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ARTICLE INFO ABSTRACT

Keywords: Incident shortwave radiation (SW), photosynthetically active radiation (PAR), and diffuse PAR (PARg;) at the
BESS land surface drive a multitude of processes related to biosphere-atmosphere interactions and play a critical role
Solar radiation in the Earth climate system. Previous global solar radiation products were spatially coarse (> 50-km resolution)

PAR or temporally short (a few years), which hindered scaling-up ground based observations of the land surface
Diffuse PAR . . . . . .

MODIS processes into regional, continental, and global scales across multiple time scales. Here, we report Breathing
FLUXNET Earth System Simulator (BESS) SW, PAR, and PARy;s products over the global land surface at a 5 km resolution

BSRN with 4 day intervals between 2000 and 2016. We combined an atmospheric radiative transfer model with an
artificial neural network (ANN) to compute SW, PAR, and PARg;. A series of MODerate Resolution Imaging
Spectroradiometer (MODIS) atmosphere and land products were used as inputs to run the ANN. We test the
performance of the products using data from 158 (SW), 77 (PAR), and 22 (PAR;) stations collected in the
Baseline Surface Radiation Network (BSRN) and flux tower networks, which covered a range of climatic zones
from polar to tropical zones. BESS had strong linear relationships with in-situ SW data (R® = 0.95, relative
bias = — 2.3%), PAR (R? = 0.94, relative bias = 1.7%), and PARg;s (R?> = 0.84, relative bias = 0.2%). BESS
captured the interannual variability of SW at both the site (a majority of long-term BSRN sites) and continental
levels. Over the study period, global annual SW, PAR, and PARyy values did not show any dimming or
brightening trends, although these trends appeared at regional levels, e.g. dimming in India. Mean annual SW
over the global land surface was 184.8 Wm ™ 2 (875 ZJ yr~ !, zetta = 10%'); 46% of SW was partitioned to PAR,
which was further split into direct (59%) and diffuse (41%) components. The developed products will be useful
in solar energy harvesting research and will improve water, carbon, and energy flux estimates of terrestrial
ecosystems from local to the global scales.

1. Introduction

Land surface remote sensing communities need high spatial re-
solution (1-5km) solar radiation maps of the global terrestrial eco-
systems over decadal periods to improve carbon and water flux esti-
mations across different spatiotemporal scales (Ryu et al., 2011; Wood
et al., 2011). Solar radiation is the fundamental driver of biomass
production (Monteith, 1977), carbon dioxide fluxes (Baldocchi et al.,
1981; Saigusa et al., 2010), and evapotranspiration (Ryu et al., 2008a;
Song et al., 2014). Despite the significance of solar radiation in the land
surface processes, there have been few attempts to develop high-re-
solution solar radiation maps over the global land (e.g. (Zhang et al.,

2014)), which has hindered efforts to scale up ground-based observa-
tions of land surface processes into regional, continental, and global
scales.

Scale mismatch of pixel resolutions between land surface properties
and solar radiation was pervasive in previous studies of mapping of
carbon and water fluxes. Key land surface properties such as leaf area
index (LAI) or other vegetation indices, fraction of absorbed photo-
synthetically active radiation (fPAR), and land surface temperature, are
often available globally at 1 km resolution or less (Baret et al., 2013;
Myneni et al., 2002; Wan, 2008). In order to take full advantage of the
high spatial resolution, these land surface products should be combined
with solar radiation maps of equivalent resolution. However, this is not

* Corresponding author at: Department of Landscape Architecture and Rural Systems Engineering, Seoul National University, Seoul 151-921, Republic of Korea.

E-mail address: yryu@snu.ac.kr (Y. Ryu).

http://dx.doi.org/10.1016/j.rse.2017.09.021

Received 9 December 2016; Received in revised form 8 September 2017; Accepted 16 September 2017

Available online 29 September 2017
0034-4257/ © 2017 Elsevier Inc. All rights reserved.


http://www.sciencedirect.com/science/journal/00344257
https://www.elsevier.com/locate/rse
http://dx.doi.org/10.1016/j.rse.2017.09.021
http://dx.doi.org/10.1016/j.rse.2017.09.021
mailto:yryu@snu.ac.kr
https://doi.org/10.1016/j.rse.2017.09.021
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rse.2017.09.021&domain=pdf

Y. Ryu et al.

always the case. For example, gross primary productivity (GPP) and
evapotranspiration (ET) derived by Moderate Resolution Imaging
Spectroradiometer (MODIS), adopted the 1.00 X 1.25° resolution
Global Modeling and Assimilation Office solar radiation data set, two
order of magnitude coarser of the land surface properties (Mu et al.,
2011; Zhao et al., 2005).

In addition to global solar radiation, photosynthetically active ra-
diation (PAR) is essential for monitoring and modeling carbon dioxide
uptake by plants. The quantity of PAR mainly determines absorbed PAR
(APAR) by vegetation, which is positively related to canopy photo-
synthesis (Monteith, 1965). Although many algorithms have been de-
veloped to determine the fraction of APAR (fPAR = APAR/PAR)
(Majasalmi et al., 2014; Sellers et al., 1996; Widlowski, 2010), little
attention has been paid to mapping PAR (Liang et al., 2006; Van Laake
and Sanchez-Azofeifa, 2004). The quality of PAR (i.e., diffuse PAR
[PAR4;¢]) mainly controls light use efficiency. Biometeorological theory
and observations have confirmed that a greater PARy; proportion tends
to enhance light use efficiency by penetrating more PARy;s into deeper
canopies, which enhances photosynthesis in shaded leaves that are
light-limited (Alton et al., 2007; Gu et al., 2003; Knohl and Baldocchi,
2008; Roderick et al., 2001). It was reported that the changing PAR;¢
regime (i.e., from global “dimming” to “brightening”) could reduce
global terrestrial CO, sink strength (Mercado et al., 2009), highlighting
the importance of producing global PARg4;; maps to understand carbon
cycles.

Recently, two advanced solar radiation products over the con-
tinental to global land were developed. The Global LAnd Surface
Satellite (GLASS) project produced global 5-km resolution, 3-h interval
shortwave radiation (SW) and PAR maps at 5 km resolution land be-
tween 2008 and 2010 (Zhang et al., 2014). The GLASS radiation pro-
ducts combined polar-orbiting and geostationary satellite sensors to
generate unprecedented high spatial and temporal resolution maps
globally. However, the current GLASS radiation products is limited to
three years only and lack of PARg;r. The Advanced Model for the Esti-
mation of the Surface Solar Irradiance (AMESIS) used SEVIRI satellite
data to produce 1 km resolution, 15 min interval solar radiation maps
(Geraldi et al., 2012). However, AMESIS covers only Europe, Africa,
and the Atlantic Ocean and it does not provide PAR and PARg;s maps.

