4h);

generally, CERES presents a higher values in the tropical regions than the remaining products, particularly

when compared to ERAS5 (Figure 41), exceeding the highest mean values obtained with MDSLF over the

northern Africa and Arabian regions.

The consistency of DSLF estimates using the MARS algorithm as compared with other datasets can also be
observed throughout the year and different seasons (see Supporting Information S1). A few differences are worth
noting, including the lower MDSLF values during the NH winter period with respect to MARS and ERAS,
especially at higher latitudes over the north-eastern Europe region (Figures S1b and Slc in Supporting Infor-

mation S1, respectively), and also with respect to CERES over north-central Africa (Figure S1d in Supporting
Information S1); there are significant higher DSLF values being generated by MDSLF and MARS in comparison
to ERAS over the Caspian Sea region during the NH spring (Figures S2¢c—S2g in Supporting Information S1),
while CERES shows a high increase in the DSLF estimates over North Africa, leading to overall higher values

obtained with this product with respect to all others (Figures S2d, S2h, and S21in Supporting Information S1). The

increase of DSLF during the NH summer is clearly pronounced in the MDSLF product, where higher values are
generally found over Europe (Figures S3b—S3d in Supporting Information S1), while CERES DSLF is partic-
ularly higher than all other estimates over Africa and the Arabian Peninsula. During the NH autumn, the MDSLF
product shows higher values with respect to MARS over South America and Central Africa, while slightly lower

values are generally found at very high latitudes (Figure S3b in Supporting Information S1).

Figure 5 shows the mean annual cycle of monthly DSLF averaged for the full 2004-2022 period and over land
points for group of selected domains (Figure S5 in Supporting Information S1) within the MSG disc, including
Europe, North and South Africa, and South America. The results show very similar variations among all datasets
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Figure 4. DSLF annual mean estimates for the MSG disc (between 2005 and 2021) produced using different products. Presented outputs include: DSLF spatial
distribution maps from MDSLF, MARS, ERAS, and CERES ((a), (f), (k), and (p), respectively), with the overall area weighted mean values (X); DSLF annual
differences maps between products ((b—d), g), (h), and (1); and corresponding density plots ((e), (i), (j), and (m—o0)), with error metrics displayed on the inside legend.
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Figure 5. Mean annual cycle (2004-2022) of monthly DSLF (Wm_z) in 4 different regions: (a) Europe; (b) North Africa; (c) South America; and (d) South Africa. DSLF
products are depicted by different colors: MDSLF (blue); MARS (yellow); ERAS (red); and CERES (green). Regions as defined in Figure S5 in Supporting

Information S1.

with respect to the mean annual cycle between 2004 and 2022 (Figure 5), with DSLF highest (lowest) values
being reached in July for the NH (southern hemisphere, SH) regions. In Europe (Figure 5a) the MARS and
MDSLF estimates are very close, particularly throughout the spring and summer periods, when DSLF increases
and reaches its highest value in July (around 360 Wm™2). A similar behavior is observed in North Africa
(Figure 5b), which generally includes higher DSLF values in comparison, where both MARS and MDSLF also
show close behaviors throughout the entire period. CERES mean values are generally characterized by higher
DSLF values in comparison to the remaining datasets for North Africa, while the opposed effect is observed in
both South America and South Africa regions (Figures 5c¢ and 5d, respectively), with the lowest DSLF values
being reached in July (around 360 and 320 Wm™>, respectively). ERA5 generally shows lower DSLF values in the
four selected regions when compared to other products. In Figure 6, DSLF annual means over the four selected
regions between 2005 and 2021 show very similar inter-annual variability among the different datasets. As shown
in Table S2 (see Supporting Information S1), correlation coefficients (R) between MARS and MDSLF annual
means with ERAS are generally found to be significantly higher than with CERES (particularly with the former),
which could be partially attributed to the use of ERAS input variables when computing DSLF. In Europe
(Figure 6a), MARS annual mean values follow more closely ERAS the behavior (R = 0.96) than with MDSLF
(R = 0.71). Other aspects can be highlighted in this region, such as the overall higher DSLF values with the
MARS algorithm, and the fact that all datasets except MDSLF seem to reach the highest values of the analyzed
period in 2016. As previously noted in the mean annual cycle over North Africa, CERES and ERAS (Figure 6b)
generally show higher and lower DSLF values, respectively, while MARS and MDSLF have a closer behavior
through the entire period (R = 0.92). Additionally, in this region, a significant (linear) increase of DSLF starts to
occur in 2008 for all products, with the maximum value being reached in 2010. In South America (Figure 6c¢)
MARS and MDSLF show a higher degree of consistency between both estimates (R = 0.97), particularly until
2015, which is then decreased due to a tendency of the MDSLF algorithm to estimate higher DSLF values in the
following years (as opposed to MARS). The MDSLF change from 2015 onwards could be partially attributed to
the change of inputs in the algorithm which was previously using ERA-Interim until 2015 and then started to use
ECMWEF operational forecasts afterward. In South Africa (Figure 6d), a similar behavior occurs to the one found
between the different products in the northern region, with an overall increase of correlation between all DSLF
products, from which MARS and MDSLF-based annual means show a high correlation (R = 0.97).
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Figure 6. Annual means of DSLF (Wm™?) in 4 different regions: (a) Europe; (b) North Africa; (c) South America; and (d) South Africa. DSLF products are depicted by
different colored lines: MDSLF (blue); MARS (yellow); ERAS (red); and CERES (green). Correlation coefficients between the different time series are shown in Table

