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The climatic characteristics of solar Ultraviolet radiation (UV) are of vital important for the climate change and pho-
tochemical reactions. High-quality records of solar UV radiation are the premise for solar UV researches and appli-
cations, but solar UV radiation observations are sparse around the world. Among all wavelength of UV radiations,
only UVA (0.315–0.400 nm) and UVB (0.280–0.315 nm) could reach the earth surface. This study attempted to de-
velop a novel efficient physically broadband parameterization (hereafter, FASTUV) for estimating surface solar UV
radiation (0.280–0.400 μm) in all-sky conditions based on Leckner's spectral model for calculating shortwave
solar radiation, using MERRA_2 reanalysis data. The Quadratic polynomial formula and artificial neural networks
were used to calculate the cloud transmittance for UV, using sunshine durations measurements at 2474 CMA sta-
tions. The surface solar UV radiationmeasurements at 29 CERN (The Chinese EcosystemResearchNetwork) stations
were used for validating the estimatedUV values. The result showed the FASTUVmodel could be used for estimating
UV values with high accuracy, strong robustness and fast speed. Then, the spatial and temporal variation of surface
solar UV radiation in Chinawere revealed. The result indicated that the Qinghai Tibetan Plateau and the Palmier Pla-
teau has always been the areaswith highest UV values, while the Northeastern China is the areawith the lowest UV
values. Meanwhile, the FASTUVmodel have been packaged into a software namely ‘FASTUV_V1.0’. We provide the
executable file of FASTUV model in publicly available repository: https://doi.org/10.6084/m9.figshare.11409666.
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1. Introduction

Solar Ultraviolet radiation (UV) is the electromagnetic radiation in
spectral range of 0.100 μm to 0.400 μm, which is involved in lots of
chemical and biological processes and responsible for the ozone varia-
tion in the stratosphere (Calkins and Thordardottir, 1980; Williamson
et al., 2014). The change of ultraviolet radiation will also directly affect
human health (Madronich and de Gruijl, 1993). The wavelength of UV
radiation is further subdivided into UVA (0.315–0.400 nm), UVB
(0.280–0.315 nm), and UVC (0.100–0.280 nm). Among them, only
UV-A and a small amount of UV-B could reach the earth surface
(Dayan, 1993).

Accurate observation and determination of surface solar UV radia-
tion (0.280–0.400 μm) is the premise for investigating the effect of sur-
face UV values on human health and natural environment (Hu et al.,
2017; Liu et al., 2017). The UV observation was carried out gradually
in the end of 20th century after the discovery of Antarctic ozone hole
by Farman et al. (1985). The United States Antarctic Program, National
Science Foundation established a high-latitudemonitoring UV observa-
tion network in 1988 (Booth et al., 1994). The USDA (United States De-
partment of Agriculture) carried out an observation and research
program of UV in 1992, to investigate the influence of the UV variation
on agricultural production (Bigelow et al., 1998). In China, the Brewer
ultraviolet radiation ground-based observation system was established
at theWaliguan global atmospheric station and the Zhongshan scientific
research station in Antarctica in 1990s, proving long-term continuous
UV observation, which marks the beginning of the UV observation net-
work in China (Bo et al., 2009). The CERN network was established in
2004, providing long-term meteorological measurements and solar ra-
diation observations at about 40 ground-based stations covering main-
land China, including the high-quality UV measurements (Hu et al.,
2007). However, these UV observation stations are still too sparse for
UV research and related applications.