MODIS is on-board polar-orbiting satellites and has monitored the
entire Earth system since 2000 (Masuoka et al., 1998). Although MODIS
is not able to monitor specific regions as frequently as geostationary
satellites, it has the advantage of monitoring the entire Earth system
daily at high spatial resolution. MODIS Atmosphere and Land products
provide detailed information on atmospheric and land surface proper-
ties which are needed to run atmospheric radiative transfer models
(Ryu et al.,, 2011; Wang and Pinker, 2009). Previous studies used
MODIS products to make maps of PAR (Liang et al., 2006; Van Laake
and Sanchez-Azofeifa, 2004), clear sky SW (Houborg and Soegaard,
2004; Ryu et al., 2008b), and SW radiation in both clear and cloudy sky
conditions (Ryu et al., 2011; Wang and Pinker, 2009). Spatial coverage
has included local (Houborg and Soegaard, 2004; Ryu et al., 2008b),
regional (Liu et al., 2008; Van Laake and Sanchez-Azofeifa, 2004), and
global scales (Ryu et al., 2011; Wang and Pinker, 2009), and temporal
coverage was at most three years. Spatial resolutions have varied from
1 km (Ryu et al., 2011) to 100 km (Wang and Pinker, 2009). Despite
such potentialities, to date, no research has harmonized MODIS At-
mosphere and Land products to produce global maps of SW, PAR, and
PARg;¢ over a decadal period.

The purpose of this study is to generate global, 5 km resolution,
4 day interval maps of SW, PAR, and PARy;s between 2000 and 2016 as
part of the Breathing Earth System Simulator (BESS) which is a plat-
form to compute land surface carbon, water, energy fluxes (Jiang and
Ryu, 2016; Ryu et al., 2011). We chose a 4 day interval to synergize
with 4 day MODIS LAI/fPAR products which are the key variables in
estimating land surface carbon and energy fluxes (Myneni et al., 2015).
We used an atmospheric radiative transfer model to train and validate
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ANN (Iwabuchi, 2006; Kobayashi and Iwabuchi, 2008; Ryu et al.,
2011), and prepared input data for the ANN using MODIS Atmosphere
and Land products. We evaluated BESS SW, PAR, and PAR;¢ products
against the Baseline Surface Radiation Network (BSRN) (Ohmura,
2006), FLUXNET (Baldocchi et al., 2001), and ancillary data, and
conducted an intercomparison with GLASS SW and PAR products. Then
we discussed strengths, sources of uncertainties, and spatial and tem-
poral patterns of BESS SW, PAR, and PARy;s products.

2. Methods and materials
2.1. Atmospheric radiative transfer model, FLiES

SW, PAR, and PARy;s were computed using the atmosphere and
plant canopy radiative transfer model, Forest Light Environmental
Simulator (FLiES; Kobayashi and Iwabuchi, 2008). FLiES has a one-
dimensional atmospheric radiative transfer module, which is a simpli-
fied version of the three- dimensional Monte Carlo Atmospheric Ra-
diative Transfer Simulator (MCARaTS, Iwabuchi, 2006). The aerosol
and cloud models by Hess et al. (1998) and the atmospheric profiles,
the atmospheric temperature, pressure, and water vapor profiles, by
LOWTRAN (Kneizys et al., 1988) were incorporated. Incoming PAR and
SW radiations were simulated by integrating spectral radiation com-
ponents evaluated at 20 nm interval between 300 and 700 nm and at
100 nm interval between 700 and 4000 nm. In contrast to the previous
works done by the semi-empirical modeling of total and diffuse PAR
(Kobayashi et al., 2005; Kobayashi et al., 2004), the Monte Carlo
photon-tracing scheme enables simulating exact higher order scatter-
ings (multiple scattering) and differentiate between direct and diffuse
PAR. Specifically, if the scattering events occur, the photon is con-
sidered as diffuse regardless of incident direction of photons. To com-
pute the incident radiation on different elevations, the air-mass is scaled
according to a local elevation, thus the higher elevation the lower air-
mass and less atmospheric interactions with molecules. More detailed
model descriptions appeared in the previous studies (Iwabuchi, 2006;
Kobayashi and Iwabuchi, 2008).

2.2. Preparation of input data for the atmospheric radiative transfer model

BESS adopted FLiES to compute solar radiation using forcing data
from Terra & Aqua/MODIS Atmosphere and Land products (Collection
6). The list of products included solar zenith angle from MODIS
Atmospheric Profile product (MOD/MYDO07 _L2), dark target and deep
blue combined aerosol optical depth at 500 nm from MODIS Aerosol
product (MODO04_L2) (Sayer et al., 2014), cloud optical thickness, cloud
top pressure, cloud top temperature, surface pressure and surface
temperature from MODIS Cloud product (MODO06_L2) (Baum et al.,
2012), total column precipitable water vapor and total ozone burden
from MODIS Atmospheric Profiles product (MOD/MYDO07_L2), and land
surface shortwave albedo from MODIS Albedo product (MCD43D61)
(Romén et al., 2009). To maintain consistency and facilitate further
usage, 10-km resolution aerosol optical depth, 1-km resolution cloud
optical thickness, 5-km resolution total column precipitable water
vapor, and 5-km resolution total ozone burden products, provided in 5-
min scanning swaths, were reprojected to global 0.05° grids using a
nearest neighborhood resampling approach (Jiang and Ryu, 2016),
while 30”-resolution albedo product was aggregated to global 0.05°
grids as well. As MODIS aerosol optical depth, total column precipitable
water vapor and total ozone burden were only available under clear-sky
conditions, to compute all-sky radiation we filled data gaps using
MERRA reanalysis data. MERRA data were provided in 0.5° X 0.66°
resolution at hourly interval, and we spatiotemporally interpolated
them to global 0.05° grids at Terra & Aqua overpass times. To avoid
mismatches between MODIS and MERRA data, we calibrated MERRA
data using MODIS data for each climate zone on each day. Other an-
cillary data included Global Multi-resolution Terrain Elevation Data
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Table 1
Numerical variable values used to establish radiation databases with the atmospheric
radiative transfer model FLiES.

