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Abstract. This paper presents the reconstruction of the 80-may be a reference for solar radiation studies in the subtrop-
year time series of daily global solar radiation (GSR) at theical North Atlantic region.

subtropical high-mountain lzafia Atmospheric Observatory

(1ZO) located in Tenerife (The Canary Islands, Spain). For

this purpose, we combine GSR estimates from sunshine du-

ration (SD) data using the Angstrom—Prescott method ovel Introduction

the 1933/1991 period, and GSR observations directly per-

formed by pyranometers between 1992 and 2013. Since GsRolar radiation controls the energy radiative balance in the
measurements have been used as a reference, a strict quaﬁ@rth and, thus, our weather and climate. For this reason, its
control has been applied based on principles of physical lim-Study has been one of the main objectives of the research
its and comparison with LibRadtran model. By comparing community during the last decades. Recently, the focus is on
with high quality GSR measurements, the precision and con€&valuating the long-term trends of solar radiation reaching
sistency over time of GSR estimations from SD data havethe Earth's surface (global solar radiation, GSR) as well as on
been successfully documented. We obtain an overall rootdentifying the variability driven by climate chang8tanhill
mean square error (RMSE) of 9.2% and an agreement beand Cohen2001 Sanroma et al201Q Wild, 2009. Obser-
tween the variances of GSR estimations and GSR measuré&ational evidences of changes on GSR trends have already
ments within 92 %. Nonetheless, this agreement significantly?€en reported at a global scale. A decrease of the solar ra-
increases when the GSR estimation is done Considering d|fd|at|0n at the surface has been observed between the 1960s
ferent daily fractions of clear sky (FCS). In that case, RMSEand the 1990s, an effect known dsmming with a gen-

is reduced by half, to about 4.5%, when considering per_eral decline between 4 and 6 % over 30 years considering
centages of FCS 40% (~ 90 % of days in the testing pe- Worldwide distributed stations (e.@hmura and Landl989

riod). Furthermore, we prove that the GSR estimations car@ilgen et al, 1998 Stanhill and Coher2001; Liepert 2002
monitor the GSR anomalies in consistency with GSR meaFinker et al. 2005 Wild et al, 2005 Sanchez-Lorenzo et
surements and, then, can be suitable for reconstructing sold@- 2007 Wild, 2009. In contrast, since the 1980s a partial
radiation time series. The reconstructed 1ZO GSR time sef€covery has been documented, with an increase of the so-
ries between 1933 and 2013 confirms change points and pdar radiation known asrightening(Wild et al, 2005 2007,

riods of increases/decreases of solar radiation at Earth’s su2008 2012 Gilgen et al, 2009. Trends betweer-1.0 and

face observed at a global scale, such as the early brightening; 10-7 % decade! have been reported from the 1980s on-
dimming and brightening. This fact supports the consistencyvards Wild, 2009 and references herein).

of the 1ZO GSR time series presented in this work, which The causes of théimming/brighteningphenomena are
not well understood yetIRPCC, 2007 Wild et al, 2012,
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but some authors associate them with changes in globaradiation and SD data) as well as the main characteristics
cloud cover, atmospheric aerosols content (natural or anthroef 1ZO. Section3 shows the recalibration of measured GSR
pogenic), and to the role of direct and indirect aerosol effectsat 1ZO between 1992 and 2005, when no strict quality con-
(Stanhill and Cohen2001, Ramanathan et al2001, Wild trols were applied on GSR measurements, by using the Li-
et al, 2005 Wild, 2009. The relative importance of these bRadtran model (onwards, LibRadtran). Sectdbaxplains
factors may differ depending on region and pollution level the method applied to estimate the GSR from SD records
(Wild, 2009. In this context, some authors point out that the and documents the precision and consistency of our GSR
dimmingmay only be a local effect, associated with urban estimates, while the reconstruction of the whole GSR time
environments (e.gAlpert and Kishcha2008, or that ten-  series from 1933 to 2013 is addressed in SgcEinally, a
dencies over land and over ocean can differ in sign and irsummary and conclusions are given in Séct.

magnitude (e.gRinker et al.2005. For a better understand-
ing of these global effects and to reduce the uncertainties that
still remain, long-term GSR time series in regions represen-
tative of background signals are fundamental.

Reliable solar radiation studies need high-quality, long-
term and worldwide distributed GSR measurements. Al-
though the first solar radiation instruments were designed i
the first decade of the last centutMdll, 1913 Chaldecott
1954 De Bruin et al, 1995 Stanhill 1998, regular and coor-
dinated GSR observations were not well established until th
1950s within the framework of the International Geophysi-
cal Year, with expected accuracies of 5¥idolet, 1982a

Site description, measurements and tools

This study has been performed at the high-mountain
Izafia Atmospheric Observatory (IZ6Xtp://izana.aemet.gs
located in Tenerife (The Canary Islands, Spain; 283
Me.5 W, 2373 masl.). This station is managed by the
Izafia Atmospheric Research Center (IARC) from the Me-
teorological State Agency of Spain (AEMET). For almost
Shree decades, the IARC has aimed to monitor atmospheric
constituents that are capable of forcing changes in the cli-

. . ) mate of the Earth, through modification of the atmospheric
b). Currently, different radiation programmes and intema- radiative environment (greenhouse gases and aerosols), and