S2 (see in Supporting Information S1).

Finally, a case study to inter-compare the instantaneous spatial patterns of DSLF is shown in Figure 7, with an
example of the different DSLF products over the Mediterranean region on 15 July 2021 at 07 UTC with the
occurrence of different types of cloud cover. Generally, DSLF patterns follow cloud coverage very closely (both
SEVIRI/MSG and ERAS cloud classification is represented by the light and dark blue pixels in Figures 7e and 7f,
respectively), especially the MDSLF and MARS estimates, which are fed with the same satellite information,
enabling to follow the granularity of cloudy/partially cloudy patterns. The main differences between ERAS and
SEVIRI-based products (MARS and MDSLF) can be primarily attributed to the differences between satellite
cloud identification (Figure 7e) and ERAS total cloud cover (Figure 7f). In the latter, it is possible to observe a
higher occurrence of clouds (e.g., over the Iberian region) in comparison to the satellite information, resulting in
lower DSLF values estimated with ERAS (Figure 7c). The effect of clear/cloudy conditions on the DSLF esti-
mates derived using MARS with inputs from ERAS and considering MSG cloud classification, has been pre-
viously analyzed (Lopes et al., 2022), where MARS values generally have lower errors than ERA5 own
downward longwave fluxes. The latter are affected by the misrepresentation of clouds, resulting in higher de-
viations in comparison to satellite-based products. Figure 7d) is similar to the other products in terms of the
general patterns over the region but misses most of the spatial detail due to the coarser grid resolution (1°). It is
possible to notice small differences between the MARS and MDSLEF fields, where the latter shows a tendency to
produce higher DSLF values over large areas (e.g., Northern Africa region and near Greece), as shown in
Figure 7b. Figure 7 also highlights the different spatial resolution among products, resulting in smoother spatial
characterization of the DSLF (Figure 7c) in comparison to the higher resolution products. This example shows
that using high spatial resolution (and temporal frequency) satellite information translates into a significantly
higher spatial (and temporal) variability, especially in comparison to fluxes represented by reanalyzes and climate
models.

4. Discussion

The validation of the MARS algorithm, now configured to produce instantaneous (30-min) values of DSLF over
the whole MSG disc, is shown to be consistent with previous results (Lopes et al., 2022, 2023). Generally, the
MARS estimates present better performances than other DSLF products, including the LSA SAF operational
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Figure 7. Snapshot of the DSLF hourly distribution over the Mediterranean region on July 15th (2021) at 07 UTC computed
with: (a) MARS; (b) MDSLF; and (c) ERAS; and with CERES at 07:30 UTC. Cloud cover information is provided using the
MSG cloud mask (CMA) at 15-min instantaneous values (d) and (e) ERAS hourly total cloud cover (TCC), where cloudy