Variables Values in training Values in validating
database database

Solar zenith angle (°) 0, 30, 60, 89 15, 45, 75

Cloud optical thickness 0.1, 0.5, 2, 5, 10, 0.2, 1, 3, 8, 20, 100
50, 150

Aerosol optical thickness 0, 0.5, 1.0, 5.0 0.2, 0.7, 2.0

Total column precipitable water 0,2,4,7 1,3,5

vapor (g/cm?)

Total ozone burden (cm-atm) 0, 0.2, 0.4, 0.7 0.1, 0.3, 0.5

Albedo 0, 0.3, 0.6, 0.9 0.2, 0.5, 0.8

Altitude (m) 0, 1000, 2000, 500, 1500, 3000
5000

2010 (GMTED2010) at 30 arc sec (Danielson and Gesch, 2011) and
Koppen-Geiger climate zone map at 0.1 degree resolution (Peel et al.,
2007). We used the cumulous continental cloud type and urban aerosol
type for the tropical climate zone, and the stratus continental cloud type
and continental average aerosol type for the other areas (Hess et al.,
1998).

2.3. Estimation of solar radiation using an ANN approach

As FLiES is a numerical model involving heavy computation, we
adopted an ANN approach to enable efficient global simulations over a
17-year period. Two types of database were established using FLiES to
train and validate ANN, respectively. Seven numerical input variables
were involved in FLiES simulations and a total of 28,672 and 4374
values were sampled for training and validation databases, respectively
(Table 1). To account for two nominal input variables, cloud type and
aerosol type, eight databases were built for either training or validating
databases, according to climate zones and cloud conditions (Table 2).
Three output variables were simulated by FLIiES: total shortwave
(300-4000 nm) transmittance (tsw), fraction of PAR to SW (fpar), and
fraction of PARgis to PAR (fg). For each cloud type — aerosol type
combination (Table 2), we trained a feedforward neural network using
the training database 100 times and the network leading to smallest &
(Eq. (1)) was chosen. We used the function ‘feedforwardnet’ in MATLAB
(Mathworks Inc.) for training the network which involved a single
hidden layer with 10 nodes.

€= max(RMSE[SW,[m, RMSE fy,, p . RMSE ., RMSEsgyy val, RMSE o val, RMSE fdif,m,)

(€8]

where RMSE is root-mean-squared-error between FLiES simulated value
and ANN simulated value, subscripts trn and val indicate training and
validation database, respectively.

We estimated solar radiation using the trained ANNs on both MODIS
snapshots and 4-day mean composites. For MODIS snapshots, solar

Table 2

Nominal variable values used to establish radiation databases with the atmospheric ra-
diative transfer model FLiES. We used COT = 0 and COT > O to indicate clear and
cloudy condition, respectively. COT: cloud optical thickness.

Climate zone  Cloud Cloud type Aerosol type
condition
Tropical Clear Cloud-free Urban
Cloudy Cumulus continental Urban
clean
Arid Clear Cloud-free Desert
Cloudy Stratus continental Desert
Temperate Clear Cloud-free Continental average
Cloudy Stratus continental Continental average
Polar Clear Cloud-free Continental clean
Cloudy Stratus continental Continental clean
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zenith angle information on Terra/Aqua overpass time were extracted
from MOD/MYDO07_L2 product, and they were input to ANNs along
with other MODIS and ancillary variables (Tables 1 and 2) to compute
total shortwave transmittance, fraction of PAR to SW, and fraction of
PARg;r to PAR. Each radiation components were subsequently calcu-
lated as follows:

SW = Rroa X tsw (2)
PAR = SW X fpup X B 3)
PARg4y = PAR X fy, @
Rroa = So X a x |1+ 0.033 cos(ﬁ) X cos 6

365 (5)

where Rrop is shortwave radiation at top of atmosphere, f = 4.56 is the
energy — quanta conversion factor (Dye, 2004), So = 1360.8 Wm ™~ 2 is
the solar constant (Kopp and Lean, 2011), @ = 0.98 is the proportion of
solar irradiance within 300-4000 nm (http://rredc.nrel.gov/solar/
spectra/), J is Julian Day, and 6; is solar zenith angle calculated ac-
cording to (Michalsky, 1988). In addition to MODIS snapshots, we also
calculated snapshot radiations in 3-hour interval, assuming 6; was the
only variable input over a day. This way enabled us to compute daily
sum radiation from 8 snapshots per day from a single satellite, and we
averaged daily sum radiation separately derived from Terra and Aqua
as Terra & Aqua combined daily radiation. Finally, we calculated 4-day
mean composites to reduce random errors, avoid MODIS outage caused
data gaps and synergize with 4 day MODIS LAI/fPAR products.

To reduce known biases, we applied calibration procedures for ra-
diation estimates in Terra only period and PARgy;s estimates. First, we
found that daily radiation estimations using single satellite data (Terra
or Aqua) were biased (Fig. Al). This was because Terra and Aqua
captured morning and afternoon snapshots, respectively, which could
include systematic differences in cloud optical thickness and total
column precipitable water vapor. As only Terra data were available
between March 2000 and June 2002, we calibrated them using
Terra & Aqua combined radiation over 2003-2016 (Appendix 1).
Second, we found fraction of PARy;s to PAR derived from FLiES — ANN
was subjected to an overestimation when cloud optical thickness was
small or moderate (Fig. A2). This might be attributed to the limitations
of 1-D radiative transfer model during scattered clouds within the pixel
(Titov, 1990). In such case, illumination condition was a mixture of
clear-sky and cloudy-sky but 1-D model treated it as overcast, which
was likely to cause the overestimation in PARy;¢ fraction. To overcome
this issue, we developed an empirical function to correct PARy; fraction
(Appendix 2).

2.4. Evaluation

To evaluate BESS solar radiation products, we used 169 radiation
station data from BSRN (51 sites), FLUXNET2015 v1.1 Tier-1 fair-use
policy sites (99 sites), FLUXNET LaThuile fair-use policy sites (18 sites),
Ameriflux (4 sites), and three additional sites (Table S1). There were
158, 77, and 22 sites for SW, PAR and PARJif, respectively. The sites
were globally representative of diverse climate zones (Fig. 1). Briefly,
BESS radiation products first compute instantaneous estimates when
MODIS overpass land surfaces. Therefore, we evaluated instantaneous
BESS radiation estimates against the in-situ dataset by comparing
nearest half-hourly data into the MODIS overpass time. Then we tested
4-daily BESS radiation estimates against a 4-daily aggregated in-situ
dataset.