Numerous models have been proposed for estimating UV values
(Arola, 2002). The empirical models assumed that there is a certain
mathematical relationship between solar UV radiation and climate
change factors (air quality, ozone concentration and water vapor con-
tent etc.) (Nunez et al., 1994; Peng et al., 2015; Wang et al., 2015; Hu
et al., 2017; Habte et al., 2019). Feister and Grasnick (1992) found that
the ratio between solar UV radiation and global solar radiation (hereaf-
ter, UV/G) is 0.026 at Postdam in Germany. Madronich et al. (1998) re-
vealed that the UV/G is 0.029 in Valencia (Spain). Foyo-Moreno et al.
(1999) proposed that UV/G is about 0.04 at Granda (Spain). Cañada
(2003) pointed out that the UV/G were 0.05 (0.044–0.056) at Valencia
and 0.042 (0.039–0.045) at Córdoba in Spain, respectively. Hu et al.
(2010) revealed that the UV/G are closely correlated with aerosol opti-
cal depth andwater vapor content, the UV/G for arid area and semi-arid
area were 0.035 ± 0.003 and 0.041 ± 0.006, respectively. However, it
could be seen from above changing UV/G values that the empirical
models for estimating UV values are not reliable with poor universality.
The physically based models could effectively estimate surface UV
values, owing to considering the radiation dumping processes in the at-
mosphere. Leckner (1978) developed a spectral model for calculating
surface solar radiation between 0.280 and 4.000 μm, taking into account
of the Rayleigh scattering, theuniformlymixed gas absorption, the aero-
sol extinction, the ozone absorption, and the water vapor absorption.
Gueymard (1995) proposed a simple model of the atmospheric radia-
tive transfer (SMASTS2) model for predicting shortwave solar radiation
(0.280–4.000 μm). Lean et al. (1997) developed a physically based pa-
rametrization for calculating UV values (0.200–0.400 μm). Katsambas
et al. (1997) proposed a theoretical approach of the surface UV values
for Athens in Greece. Othermodels like REST2 (Gueymard, 2008), Bird's
model (Bird, 1984) and Iqbal's model (Iqbal, 2012) could also be used
for estimating surface solar UV radiation. However, these models are
limited by the rough spatial and temporal resolution of the ground
based meteorological stations.
Satellite signals, such as the Total Ozone Mapping Spectrometer
(TOMS), the Global Ozone Monitoring Experiment 2 (GOME-2), the
ozone measuring instrument (OMI), the scanning imaging absorption
spectrometer for atmospheric cartography (SCIAMACHY), and the Me-
teorological Operational satellite program (MetOp), could provide
land and atmosphere information with high spatial and temporal reso-
lutions for estimating surface solar UV radiation (Krotkov et al., 1998;
Krotkov et al., 2001; Tanskanen et al., 2006; Wang et al., 2017; Singh
et al., 2018; Qin et al., 2018a; Kanellis, 2019). Verdebout (2000) pre-
sented a method for generating UV values throughout Europe based
on Look-up Table method with spatial resolution of 0.05°, using
GOME, Meteosat and ancillary geophysical data. The estimated UV
values showed good agreement with UV measurements at Ispra. Láska
et al. (2011) proposed a non-linear regression model with a hyperbolic
transmissivity function for predictingUV values using satellite ozone re-
cords derived from EOS-Aura spacecraft. Themodel could effectively es-
timate UV values with 98.6% variability of the EUV radiation. Lamy et al.
(2018) developed local parameterization for retrieval UV values using
satellite records derived from SBUV2, OMI-DOAS and MLS satellite.
However, satellite signals are susceptible to cloud and bad weather.
Therefore, the accuracy and spatial-temporal continuity of satellite sig-
nals could notmeet the requirement for UV researches in larger spatial-
temporal scales. Cadet et al. (2017) evaluated the accuracy of the UV re-
cords derived from OMI/AURA experiment at 6 African stations. The re-
sult indicated that the relative UV difference between ground UV
measurements and UV records from OMI/AURA UV is in range of 0%–
45% depending on the location and seasons. As an alternative, reanalysis
data including ERA5 (Babar et al., 2019; Wei et al., 2019b), NCEP-DOE
AMIP-II reanalysis (Kanamitsu et al., 2002), the CRU JRA V2.0 (Beck
et al., 2017), CFSR (The Climate Forecast System Reanalysis) (Fuka
et al., 2014), and MERRA_2 (Hodges et al., 2011; Qin et al., 2018b) are
available sources providing land and atmosphere products with accept-
able accuracy and high spatiotemporal continuity covering the main-
land of China.

This study attempted to develop a physically based broadband
model for estimating surface solar UV radiation with fast speed, accept-
able accuracy and excellent spatial-temporal continuity. Firstly, an effi-
cient physically based broadband model (hereafter, FASTUV) for
estimating surface solarUV radiation (0.280–0.400 μm) in clear sky con-
dition was developed using MERRA_2 reanalysis products. Meanwhile,
we developed an AI model for correcting the cloud effect on UV values
in all sky conditions. Then, themodel accuracywas evaluated using sur-
face solar UV radiation measurements at 29 CERN stations. Finally, the
spatial-temporal characteristics of surface solar UV radiation overmain-
land China were revealed. The model would assist in solar resource and
ecological system studies.