(partially cloudy) sky is depicted by dark (light) blue pixels.
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product (MDSLF), as shown in Figures 2 and 3. There are several factors that can explain the positive impact of
the MARS algorithm, such as: (a) the fact that the algorithm has been calibrated with in situ observations, instead
of synthetic longwave flux simulations from MODTRAN-4, as in the case of the current MDSLF product; (b) the
flexibility of the MARS algorithm in capturing non-linear relations between near-surface temperature and bulk
water vapor content on the one hand, and surface downwelling longwave fluxes on the other, in comparison to
simpler methods (such as the piecewise regression used by the MDSLF); and (c) the reliable information on cloud
coverage provided in particular by the MSG satellite, which seems to be a critical factor for accurate estimates of
DSLF. The evaluation with in situ observations suggest that an empirical algorithm, such as MARS, can produce
unbiased estimates of longwave fluxes at the surface using a very limited number of input variables representing
surface conditions: air temperature and dew point depression, total column water vapor and accurate cloud
coverage information. This relatively simple algorithm is able to produce high-quality DSLF estimates, com-
parable (or even better) to ERAS, which incorporates a full description of atmospheric profiles and a complex
radiation scheme (Morcrette et al., 2008). Moreover, the metrics computed for MARS outperform the CERES
product, possibly benefiting from the higher spatial and temporal resolution. Indeed, the validation results pre-
sented in Table 2 show the added-value in using the MARS algorithm 0.05° nearest points (MARS*) instead of
performing an interpolation to 0.25°, which introduces a slight degradation. These results are in good agreement
with other research works (e.g., Feng et al., 2021; Shao et al., 2023) where DSLF estimates produced by a
different range of machine learning-based algorithms were generally found to have lower errors than ERAS and
CERES. It is worth noting that between BSRN and FLUXNET2015 monthly validations (Figures 2 and 3,
respectively), there is a smaller range of DSLF (i.e., between 250 and 400 Wm™2) being analyzed in the latter.
This restriction is due to the fact that all of the 28 FLUXNET2015 stations used are located in Europe, while the
station distribution of the 17 BSRN stations covers a wider area. Moreover, larger errors are generally found with
FLUXNET2015 for all datasets. This may either be related to the quality of the in situ observations, possibly not
following the high standards of BSRN radiation measurements (Mcarthur, 2005), and/or (to a lesser degree)
linked to the spatial distribution and range of DSLF values measured in those stations. Nevertheless, it is worth
noticing that the MARS performance metrics are very similar for both BSRN stations (where a subset of ob-
servations was used for algorithm calibration) and for the completely independent FLUXNET dataset.

The spatial distribution of MARS DSLF annual mean estimates over land points for the whole MSG disc
(Figure 4) provides an overview of spatial patterns and their comparison with other datasets for a wide range of
climate conditions. This intercomparison exercise does not assume one of the datasets to be an absolute reference,
instead allows the investigation of consistencies, as well as the most striking differences among them. All datasets
show similar patterns, with maximum DSLF values occurring over low latitudes, particularly at the tropical
region of Africa, while minimum values occur over high latitudes, as expected. The MDSLF average values are
also similar to those derived from the MARS algorithm, which uses the same input variables as the former.
CERES fluxes are generally higher than those of other datasets; such difference seems more pronounced with
respect to ERAS (Figure 41). Despite the differences in spatial resolution, ERAS and MARS show a very good
agreement without large biases, or conditional biases. In contrast, the currently operational LSA SAF product
systematically shows lower DSLF values (generally between 100 and 200 Wm™2), which can be attributed to
deficiencies in the training dataset within that range (see density plots (e), (i), and (m), in Figure 4, Figures S1-S4
in Supporting Information S1). This effect is particularly observable during the NH winter (Figures S1b—S1d in
Supporting Information S1), when larger areas of DSLF with low values are present within the MSG disc, which
conversely nearly disappears during the summer months (Figures S3b—S3d in Supporting Information S1).

The interannual variability of the different datasets (Figure 6) shows consistency among the time series of the
MARS, MDSLF, ERAS5 and CERES products, that is, high correlations, despite differences in the overall values,
being in line with the maps shown in Figure 4. While it can be argued that MARS uses the same ERAS variables as
inputs (i.e., air and dew point temperatures and water vapor), it is known that the actual spatial and temporal
variability is driven by cloud cover. The consistency among the three datasets somehow confirms that ERAS
represents well the overall cloud coverage variability. This is further substantiated by the consistency with the
CERES fluxes, also heavily relying on satellite data, but yet independent from the remaining products. Never-
theless, the time series shown in Figure 6 reveal systematic differences among the datasets, which themselves
vary with the regional domain (being in line with results from Figure 4). These differences may be related to: (a)
resolution and the representation of orography in the different datasets (smoothing high mountains may lead to
lower values); (b) conditional biases, such as those already identified in MDSLF outputs; (c) limitations arising
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from the MARS/MDSLF empirical approximations, calibration, and input data used; and (d) cloud representation
in ERAS and satellite cloud detection. To further understand the differences among the datasets, a more detailed
comparison of temperature, water vapor, and clouds would be necessary, which is currently beyond the scope of
this study. However, we note that the maximum differences are on the order of 2%-3%, being well within the
commonly acceptable errors for this variable, which has a target accuracy of 5% (10 Wm™2) following BSRN
standards (Mcarthur, 2005).