To test BESS radiation products globally, we compared them with
GLASS SW and PAR products. GLASS products were provided 3-hourly,
which were aggregated to 4-daily after forcing nighttime radiation to be
zero. Then we compared 4-daily PAR and SW estimates between BESS
and GLASS. We converted the units of GLASS PAR (W m™?) to
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Fig. 1. Site information. (a) Geographical distributions of shortwave (SW), photo-
synthetically active radiation (PAR), and diffuse PAR (PARg;) stations. (b) Distributions
of SW, PAR, and PARy; stations on the climate space.

umol m~ 2 s~ ! by multiplying by 4.56 (Dye, 2004) to match the units of
the BESS PAR products.

Model performance was evaluated in terms of the coefficient of
determination (R?), root mean square error (RMSE), relative RMSE
(RMSE to mean value), bias, and relative bias (bias to mean value).

3. Results
3.1. Instantaneous and 4 daily BESS products

Instantaneous estimates of BESS SW over all tested sites had a strong
linear relationship, and little bias to in-situ observation data
(R? = 0.84, bias = — 0.1%; Fig. 2). Among the five climate zones, the
tropical zone had the lowest R? (0.62) (Table 3). The other climate
zones had higher R? values (0.77-0.86). The polar region had the
highest relative RMSE (37.4%) and the biggest bias (— 6.5%).

The BESS 4-daily SW estimates over all sites had higher R?, lower
RMSE, and similar bias compared with the instantaneous BESS SW
(Table 3). The comparison between the BESS 4 daily SW estimates and
the field data had R? relative RMSE, and bias of 0.95, 13.4%, and
— 2.3%, respectively (Fig. 2). The tropical zone had the lowest R®
(0.83). The polar zone showed the highest R* (0.97) but the biggest
relative bias (— 12.4%) and RMSE (25.4%).

Instantaneous estimates of BESS PAR over all tested sites revealed a
close linear relationship and a positive bias (R* = 0.82, bias = 3.8%;
Fig. 2). Among the five climate zones, the tropical zone had the lowest
R? (0.52) (Table 4). The other climate zones had higher R? values
(0.77-0.85). The tropical, arid, temperate, and continental climate
zones had 2-6% positive biases. Polar region had the highest R* (0.85)
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but pronounced negative bias (— 6.4%) and the highest relative RMSE
(36%).

The overall performance of BESS 4 daily PAR estimates over all sites
had higher R? (0.94), lower relative RMSE (15.2%), and similar relative
bias (1.4%) compared with the instantaneous BESS PAR (Fig. 2). Tro-
pical zone had the lowest R? (0.64) (Table 4). The other climate zones
had strong linear relationships with field data (R? > 0.93). Polar re-
gions had the biggest relative bias (— 8.2%) and RMSE (23.8%).

BESS-derived instantaneous estimates of PARy;r had a weaker linear
relationship (R? = 0.56) than BESS PAR (Fig. 2). Tropical zone had the
lowest R? (0.31) and all climate zones showed similar relative RMSE
(37-40%) (Table 5). The temporal upscaling scheme to 4-daily esti-
mates substantially enhanced R? (0.84) and reduced relative RMSE
(19%). Relative biases were 7.0 and 0.2% for instantaneous and 4 daily,
respectively.

3.2. Interannual variability of BESS SW

BESS captured interannual variability of SW in BSRN sites that
collected > 5 years of data (Fig. 3). We used only BSRN data as it has
the highest available accuracy and least data gaps (http://bsrn.awi.de/
), which is unlikely to drift over the multiple years (Wang et al., 2012).
BESS had significant positive relationships at 29 of 32 sites (p < 0.05).
Only three sites, including one arid (SBO), one polar (SPO) and one
continental (XIA) climate zone sites did not show significant relation-
ships between BESS and BSRN. BESS had significant positive correla-
tions in all temperate (n = 10) and tropical (n = 3) climate zone sites.
When combining tested data together, BESS explained 69% of varia-
tions in annual anomaly of SW.

3.3. Comparison between BESS and GLASS

Overall, BESS 4 daily SW and PAR showed higher R?, lower RMSE,
and smaller bias compared to GLASS against field data. In SW, BESS and
GLASS (respective values) showed R? (0.95 and 0.85), RMSE (13 and
21%), and bias (— 2.3 and 5.5%) estimates (Table 3). When comparing
climate zone levels, BESS had a pronounced negative bias in the polar
regions (— 12.4%) whereas GLASS revealed greater positive biases in
temperate (10.3%) and continental (15.3%) regions (Table 3). For PAR,
BESS and GLASS (respective values) had R? (0.94 and 0.91), RMSE (15
and 20%), and bias (1.7 and 10.2%) estimates. GLASS showed 10-18%
biases in tropics, temperate, continental and polar regions. BESS re-
vealed 10.7% bias in tropics and — 8.2% bias in the polar regions.

On a global, annual scale, the differences between BESS and GLASS
were consistent for both SW and PAR (Fig. 4). In the Sahara Desert,
southern Africa, the Arabian Peninsula, the Tibetan plateau, and Aus-
tralia, BESS estimates were higher than those of GLASS. BESS had lower
values than GLASS in Canada and the mid to eastern US. When com-
paring latitudinal gradients between GLASS and BESS, we found that
both SW and PAR were higher in BESS than in GLASS between 40°N and
40°S, and over 60°N.

3.4. Spatial and temporal patterns of BESS radiation products

The mean annual sum of global SW, PAR, and PARy; on the land
surface were 875 ZJ y~ ! (zetta = 10%!, 184.8 Wm™2), 1.83 Emol y !
(exa = 10'%, 84.9 Wm™2), and 0.76 Emol vy 1 (352Wm™ 2 respec-
tively. Those global values stemmed from large spatial variations in SW,
PAR, and PARgy;s over the global land surface (Fig. 5). The patterns of
SW and PAR were similar in that high values appeared in arid regions
such as the Sahara Desert, Arabian Peninsula, Tibetan plateau, south-
western US, Atacama Desert, and Australia, followed by wet tropical
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Fig. 2. Evaluation of Breathing Earth System Simulator (BESS) performance against observational field data using density scatterplots. Left and right panels are instantaneous and 4-daily
data, respectively. Top, middle, and bottom panels are shortwave (SW), photosynthetically active radiation (PAR), and diffuse PAR (PARg;), respectively. Colors indicate frequency. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3

Performance of BESS and GLASS SW against field data. Climate zones were determined using the Koppen-Geiger classification.