2. Input and validation data

2.1. Ground daily UV observations

Daily surface solar UV radiation (UV) measurements during
2005–2015 at 29 CERN stations over mainland China were used for
model construction and validations of FASTUV model. These mea-
surements have been checked for ensuring data quality using various
data quality control methods. Fig. 1 showed the spatial distribution
of the 29 selected CERN stations. These stations covered most areas
of China (18.21°N–47.58°N, 87.93°E–133.51°E) with distinct climatic
and terrain features. Meanwhile, sunshine duration measurements
at 2474 CMA stations were used to calculate the cloud transmittance
for UV.

2.2. MERRA_2 reanalysis products

TheMERRA_2 products provided by theGlobalModeling andAssim-
ilationOffice (GMAO) inNASAwere used as input parameters in FASTUV



Table 1
Basic information about the MERRA_2 products used in this study.

Product name Parameters name Short name

Inst3_2d_gas_Nx Aerosol optical depth (550 nm) AODANA
inst1_2d_asm_Nx Surface pressure PS
inst1_2d_asm_Nx Total column ozone TO3
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model. TheMERRA_2 dataset shows good spatial and temporal continu-
ity with long temporal range (1980–present) throughout China. De-
tailed information about the MERRA_2 dataset that were used in this
study are shown in Table 1.

2.3. Sunshine duration measurements

The cloud effects on surface solar UV radiation could be calculated
using sunshine duration observations at 2474 CMA stations over main-
land China. However, the point density of these CMA stations was still
too low for predicting surface solar UV radiation throughout China
(Qin et al., 2019). Thus, a grid sunshine duration dataset covering the
mainland of China were generated using Anusplin package. The
Anusplin package contains FORTRAN programs for fitting surfaces to
noisy data as functions of one or more independent variables, through
comprehensive statistical analyses, data diagnostics and spatially dis-
tributed standard errors. Detail description of the Anusplin tool could
be found in Ref (Hutchinson and Xu, 2004).

3. Method

3.1. Calculating UV values in clear skies

When solar rays passing through the top of the atmosphere, solar
radiation would undergo five main radiation damping processes.
Solar radiation would firstly be absorbed by ozone which mainly oc-
curred in the ozonosphere. Further radiation damping processes in-
cluding water vapor absorption, aerosol extinction, cloud
extinction, cloud scattering and other atmospheric gasses were
mainly occurred in the troposphere, which vary with time and
space in different climate zones and terrains. The main idea of the
FASTUVmodel is to develop a broadband parameterization for calcu-
lating UV values under clear skies, and then to quantify the cloud ef-
fects in all-sky conditions using sunshine-duration measurements.
The clear-sky spectral transmittance model proposed by Leckner
Fig. 1. The spatial distribution of the 29 CER
(1978) is the basis for FASTUV model. The Leckner's model could be
briefly expressed as follows:

UVclr ¼
1
Δt

Z
Δt

gclrb;i þ gclrd;i

� �
dt

� �
ð1Þ

gclrb;i ¼ TOA d0=dð Þ2 sinhð Þτb ð2Þ

gclrd;i ¼ TOA d0=dð Þ2 sinhð Þτd ð3Þ

τb ¼ TOA−1
Z 0:40

0:28
Q00 λð ÞτλgτλRτλwτλoτλa dλ ð4Þ

τd ¼ TOA−1
Z 0:40

0:28
Q00 λð Þτλgτλwτλo 1−τλRτ

λ
a

� �
dλ ð5Þ

TOA ¼
Z 0:40

0:28
Q00 λð Þdλ ð6Þ

where UVclr is the surface solar UV radiation in clear sky condition;
Δt is the integration period; gb, i

clr and gd, i
clr are the instantaneous

beam and diffuse irradiance for UV band in clear sky condition, re-
spectively; λ (nm) is the wavelength; d0/d is the eccentricity correc-
tion factor for the mean sun–Earth distance; h is the solar elevation
angle; τb and τd are the transmittance for beam and diffuse surface
solar UV radiation, respectively; TOA is the spectral irradiance at
the mean distance between the sun and Earth; τg, τR, τw, τo, and τa
N stations that were used in this study.
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are the spectral transmittances for uniformly mixed gas absorption,
Rayleigh scattering, water vapor absorption, ozone absorption, and
aerosol extinction, respectively. τg, τR, τw, τo, and τa could be calcu-
lated using following equations:

τλg ¼ exp −1:41kλgm
0

h i
= 1þ 118:3kλgm

0
h i0:45� �

ð7Þ

τλR ¼ exp −0:008735m0λ−4:08
� �

ð8Þ

τλw ¼ exp −0:2385kλwmw
h i

= 1þ 20:07mw½ �0:45
n o

ð9Þ

τλo ¼ exp −mlkλo
� �

ð10Þ

τλa ¼ exp −mβλ−1:3
� �

ð11Þ

where kg, kw, and ko represent the absorption coefficients for uni-
formly mixed gas absorption, water vapor absorption, and ozone ab-
sorption, respectively; w is the precipitable water vapor; l is the
ozone layer thickness; β is the Angstrom turbidity coefficient; m is
the relative air mass; m′ is the pressure-corrected relative air mass;
h is the solar elevation angle; ps is the surface pressure; p0 is the
standard atmospheric pressure.

The solar extraterrestrial radiation in different spectral band and the
spectral transmittances for each radiation dumping processes are irreg-
ular. In Leckner's spectral model, the integral values in Eqs. (4)–(6) are
obtained using numerical integration. However, the numerical integra-
tionmethod is time consumingwhichwould limit the practical applica-
tions of Leckner's spectral model. Therefore, simplified
parametrizations are used to calculate τb and τd , which are described
as follows:

τb ≈ τRτoτa ð12Þ

τd ≈ 0:5τo 1−τRτað Þ ð13Þ

where, τR, τo and τa represent the broadband transmittance for Rayleigh
scattering, ozone absorption, and aerosol extinction in UV band, respec-
tively. The transmittances in UV band for water absorption and uni-
formly mixed gas absorption are relatively high, thus they were not
considered in Eqs. (10) and (11). τR, τo and τa could be defined as fol-
lows:

τ j ≈ TOA−1
Z 0:40

0:28
Q00 λð Þτλj dλ ð14Þ

where j can be R, o, or a, representing the transmittance for Rayleigh
scattering, ozone absorption, and aerosol extinction, respectively. As
shown in Eqs. (7)–(11), τ j is a function of l, β, m and m′. Therefore, τ j

could be approximated using following quadratic exponential formula
and power function:

τ j ≈ exp ajX
b j

� �
þ exp cjX

d j

� �
ð15Þ

τ j ≈ ajX
b j þ c j ð16Þ

where X could bem′,mβ, andml. aj, b, cj and dj are the regression coef-
ficients for different values of X.

In this study, 2,490,410 data samples covered 29 selected CERN sta-
tions are used to fit aj, b, cj and dj in Eq. (15). Fig. 2 is the scatter plot
showing the relationship between τ j and atmospheric parameters (l,
β, m and m′). The fitting line perfectly fitted the scatter points in
Fig. 2. The R of the fitting line for Rayleigh scattering, ozone absorption
and aerosol extinction are 0.9999, 0.9998 and 0.9999, respectively.
Therefore, τ j could be effectively parameterized using quadratic
exponential formula and power function in Eqs. (15) and (16). The
fitted formulas are given as:

τR ¼ exp −1:0629m00:3484� �þ exp −0:4904m00:6513� � ð17Þ

τo ¼ −0:8313ml0:0586 þ 1:624 ð18Þ

τa ¼ exp −4:5664mβ0:3943
� �

þ exp −3:5678mβ0:6053
� �

ð19Þ

As well known, the broadband model is more unstable and inac-
curate than spectral models, due to ignoring the spectral transmit-
tances for Rayleigh scattering, ozone absorption, aerosol
absorption and aerosol extinctions. However, as shown in Fig. 3,
the estimated UV values by FASTUV model showed high agree-
ments with the estimated UV values by Leckner's spectral model
with RMSE, MAE and R of 0.0019 Wm−2, 0.0013 Wm−2 and
0.9999, respectively. Therefore, the FASTUVmodel could save com-
plex and time-consuming integral calculations of narrow-band
transmittances for Rayleigh scattering, ozone absorption, and aero-
sol extinction, while ensuring the accuracy for estimating surface
solar UV radiation.