The added-value in using a higher spatial resolution algorithm in comparison to the reanalysis is depicted in
Figure 7. As shown for the Mediterranean region, both MARS and MDSLF hourly estimates provide a more
detailed characterization of the DSLF spatial variability than ERAS or CERES, following closely the cloud
development over the region; the same characterization can also be applied to the temporal variability repre-
sentation, following the often-rapid evolution of cloud formation and dissipation, or cloud movement. When
compared directly, the MARS and MDSLF products show very similar behaviors with small differences, which
are more noticeable in areas where higher DSLF values are to be estimated. Since both algorithms rely on the
same inputs to compute DSLF values over the whole MSG disc, the reason for such deviation is mainly related to
the differences in algorithms together with the respective adopted calibration procedures. Since cloud cover
dominates the high-frequency temporal and spatial variability of DSLF, the use of cloud information from the
MSG is considered to be an added value. However, this cannot be fully evaluated since there are no independent
high-resolution (temporal and spatial) gridded observations of DSLF.

5. Concluding Remarks

This study focused on the evaluation and intercomparison of four DSLF products: (a) a recently developed all-
weather DSLF product based on the multivariate adaptive regression splines (MARS) algorithm driven by sat-
ellite cloud information from the Meteosat Second Generation (MSG) and ERAS reanalysis screen variables; (b)
the Satellite Application Facility on Land Surface Analysis (LSA SAF); (¢) CERES Synoptic top-of-atmosphere
and surface fluxes and clouds (CERES-SYN1deg); and (d) ERAS reanalysis. The MARS algorithm is aimed to be
used in the next version of the LSA SAF operational product to be derived from MSG satellite observations, and
in the future by the Meteosat Third Generation (MTG). When in operation, the new LSA SAF DSLF product
based on MARS will allow the generation of 30-min instantaneous DSLF values under all-sky conditions and for
the whole MSG disc, as tested against other products in this study for the period 2005-2021. Taking advantage of
its recursive partitioning and spline fitting, the MARS approach is able to simulate accurate relations between
downwelling surface longwave fluxes and screen and bulk atmospheric variables under clear and cloudy con-
ditions, respectively. While near surface air and dew point temperatures and total column water vapor are ob-
tained from ECMWF-ERAS, satellite (MSG) observations provide crucial cloud information for the accurate
estimation of DSLF. Moreover, the improvement of the MARS algorithm when compared to the current LSA
SAF operational product (MDSLF) can be at least partially attributed to the revision of the calibration dataset,
now constituted by in situ observations instead of MODTRAN-4 flux simulations with ERA-40 profiles. Lower
errors and higher correlations were found in MARS DSLF estimates through two separate monthly validation
analyses using as reference BSRN and FLUXNET2015 datasets, which allowed to reinforce the performance and
consistency of the algorithm in comparison to other DSLF products, particularly the current LSA SAF operational
product. The fours products were intercompared in terms of their mean spatial variability and temporal mean
annual cycles and inter-annual variability in four selected regions, showing a high level of agreement, particularly
between MARS, ERAS and CERES. Our results highlight the clear added value of MARS in respect to LSA SAF,
while providing higher spatial resolution (0.05°), constrained by satellite cloud information, when compared with
ERAS5 (0.25°) or CERES (1°), with the limitation of being restricted to the MSG domain. Overall, these results
support the use of the MARS algorithm to generate the new version of the LSA SAF DSLF product, being a
reliable alternative to the current operational algorithm, including its future implementation for operations of the
MTG satellite.

Data Availability Statement

Observational datasets from the BSRN (Driemel et al., 2018) and FLUXNET2015 (Pastorello et al., 2020) were
acquired from the corresponding data centers (https://bsrn.awi.de and https://fluxnet.org, respectively, accessed
on 22 January 2024) to elaborate this manuscript. Several DSLF products were used for comparison against the
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