n R? RMSE RMSE (%) Bias Bias (%)
BESS instantaneous (W m ™~ %) Tropics 23,736 0.62 142.7 20.9% 18.9 2.8%
Arid 41,582 0.80 112.0 15.7% 14.2 2.0%
Temperate 142,728 0.86 111.1 22.6% 3.8 0.8%
Continental 143,682 0.77 137.1 31.7% -87 —2.0%
Polar 24,823 0.85 100.9 37.4% -17.6 —6.5%
Overall 376,551 0.84 123.3 25.1% -0.3 —-0.1%
BESS 4-daily (MJ m ™~ 2d Y Tropics 7604 0.83 2.0 10.8% 0.3 1.4%
Arid 12,654 0.90 2.3 11.2% 0.2 0.8%
Temperate 30,896 0.96 1.6 11.0% -0.2 —1.4%
Continental 29,159 0.94 1.9 15.4% -0.5 —4.3%
Polar 9696 0.97 2.4 25.4% -1.2 —12.4%
Overall 90,009 0.95 1.9 13.4% -0.3 —2.3%
GLASS 4-daily MJ m™~ 2d™h Tropics 4641 0.36 4.0 20.8% 0.0 —-0.1%
Arid 6279 0.77 3.2 15.6% - 0.6 -3.1%
Temperate 11,193 0.88 3.1 22.0% 1.4 9.9%
Continental 14,742 0.92 2.6 21.6% 1.6 12.9%
Polar 1458 0.80 3.8 36.9% 0.1 1.1%
Overall 18,774 0.85 3.2 20.7% 0.8 5.5%
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Table 4

Performance of BESS and GLASS PAR against field data. Climate zones were determined using the Koppen-Geiger classification.
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n R? RMSE RMSE (%) Bias Bias(%)
BESS instantaneous (umol m~ 25~ 1) Tropics 2922 0.52 423.8 33.9% 63.6 5.1%
Arid 25,069 0.77 246.2 17.0% 91.6 6.3%
Temperate 67,114 0.84 244.5 23.4% 64.1 6.1%
Continental 117,413 0.77 275.5 32.4% 19.7 2.3%
Polar 17,439 0.85 215.4 36.0% -38.2 - 6.4%
Overall 229,957 0.82 261.9 27.3% 36.7 3.8%
BESS 4-daily (molm~2d™ %) Tropics 426 0.64 5.5 15.9% 1.6 4.7%
Arid 3266 0.93 47 11.5% 2.8 6.9%
Temperate 9253 0.95 3.9 13.3% 11 3.6%
Continental 17,093 0.93 4.0 16.6% -02 —-1.0%
Polar 2272 0.94 4.8 23.8% -1.6 - 8.2%
Overall 32,310 0.94 41 15.2% 0.4 1.4%
GLASS 4-daily (molm~2d~ 1) Tropics 546 0.72 7.3 21.6% 6.2 18.3%
Arid 1365 0.85 4.6 11.2% 0.0 0.1%
Temperate 3276 0.91 5.8 19.9% 3.0 10.3%
Continental 7917 0.91 5.8 24.6% 3.6 15.3%
Polar 273 0.95 4.0 17.3% 2.6 11.0%
Overall 13,578 0.91 5.7 20.3% 2.9 10.2%
Table 5
Performance of BESS diffuse PAR (PARg;) against field data. Climate zones were determined using the Koppen-Geiger classification.
n R? RMSE RMSE (%) Bias Bias (%)
BESS instantaneous (umol m~2s™ 1) Tropics 2914 0.31 244.40 37% 59.35 8.9%
Temperate 12,810 0.56 152.97 39% 19.13 4.8%
Continental 9461 0.51 171.63 43% 35.55 8.9%
Overall 25,185 0.56 172.85 40% 29.96 7.0%
BESS 4-daily (molm~2d~ 1) Tropics 426 0.38 2.98 16% 1.04 5.4%
Temperate 1669 0.84 2.51 20% —-0.30 —2.4%
Continental 1307 0.83 2.45 20% 0.12 1.0%
Overall 3402 0.84 2.55 19% 0.03 0.2%
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Fig. 3. Evaluation of interannual variability of Breathing Earth System Simulator (BESS) shortwave radiation (SW) against the Baseline Surface Radiation Network (BSRN) long-term data

set (> 5years). * indicates p < 0.05.

regions such as the Amazon and Congo basins. High latitude regions
such as Canada, Russia, southern Chile, and Greenland had the lowest
values. PARg;; had different spatial patterns from SW and PAR. PAR;
values were highest in wet regions such as the Amazon, Congo, India,
and Southeast Asia, followed by the arid regions. High latitude regions

had the lowest values.

Globally, the interannual variabilities in SW, PAR, and PARy;s were
1.86ZJy~', 456Pmoly !, and 3.11Pmoly !, respectively.
Spatially, higher interannual variabilities in SW and PAR appeared in
southern Texas, southeastern US, central EU, southern China, and
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Fig. 4. Comparison between Breathing Earth System Simulator (BESS) and The Global LAnd Surface Satellite (GLASS). Top and low panels are shortwave (SW) and photosynthetically
active radiation (PAR), respectively. Left and right panels show the difference map (GLASS minus BESS) and comparison of latitudinal gradients between BESS and GLASS, respectively.

eastern Australia. Little interannual variability occurred in the Sahara
Desert and the Antarctica. High interannual variability in PARgy;¢ ap-
peared in the Arabian Peninsula, southern Texas, northern Mexico, and
mid to eastern Australia.

Global annual anomaly values revealed no significant trends in SW
(-0.33ZJy~ 2 p > 0.1), PAR (- 0.41 Pmol y~ 2 p > 0.1), or PARy;¢
(= 0.04 Pmoly~2 p > 0.1). Both SW and PAR had increasing trends
in the central Amazon, and southeastern US, and decreasing trends in
the Sahara Desert, Arabian Peninsula, and India. The trend map of
PARg;¢ generally mirrored those of SW and PAR, showing increasing
trends in the Arabian Peninsula and India, and decreasing trends in
southern Texas and southern Europe.

Ratios of PARy;r to PAR and PAR to SW revealed geographical dis-
tributions in light quality (Fig. 8). Generally, the ratio of PARy;s to PAR
was high in southern China and tropical regions such as the Amazon,
central to western Africa, and Southeast Asia, but was low in arid re-
gions. The global average of PARy;r to PAR was 0.41. The ratio of PAR
to SW was low in high altitude regions such as the Tibetan plateau, the
Rocky Mountains, the Andes, and Greenland. The ratio was high in
tropical regions. The global average of PAR to SW was 0.46. The GLASS
PAR to SW ratio had different spatial patterns from those of BESS. It
was high in Greenland, the Sahara Desert, and eastern Australia. The
global average value was 0.46.