Fig. 4 illustrated the flowchart of FASTUVmodels. Firstly, the clear
sky transmittances for Rayleigh scattering, ozone absorption, aerosol
extinction for solar UV radiation were calculated using Eqs. (17),
(18) and (19). Then, τb and τd are calculated using Eqs. (12) and
(13). Then, the gb, i

clr , gd, iclr and UVclr are calculated using Eqs. (1),
(2) and (3). Meanwhile, the cloud transmittances for solar UV radia-
tion are calculated based on artificial intelligence method (ANN) and
Quadratic polynomial formula (QPF) using sunshine duration, date
(year, month and day), locations (latitude and longitude), and
UVclr. Finally, the surface solar UV radiation in all sky condition are
calculated.

3.2. Cloud effects on surface solar UV radiation

It is certain that solar UV radiation would be reflected and
scattered in the cloud layer (McKenzie et al., 1998; Sabburg and
Wong, 2000; Foyo-Moreno et al., 2003). However, the cloud was
considered to be the most uncertain factor for predicting surface
solar irradiance, owing to the variation of the cloud shape, cloud
type and cloud phase in various climatic zones and terrain features
(Tang et al., 2018). Thus, quantifying the cloud effect on solar rays
is of vital importance for improving the accuracy in estimating the
surface solar UV radiation.

3.2.1. Quadratic polynomial formula
The cloud transmittance for solar radiation was defined by Ang-

strom and further improved by Prescott as the ratio of solar radiation
in all sky to the solar radiation in clear sky condition. Following the
idea of the Ångström-Prescott equation (Prescott, 1940), Yang et al.
(2010) parameterized the cloud transmittance on solar radiation as
a function of the relative sunshine duration (n/N). On the basis of
the parameterization by Yang, we defined the cloud transmittance
for surface solar UV radiation (τc) as a quadratic polynomial
formulation:

τc ¼ UVall

UVclr
¼ aþ b

n
N

� �
þ c

n
N

� �2
ð20Þ

The UVall and UVclr are the surface solar UV radiation in all-sky and
clear-sky conditions, respectively; n and N are the sunshine duration
and the maximum possible sunshine duration, respectively; a, b and c
are the regression coefficient.

Fig. 5 showed the relationship between the cloud transmittance for
daily UV values and the relative sunshine duration. The calibrated



Fig. 2. Comparison of UV broadband transmittances for individual extinction processes between spectral integration and parameterization for Rayleigh scattering [Eq. (17)], aerosol
scattering [Eq. (18)], and ozone absorption [Eq. (19)].
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cloud transmittances for daily UV values are shown as following
equations:

τc ¼ 0:267þ 1:099
n
N
−0:567

n
N

2
ð21Þ
Fig. 3. Comparison between the estimated UV values by FASTUV model and Leckner's
spectral model without considering the cloud transmittance.
The quadratic polynomial formula has always been used to esti-
mate the cloud transmittance for solar radiation rapidly in previous
studies. However, as shown in Fig. 5, the scatter points are in
decentralized distribution. Meanwhile, the cloud transmittances
were greater than 1.0, when UVall were greater than UVclr values.
Moreover, the regression coefficients vary greatly using data sam-
ples at different CERN stations. Thus, there are large uncertainties
in calculating τc using QPF method, which would deduce the accu-
racy of the estimated UV values.

3.2.2. Artificial neural network
In this study, the artificial neural network (ANN) is applied to di-

rectly construct a nonlinear relationship between the UVall, UVclr and
geographical elements (sunshine duration, geographical location and
season). The ANN model was constructed by three layers including
input layer (UVclr, sunshine duration, maximum sunshine duration, lat-
itude (lat), longitude (lon), year, month, the day in the year (Dayth)),
hidden layer and output layer (UVall). The hidden layer is formed by
10 neurons. In this study, 70% of the dataset were randomly chosen
for training stages, and the remaining 30% for testing stages. Fig. 6
showed the flowchart of the ANN model.