4. Discussion
4.1. Strengths of BESS

Global distribution of radiations is highly variable over a broad
range of spatial and temporal scales. This heterogeneity requires ac-

curate and high resolution solar radiation products to be available to
scientific communities interested in a variety of terrestrial ecosystem
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processes. BESS SW, PAR, and PARy; performed reliably against in-situ
observations at instantaneous, 4-daily (Fig. 2, Tables 3-5), and inter-
annual scales (Fig. 3). The overall performance of BESS SW, and PAR at
the site level was on par with or better than GLASS SW and PAR pro-
ducts in terms of R%, RMSE, and bias (Tables 3-4). The challenge of
generating BESS radiation products was related in combining both
MODIS Terra and Aqua satellites, which pass over around 10:30 and
13:30 local time, and upscaling the two instantaneous estimates from
one day into a daily sum. The temporal upscaling scheme presented
here (Section 2.3), worked reasonably well and resulted in little change
in relative bias between instantaneous and 4-daily estimates across the
tropics to the polar regions for SW and PAR, which was < 3% except
for polar SW (5.9%) (Tables 3-4). We found that other temporal up-
scaling approaches that include a modified sinusoidal function (Ryu
et al.,, 2012) or an empirical regression equation (Liang et al., 2006)
were not globally representative (results not shown). Recently, one
study reported that the best estimate of annual mean SW from field
observations over the global land surface was 184 = 1.6 Wm™ 2 (Wild
et al., 2015), which agrees closely with BESS global annual SW esti-
mates ranging from 184.0 to 185.3 W m™~ 2 over the 16 years.

BESS SW, PAR, and PARg; products were consistent with each
other, which enabled us to use them synergistically. Two ratio maps
(PAR to SW and PARy;s to PAR) confirmed the consistency across the
three radiation variables (Fig. 8). The ratio of PARy; to PAR was
bounded between zero and one, and its spatial patterns from 4-daily,
monthly, and yearly data clearly demonstrated the expected geo-
graphical patterns in which higher values appear in cloudy regions
(Fig. 8 top). The ratio of PAR to SW was also within a reasonable range
and had realistic spatial patterns. The ratio of PAR to SW was 0.368 at
the top of the atmosphere, and increased towards the ground level
because the reduction of NIR is much stronger than that of PAR
(Goudriaan, 2016). The ratio was reduced at very high altitudes due to
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Fig. 5. Mean annual maps between 2001 and 2016 in shortwave (SW; top), photo-
synthetically active radiation (PAR; middle), and diffuse PAR (PARg;s; bottom).

exponential decreases in water vapor with increasing altitude and
strong water vapor absorption bands in the NIR spectral region; BESS
captured this feature exactly. BESS-derived annual mean PAR to SW
ranged from 0.40 to 0.51 with a mean value of 0.455. The lowest values
appeared in high altitude regions such as the Tibetan Plateau and the
Andes. Higher values (> 0.48) appeared in tropical regions, which was
consistent with a previous modeling study that reported lower solar
zenith angles, higher cloud optical thickness and water vapor contents
together led stronger absorption in NIR than in PAR (Pinker and Laszlo,
1992). Annual BESS PAR/SW ratio showed 0.46-0.47 in southern
China, which agreed with a regional network radiation station data
study (Hu et al., 2007). One paper reported an annual mean PAR to SW
of 0.455 in Cyprus (Jacovides et al., 2003), which was consistent with
the BESS estimate (0.455) in that area. Therefore, multiplying a con-
stant factor to SW to compute PAR (e.g. 0.45 in MODIS GPP algorithm,
Zhao et al., 2005) will cause spatially varying biases in PAR. Con-
sistency across SW, PAR, and PARy;r in BESS will be useful in land
surface flux studies. For example, global maps of light quality (e.g.,
proportion of diffuse radiation) will be instrumental in understanding
spatial and temporal patterns of canopy light use efficiency (Knohl and

Remote Sensing of Environment 204 (2018) 812-825

IAV of SW (GJ m2 yr"?

- e

90 0.3

Latitude

-180 -120 -60 0 60 120 180
Longitude

1AV of PAR (kmol m*2 yr')

—

90

Latitude

Longitude

90

1AV of Diffuse PAR (kmol m2 yr')

-

-
60

30

Latitude
o

-30

-60 |

-90
-180

Longitude

Fig. 6. Interannual variability (IAV) of shortwave (SW; top), photosynthetically active
radiation (PAR; middle), and diffuse PAR (PARg;; bottom) between 2001 and 2016.

Baldocchi, 2008; Law et al., 2002; Williams et al., 2014). Also, separ-
ating PAR into diffuse (PARy;f) and beam (PAR — PARy;f) components
will enable us to better understand sunlit and shaded canopy photo-
synthesis (Chen et al., 2012; Hikosaka, 2014; Ryu et al., 2011), the
photochemical reflectance index (PRI) (Mottus et al., 2015), and sun-
induced chlorophyll fluorescence (SiF) (Liu et al., 2017). Globally,
PARy;r accounted for 41% of PAR, highlighting the significance to
consider beam and diffuse components separately in canopy photo-
synthesis modeling. There are a series of locally calibrated PARg;¢
models, which are unlikely to represent regional to the global scales.
For example, we tested an empirical model (Jacovides et al., 2007)
against 22 PARy;s station data. The model performance at instantaneous
scale revealed weaker linear relationship (R®> = 0.34) than BESS
(R% = 0.56, Fig. 2), which calls for caution when applying a locally
calibrated PARg;r model into larger scales.

BESS performance was on par with or more realistic than GLASS. At
a 4-daily scale, overall error statistics (R?, RMSE, and bias) between
BESS and GLASS were similar (Tables 3 and 4). We believe this is a
good result, because BESS relied on two snapshots per day, which re-
quired a temporal upscaling scheme (Section 2.3), whereas GLASS re-
trieved SW and PAR every 3h by merging polar orbital and
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geostationary satellites. BESS used atmospheric variables, such as cloud
optical thickness, total column precipitable water vapor, total ozone
burden, and aerosol optical depth from MODIS, as key forcings in the
atmospheric radiative transfer model. On the other hand, GLASS com-
puted an “atmospheric index” by matching calculated top-of-atmo-
sphere (TOA) radiance from many combinations of atmospheric para-
meters with the observed TOA radiance (Zhang et al., 2014). Thus, the
BESS approach is physically more robust. Additionally, we found that
GLASS did not show consistency between PAR and SW, resulting in
sharp, contrasted patterns in their ratio (Fig. 8 bottom). We assume that
the fusion method from multi-satellite data sources used in GLASS may
cause this observed inconsistency. When comparing BESS and GLASS
map to map, notable differences emerged in the Sahara Desert, Arabian
Peninsula, northern Europe and America, and Australia (Fig. 4). We
checked site-level model performance in these regions for SW. At TAM
and SBO sites located at the center of the Sahara and Israel, GLASS had
biases of — 15 and — 10%, respectively, whereas BESS had biases of 0
and 1%, respectively. At REG, CA-Qfo and FPE sites located in southern
Saskatchewan, central Québec and northern Montana, respectively,
GLASS had biases of 15, 30 and 22%, respectively, while the BESS
biases were — 8, — 3 and — 3%, respectively. At one Tibetan Plateau
site (Hong and Kim, 2008), BESS had 3% bias (the GLASS period did not
overlap with the Tibet site data). At TOR and PAL sites located in Es-
tonia and near Paris, GLASS showed 18 and 11% biases whereas BESS
had biases of — 5%. At one Saudi Arabia site (SOV), BESS had 0% bias
(the GLASS period did not overlap with this site data). In northern
Europe, TOR and PAL sites showed 18% and 11% bias in GLASS while
— 5% bias in BESS. Therefore, in regions where BESS and GLASS dis-
agreed substantially, we believe BESS was more realistic.
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4.2. Sources of uncertainty

Both BESS SW and PAR had negative biases in the polar regions
(Tables 3-4). In SW, the biases varied from — 6.5 to — 12.4% for in-
stantaneous and 4 daily, respectively. In PAR, the biases ranged from
—6.4 to —8.2% for instantaneous and 4 daily, respectively. Such
pronounced biases only appeared in the polar regions. Ignorance of
adjacency effect in FLiES model and influence of angle effect on MODIS
cloud optical thickness retrieval might account for such under-
estimation in polar regions. The adjacency effect is caused by photons
which are reflected by the surface out of the field of view and scattered
by the atmosphere into the field of view (Kaufman, 1984). Although not
first-order, it has non negligible impacts on atmospheric correction and
aerosol retrieval (Lyapustin and Kaufman, 2001; Vermote et al., 1997a).
In particular, high reflectance leads to more multiple-scattering be-
tween surface and atmosphere, and consequently stronger adjacency
effect (Singh, 1988). This is the case in polar regions, where broad ice
cover causes very high albedo. Our test using a sophisticated clear-sky
atmosphere radiative transfer model 6S (Vermote et al., 1997a;
Vermote et al., 1997b) has revealed that adjacency effect could account
for 5% in incident SW on the land surface (Fig. 9). Therefore, about half
of polar region underestimation in our radiation products could be at-
tributed to the ignorance of adjacency effect. The angle effect refers to
larger parameter retrieval uncertainty caused by longer light path
length. Maddux et al. (2010) found that MODIS cloud amount increases
by 15% as viewing zenith angle varies from nadir to edge-of-scan
(~67°). Kato and Marshak (2009) reported MODIS cloud optical
thickness suffer from > 10% erroneous variability when solar zenith
angle is larger than 70%. Loeb and Davies (1996) argued that the sys-
tematic error in cloud optical thickness retrieval could easily reach 30%
at high solar zenith angles. Therefore, the possibly overestimated
MODIS cloud optical thickness in polar regions where solar zenith angle
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is high might be another factor causing underestimation in BESS SW
and PAR products. The adjacency and angle effects might explain why
BESS SW did not capture interannual variability at the South Pole (SPO)
site (Fig. 6).

We were cautious in evaluating PAR and PAR;. First, PAR quantum
sensors are not as accurate as SW instruments. For example, the ac-
curacies of a PAR sensor (LI-190R, LiCOR, Lincoln, Nebraska, USA) and
diffuse PAR sensor (BF5, Delta-T devices, Cambridge, UK) are + 5
and = 15%, respectively. Most PARy;r data in this study was measured
using BF3 or BF5 instruments. Generally, the accuracies of SW instru-
ments are within = 2%, which is the requirement for the BSRN stan-
dard. Ameriflux network QA/QC team reported greater uncertainty in
PAR ( * 14%, N = 73 sites) than in SW ( £ 3.6%, N = 44 sites)
(Schmidt et al., 2012) and PAR sensor degradation with time has been
reported (Akitsu et al., 2017). Given such high uncertainty in PAR, we
did not evaluate BESS PAR performance on interannual scales which
vary small typically. Second, contrary to SW stations, we learned that
the PAR (75 sites, n = 32,310) and PARg;r (22 sites, n = 3402) data
used in this study did not represent the global land surface well. There
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Fig. 9. Comparison of field measured radiation at one Antarctic site DOME C (latitude:
—75.1, longitude: 123.383, altitude: 3233 m), 6S simulation with and without con-
sideration of adjacency effect, and FLiES simulation which does consider adjacency effect.
We used aerosol optical thickness = 0.12 from MERRA, water vapor = 0.0345 g cm ™~ 2
from Terra, ozone = 0.23 cm-atm from Terra, and albedo = 0.8 based on assumption.
Solar zenith angle only varied with time.

were only two sites that measured PAR and PARy; in tropical regions
and no PARy;s data in arid and polar regions. The sparse distribution of
stations could lead biased model evaluation (Ma et al., 2015). It is
warranted to conduct more comprehensive evaluations in PAR and
PARy;r with long-term, spatially representative, and better quality data.

We reported calibrated PARg;s maps (Appendix 2) for the following
reasons. First, the ways to measure and model PARy; differed. FLIiES
considers a photon that hits aerosols, clouds, or molecular constituents
to be diffuse radiation regardless of its incoming direction. On the other
hand, PARg;s sensors classify a photon that does not come from the solar
disk to be diffuse radiation; scattered photons from the solar direction
are thus classified in the direct beam. Therefore, fundamentally, mod-
eled PARg must be higher than measured PARgy Second, FLiES
adopted a 1-D radiative transfer model, which is unable to consider
heterogeneous cloud properties in a pixel. If thick broken cloud exist in
a pixel, FLiES will consider PARy; fraction to be one while beam ra-
diation could still reach to the ground PARg;s sensor. Considering the
discrepancy in modeling and measuring PARg;¢ and limitation by 1-D
model, we combined physically derived PARg; estimates with an em-
pirically determined calibration equation as a function of COT
(Appendix 2). We admit this approach could lead biases in particular
where the PARg;s stations used in this study do not represent.