3.3. Comparisons of measures of fit

Themeasures of fit-used in the present study include the root mean
square error (RMSE, Wm−2), the mean absolute bias error (MAE,
Wm−2), the relatively root mean square error (RMSD, %), the relatively
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radiation

Fig. 4. Flowchart of the proposed model for estimating surface solar UV radiation.
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mean absolute bias error (MAD, %), the correlation coefficient R, which
could be expressed as:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N
∑i¼1

N

ei−oið Þ2
s

ð22Þ

MAE ¼ 1
N
∑i¼1

n

ei−oij j ð23Þ

RMSD ¼ 100
oi

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N
∑i¼1

N

ei−oið Þ2
s

ð24Þ

MAD ¼ 100
oi

� 1
N
∑i¼1

n

ei−oij j ð25Þ
Fig. 5. The relationship between the relative sunshine duration and the cloud
transmittances.
R ¼ ∑i¼1
n ei−eð Þ oi−oð Þffiffiffiffiffiffiffiffiffiffiffiffi

∑i¼1

p n
ei−eð Þ2

ffiffiffiffiffiffiffiffiffiffiffiffi
∑i¼1

q n

oi−oð Þ2 ð26Þ

where, N and bar respectively indicated the number of data andmean of
the variables; ei and oi were the modeled and observed UV values.

4. Result and analysis

4.1. Validation of UV estimations with ground UV measurements

Daily UVmeasurements (104,278 samples) during 2005–2015 at 29
CERN stations were used for evaluating the model accuracy of the daily
estimated UV values by FASTUVmodel. Fig. 7 was the scatter plot show-
ing themodel accuracy of FASTUVmodel using different cloud transmit-
tance calculating method. It was clear that the estimated result using
ANN method showed better agreements with UV observations than
that for QPF method, because the ANN method could effectively reflect
the nonlinear relationship between the cloud transmittance and geo-
graphical elements. In training stages, the RMSE, MAE, RMSD, MAD,
and R for the estimated result using QPF method are 29.350 Wm−2,
24.270 Wm−2, 38.33%, 31.70% and 0.906, respectively; the RMSE,
MAE, RMSD, MAD, and R for the estimated result using ANN method
were 11.200 Wm−2, 8.699 Wm−2, 14.62%, 11.36% and 0.965, respec-
tively. In testing stages, the RMSE, MAE, RMSD, MAD, and R for the esti-
mated result using method QPF are 29.380 Wm−2, 24.290 Wm−2,
38.37%, 31.73% and 0.905, respectively; the RMSE, MAE, RMSD, MAD,
and R for the estimated result using ANN method were 11.190 Wm−2,
8.692 Wm−2, 14.62%, 11.35% and 0.964, respectively.

Figs. 8 and 9 indicated the validation results of the estimated surface
solar UV radiation values by FASTUV model at 29 CERN stations using
QPF and ANNmethod, respectively. Tables S1 and S2 illustrated the sta-
tistical indicators representing the model accuracy of the estimated UV
values in training and testing stages using different cloud transmittance
methods. The results indicated that the estimated UV values using ANN
method preformed superior than that using QPF at all 29 selected CERN
stations, because ANN method could better reflect the inner nonlinear



Fig. 6. The flowchart of the ANN model.
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relationship between the sunshine duration and cloud transmittance.
The estimated UV values using ANN method was closely correlated
with UV measurements with low RMSE (9.092 Wm−2–
15.190 Wm−2), low MAE (6.909 Wm−2–12.217 Wm−2), low RMSER
Fig. 7. Validation of the estimated surface solar UV radiation using different cloud transmittanc
and the ANN model, respectively; ‘Train’ and ‘Test’ denote the training state and testing state,
(8.004%–25.769%), low MAER (6.263%–20.726%) and high R
(0.934–0.980). In contrast, the estimated UV values using QPF method
could barely match the measured UV values with higher RMSE
(11.240 Wm−2–70.234 Wm−2), higher MAE (13.456 Wm−2–
e calculating method in China. (QPF and ANN represent the quadratic polynomial formula
respectively.).



Fig. 8. Validation of the estimated surface solar UV radiation using ANN method in different stations in China.
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Fig. 9. Validation of the estimated surface solar UV radiation using ANN method in different stations in China.
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42.975Wm−2), high RMSER (8.215%–61.230%), higher MAER (9.834%–
37.466%), and lower R (0.906–0.958).

In all, the new proposed FASTUVmodel has been proved to be an ef-
ficient model for estimating surface solar UV radiation with high accu-
racy and good robustness.
4.2. The spatial and temporal variation of UV radiations in China

By applying the FASTUVmodel, a grid UV dataset (0.50° (lat) *0.625°
(lon)) in 2014 throughout Chinawere constructed. Then, the spatial and
temporal variations of surface UV values over mainland China in 2014
were investigated. Fig. 10 showed the spatial variation of the annual
mean UV values in 2014 in China. Generally, the UV values was gradu-
ally decreased from Western China to Southeastern China, owing to
the gradually stronger radiation dumping processes from Western
China to Eastern China. From Northern China to Southern China, the
UV values has a trend of first rising and then declining, owing to the
high latitude in Northern China and the strong radiation dumping pro-
cesses in Southern China. The Qinghai Tibetan Plateau and the Pamirs
was the areawith thehighest UV values across China, because the atmo-
spheric extinction effects on UV radiations are weak in Plateau areas.
The most areas of Xinjiang and Inner Mongolia were also areas with
high UV values, owing to the dry air conditions there. In contrast, the
Northeastern China was the area with the lowest UV values, because
the extraterrestrial radiation reaching the top of the atmosphere is
lower than that in other areas in China. The Sichuan Basin was also an
area with low UV values, due to the perennial cloudy weather and
strong atmospheric extinction effect there.

Fig. 11 illustrated the month variation of daily mean UV value in
2014 in China. The result showed that the UV value gradually increased
from January to July, then gradually decreased from August to Decem-
ber, because of themonthly variations of the annual cycle of solar zenith
and the maximum sunshine duration in China. The Plateau areas in
Western China were always the area with high UV values. The Tarim
Basin, Jungar Basin, and Inner Mongolia are also an area with high UV
values, but the UV values there showed distinct seasonal variety be-
cause of the seasonal changes of the incoming solar radiations in the
atmosphere.
Fig. 10. The spatial distributions of the annual m
5. Discussion

5.1. Sensitivity analysis for input parameters

In this study, the factorial approach method (Henderson-Sellers,
1993) was introduced to reveal the influence of parameters' fluctua-
tions on modeling UV values. As described in FASTUV model, five input
parameters including ps, AOD, loz, sz and TOA are required to run FASTUV
model. Among them, sz and TOA are always fixed in certain time and lo-
cations. Thus, only AOD, ps and lozwere selected to conduct the sensitiv-
ity analysis for FASTUV model, because they are more unstable and
variable than other input parameters. Limited by computing efficiency,
only 1000 samples were randomly selected to conduct this experiment.
Six perturbations are assigned to each parameter for FASTUV model
(+10%, +20%, +30%, −10%, −20% and −30%), to investigate the par-
tial effects by different parameters, which need 6*3 runs. The RMSE
(Wm−2) between the estimated SSR without perturbations and the es-
timated UVwith perturbations was calculated to show the partial effect
by each parameter.

Table 2 illustrated the sensitivity analysis result for ps, AOD and loz. It
was clear that the partial effects of AOD's fluctuations on modeling UV
values were obviously higher than that for ps and loz, because the aero-
sol particles have strong absorption and scattering effects on solar radi-
ation (Qin et al., 2018c; Wei et al., 2019a). When AOD values were
multiplied by 0.9, 1.1, 0.8, 1.2,0.7 and 0.9, the RMSE were 2.510, 2.577,
4.756, 5.465, 6.833 and8.622Wm−2, respectively. The effects of theper-
turbations of ps on modeling UV values was also obvious, because the
higher the ps is, the stronger the radiation dumping effects is, and vice
versa. When ps were multiplied by 0.9, 1.1, 0.8, 1.2, 0.7 and 0.9, the
RMSE were 2.102, 2.304, 4.099, 4.738, 5.977 and 7.353 Wm−2,
respectively.

5.2. Model computing efficiency

To evaluating the computing speed and model accuracy of FASTUV
model, the FASTUVmodel was compared against the Leckner's spectral
model using MATLAB 2015a software on a personal computer with
3.6GHZ Inter i7 CPU and a 64 Gb double data rate type three random-
access memory. The data samples that were used to evaluate the
ean UV radiation in 2014 throughout China.



Fig. 11. The spatial distributions of the monthly mean UV radiation in 2014 throughout China.

Table 2
The sensitivity analysis for FASTUV model.