4.3. Spatial and temporal patterns

BESS captured interannual variations of SW well (Fig. 3). Generally,
changes in cloud cover alter interannual variations in land surface SW
(Wild, 2016). Therefore, we assumed the MODIS cloud product (MODG6)
was good enough to detect year-to-year variability in cloud informa-
tion. Our results supported the assumption that annual anomalies in
cloud optical thickness had significant, negative correlations with an-
nual anomalies in SW at 18 of 32 sites (p < 0.05) (Fig. 3). Globally,
relative interannual variability (1 SD to mean) in SW, PAR, and PAR;¢
were only 0.21, 0.25, and 0.41%, respectively. Those small changes,
however, are actually significant numbers. For example, interannual
variability in SW (1.86 ZJ y ~ ') was around four times the global energy
supply in 2008 (0.49 ZJ y~ ') (Edenhofer et al., 2011). Spatially, the
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highest relative interannual variations in SW and PAR (~10%) ap-
peared in southern China (Fig. 6). This region may not be ideal for solar
harvesting to generate electricity. One recent study harmonized data
from 56 SW stations in the Global Energy Balance Archive (GEBA)
across the EU and reported the SW trend at the continental scale
(Sanchez-Lorenzo et al., 2015). We compared annual anomalies and
trends in SW between BESS, CERES (Clouds and the Earth's Radiant
Energy System) (Kato et al., 2012) and GEBA over the European con-
tinent between 2001 and 2012. We found annual SW anomalies in BESS
had a strong positive correlation with those of GEBA (R = 0.98,
p < 0.01, bias = — 2.5%, RMSE = 2.6%) and neither datasets had
significant SW trends over the continent (p > 0.1, Mann-Kendall
nonparametric test) (Fig. 10). On the other hand, CERES showed a
significant increasing trend (p < 0.01, Mann-Kendall nonparametric
test) with lower correlation coefficient (R = 0.75, bias = 2.1%,
RMSE = 2.7%). Therefore, we are confident that BESS SW is able to
capture interannual variability and trends at the continental scale.
Our results showed no global trends in SW, PAR, and PARg;y be-
tween 2001 and 2016 (Fig. 7). BESS global SW decreased slightly and
non-significantly by —0.03 ZJy~ 2 (equivalent to —0.06 Wm™ 2 per
decade, p > 0.1). It was reported that global dimming pervaded until
the late 1980’s before switching to global brightening until the 2000s
(Wild et al., 2005). Since the 2000s, mixed tendencies have been re-
ported (Wild, 2016). One recent study that compared three global re-
mote-sensing-based SW trends reported that CERES (2001 — 2012),
GEWEX-SRB V3.0 (2000-2007), and ISCCP-FD (2000-2009) showed
trends of 0.02Wm™ 2 per decade (p > 0.05), —1.91Wm™ 2 per
decade (p < 0.05), and —6.34Wm™ 2 per decade (p < 0.05), re-
spectively (Zhang et al., 2015). The BESS SW trend (— 0.06 W m ™ 2 per
decade between 2001 and 2016) is generally within the ranges of the
three satellite products. Spatially, decreasing trends of SW in India and

Appendix 1. Calibration of radiation for Terra-only period
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the Arabian Peninsula were consistent with in-situ observations (Elagib
and Alvi, 2013; Soni et al., 2012). There was no trend of continental
average SW in Europe (p > 0.1), which was consistent with the dense
GEBA stations data (Fig. 10), or in China (p > 0.1), supported by a
sunshine-duration-derived SW data set (Wang et al., 2015). PAR and
PARy;¢ also had slight decreasing, non-significant trends like SW
(Fig. 7). At the regional scale, the significantly increasing trend of
PARy;s over India was consistent with the trend of diffuse irradiance
measured from a network of weather stations (Soni et al., 2016).The
Arabian Peninsula had an increasing trend of PARg;. A recent study
reported all MODIS, MISR, and SeaWiFS satellites showed increasing
trends of AOD in the Arabian Peninsula (Pozzer et al., 2015), which
might explain the increasing trend in PARg;¢.

5. Conclusion

In this study, we reported the global products of BESS SW, PAR, and
PARy;s at fine spatial (5 km) and temporal (4-daily) resolutions over a
decadal period (2000-2016) by merging an atmospheric radiative
transfer model and MODIS Atmosphere and Land products.
Comprehensive evaluation of BESS products revealed: 1) reliable per-
formance at instantaneous, 4-daily, and interannual scales across
globally distributed field stations data, and 2) reasonable spatial pat-
terns of annual mean, interannual variability and trends. BESS perfor-
mance was on par with GLASS products at the site level, and was better
than GLASS in terms of spatial patterns and consistency between SW
and PAR. We believe that BESS radiation products represent significant
advancements with regard to fine resolution maps across the global
land surface over decadal periods, in addition to offering global PAR;¢
maps, which were not available previously. We expect BESS radiation
products could be useful in carbon and water flux mapping, water re-
sources management, solar harvesting, and climate research at local,
regional, continental, and global scales. We plan to update these pro-
ducts with a continued MODIS data set. The products are publically
available at http://environment.snu.ac.kr/.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.rse.2017.09.021.
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There were biases using Terra-only data when Aqua data were unavailable before June 2002 (Fig. Al). To correct such biases, we derived
calibration factors by using Terra & Aqua combined radiation between 2003 and 2016. For each pixel and on each 4-day, radiation derived from
Terra-only data were compared with Terra & Aqua combined radiation over the 14 years, and a ratio was calculated as the calibration factor for the
specific pixel-day. Those calibration factor maps were then applied to correct Terra-only radiation before June 2002.
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Fig. Al. Using single satellite data (Terra/Aqua) yields biased global land surface radiation. SW only appeared, but PAR and PARg; followed the same pattern (not shown).
Appendix 2. Calibration of diffuse PAR fraction

The ANN-derived fraction of PARy;¢ to PAR (fgy) systematically overestimated site measurements, and the bias was a function of cloud optical
thickness (Fig. A2). It is evident that BESS fyr agreed with in-situ data when COT is > 10. The divergence started from COT ~ 10, became the
maximum around COT ~ 1 and decreased towards COT ~ 0. To overcome this issue, we developed an empirical function to correct PARy;s fraction
by fitting site measurements:

uir = Fupany X [0.3460l0g,? COT + 0.1284l0g,,COT + 0.4813] (A1)

where fgann is diffuse PAR fraction derived from ANN and COT is from MODIS.

log(counts)
2.0

Measured fy;; / Simulated fu;s
= =
o [0}

o
8}

0.0

-3 -2 -1 0 1 2
l0g,o(COT)

Fig. A2. Bias in simulated fraction of PARy;s to PAR (fg) as a function of cloud optical thickness (COT) (p < 0.001).
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