Ps AOD loz RMSE (Wm−2) MEAN (Wm−2)

10% – – 2.102 4.429
−10% – – 2.304
20% – – 4.099
−20% – – 4.738
30% – – 5.977
−30% – – 7.353
– 10% – 2.510 5.127
– −10% – 2.577
– 20% – 4.756
– −20% – 5.465
– 30% – 6.833
– −30% – 8.622
– – 10% 0.882 2.006
– – −10% 1.095
– – 20% 1.744
– – −20% 2.241
– – 30% 2.541
– – −30% 3.532
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model accuracy in Section 4.1were reused in this experiment. The result
showed that the FASTUV model only takes 31.577 s, but the Leckner's
model does about 103.829 s. It could be concluded that the FASTUV
model greatly improved the computing efficiency for estimating surface
solar UV radiation with comparable accuracy.
5.3. A packaging software for calculating surface solar UV radiation

To facilitate the users of FASTUVmodel, the newly proposed FASTUV
model wasmade into a packaging software namely ‘FASTUV_V1.0’ using
MATLAB 2015a. The ‘FASTUV_V1.0’ is provided in publicly available re-
pository: https://doi.org/10.6084/m9.figshare.11409666.

The detailed step to run FASTUV_V1.0 are, 1) preparing surface pres-
sure, aerosol optical depth (550 nm), total column ozone and sunshine
duration data derived from MERRA_2 products in TXT format
(‘inputdata.txt’ and ‘sunshine_duration.txt’); 2) placing ‘inputdata.txt’
and ‘sunshine_duration.txt’ in a folder called ‘parameter’; 3) executing
FASTUV_V1.0.exe. After simulation, the Daily surface solar UV radiation
in certain time and locations would be calculated in a file named

https://doi.org/10.6084/m9.figshare.11409666
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‘Daily_output.txt’. It should be stated that the ‘MyAppInstaller_web.exe’
in file folder namely ‘~\UV_Calculation_model\for_redistribution’
should be executed if the MATLAB version is not compatible with
FASTUV_V1.0.

6. Conclusion

A novel efficient broadbandmodel for estimating surface Ultraviolet
radiation (0.280–0.400 μm) was proposed using sunshine duration
measurements and MERRA_2 reanalysis products. Then, the applicabil-
ity of FASTUV model in modeling surface solar UV radiation were vali-
dated using surface solar UV radiation measurements at 29 CERN
stations. Finally, the spatial and temporal variations of UV values
throughout China were investigated.

The FASTUVmodelwas proved to be an efficientmodel for predicting
surface solar UV radiation at CERN stations with high accuracy and
strong robustness. The newly proposed ANN method could effectively
calculate the cloud transmittance for UV radiation with higher accuracy
than that for QPF method. The estimated UV values by FASTUV model
showed high agreement with the estimated UV values by Leckner's
spectral model with low deviations. Meanwhile, the newly developed
UV model (31.577 s) also run faster than Leckner's spectral model
(103.829 s), while ensuring the accuracy of the estimate surface UV ra-
diation. Then, the spatial and temporal variations of UV values over
mainland China were discussed in this study. Generally, the surface
solar UV radiation gradually decreased from Western China to Eastern
China, because of the relatively stronger radiation dumping effects in
Eastern China. While, the UV values show a trend of firstly rising and
then declining, due to the strong atmospheric extinction effects by
abundant water vapor in the air in Southern China and the low yearly
mean extraterrestrial radiation in Northern China. In terms of the sea-
sonal variation of UV values, it was higher in summer than that in win-
ter. The Qinghai Tibetan Plateau and the Palmier Plateau has always
been the areas with highest UV values, while the Northeastern China
is the area with the lowest UV values. Meanwhile, the partial effect of
the fluctuation of input parameter on the accuracy of FASTUV model
was conducted using sensitivity method. The result indicated that the
perturbations of AOD could obviously affect the accuracy of the
estimated UV values in FASTUV model. The ps and loz are also proved
to be the relatively unimportant factors for the accuracy of FASTUV
model.

Certainly, the FASTUVmodel should be further validated in other cli-
mate zones around theworld. Moreover, as described above, the model
accuracy of FASTUVmodel is subjected to some objective factors such as
the cloud effect on UV radiation and the relatively coarse resolution of
MERRA_2 products. Further work should be conducted to improve the
model accuracy of FASTUV model. The FASTUV model has been made
into a packing software namely ‘FASTUV_V1.0’ using MATLAB 2015a,
but it needs to be further improved in the future.
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