2822:;::2’;%? g\g\ARO;elC%%DSeQ;UJ;r:gevzghp?ggls'g ;Z?ru-those that may cause depletion of the global ozone layer. 12O
mentation (uncertainty of 2 %yWVMO, 2008. In order to has been part of the WMO-GAW programme (World Me-

let in th GSR i o5 t ¢ teorological Organization—Global Atmospheric Watch) since
complete gaps in these IMe SEries, 10 COrrect ermoyggy ang part of the NDACC (Network for the Detection of
neous records, or to extend them over time, GSR estimation

f ther climat iabl h hine durati itmospheric Composition Change) since 2001. Also, it ac-
rom ofher climate vanaples, Such as stnshine duration (Onfively contributes to international aerosols and radiation net-
wz_:trds, SD), cloud cover or visibility, are very valuab_le. For works such as AERONET (Aerosol Robotic Network) and
this purpose, the mqst extended approach 'S to estlmat_e thI§SRN (Baseline Surface Radiation Network). I1ZO is a suit-
GSR from SI.D dataltpmon _and Ma_yer2002 Sivamadhavi able site for in situ and remote sensing observations, optimal
and Selvargj2012, since it combines long-term records

availability (SD measurements started in the 19th Centuryfor calibration and validation activities due to a high atmo-
. ., 'spheric stability, high frequency of clean and pristine skies,
Butler and Hoskin1987 Pallé and Butler2001; Sanchez- P Y, N9 N y P

. L . a stable total column ozone, very low column water content

Ir‘;:.gznosgtd \é\gfZsoé%nsc;mé’gg%zngrri'&bge rhesu;tsbgehr? q and low aerosol concentrations. 1ZO provides atmospheric
~ we servations have Y%heasurements representative of free troposphere conditions
scribed by using several mathematical relations, including

i h led A N lati of the subtropical North Atlantic region due to the quasi-
1|rs1;;ar,Ft) € so—ca19e4 ngit_rom—Presi:citégre at:Ang(gtr:onj permanent subsidence regime typical of the subtropical re-
4 Prescott 9, cubic Samue, D, 'ogant mic gion (Cuevas et a].2013 Gomez-Pelaez et al2013 and

(Ampratwum and Dorvlp1999 and exponentialAlmorox references therein).

and Hontoria2004) relations. In all of these equations, a set

of coefficients are calculated in a simultaneous period of SD> 1 Global solar radiation data

and GSR measurements. The comparison of the aforemen-

tioned approaches conclude that the use of complex relationBetween 1992 and 2013 the GSR measurements have been
instead of the simple linear relation proposed by Angstrém-performed with different pyranometers at 12O (Tal)e

Prescott does not significantly improve the GSR estimates
(Almorox and Hontoria2004 Yorukoglu and Celik2006).

In this context, the goal of this work is to reconstruct the
GSR time series between 1933 and 2013 at the Izafia Atmo-
spheric Observatory (IZO) by using the Angstrém—Prescott
method on SD measurements (1933/1991), and GSR obser-
vations performed by pyranometers (1992/2013). For this
purpose, this work is divided into six sections. Sectin — Since August 2005 IZO has been a station of the
describes the different instruments and measurements used Broadband Radiation Network (BRN), managed by the

— Before 2005, the measurements were taken with two in-
struments (Kipp & Zonen CM-5 and CM-11), but they
were not subject to strict quality controls. According to
the manufacturer, daily uncertainties b6 and+2 %
can be expected, respectiveligttp://mwww.kippzonen.
com).
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Spanish National Radiometric Centre (NRC-AEMET). the Earth’s atmosphere (freely available frdttip://www.
The NRC has been operating since the mid-1970s, andibradtran.orgy (Mayer and Kylling 20095.
currently comprises 60 radiation measuring stations in  The GSR and DSR (direct solar radiation) estimations
Spain. These instruments are routinely calibrated undefor 1ZO were computed by using this model as described
ISO9001:2000 quality standards. Daily uncertainty of in Garcia et al.(2014. The radiative transfer calculation
+2 9% is expectedjancho et a]2011). is addressed by a multi-stream discrete ordinates algorithm
i (Stamnes et g11988 (DISORT for SZA< 70° and SDIS-
— Since 2009 12O has been part of the BSRN (BSRN oRT for S7A~ 70°) and the input model parameters (atmo-

station #61, IZA). In 2004 the BSRN was designated gphere gas composition, surface albedo, aerosol optical prop-
as the global baseline network for surface radiation for g iag ) are directly measured at 1ZO.

the Global Climate Observing System (GCOS) withthe  The  most significant changes with regard to

main objective of providing measurements of the bestg,cia et al(2014 are related to aerosol optical depth
quality for shortwave and long-wave surface radiation (a\op) and total precipitable water vapour (PWV) obser-
fluxes, with high temporal resolution. For this purpose, \4tions. Since 1994 the AOD values have been measured

the BSRN establishes exigent quality controls for its it gifferent sun-photometers. In this work we have used
products Long and Dutton2002 Long and Shi2008.  Aop data from the following instruments (in brackets

Applying the BSRN quality controls aforementioned t0 {he expected uncertainty is given for each instrument):
the Izafia GSR measurements for solar zenith anglea PMOD/Rocket between 1994 and 199&0(013 at
(SZA) <907, R. D. Garcia et al(2012 showed that 358 nm Diaz et al, 2000, a MFRSR (Multifilter Rotating
the 1ZO measurements largely satisfy thg quality con-ghadowband Radiometer) between 1996 and 264103,
trols recommended by the BSRN. The estimated uncerpegrg Miguel Romero, personal communication, 2014),
tainty for the instantaneous global irradiances indicated, prR (precision Filter Radiometer) developed at the World
by BSRN in 1997 ist5Wm™= (£2%) Ohmura etal. = pagiation Center Physikalish-Meteorologisches Obser-
1998 McArthur, 2003. These values account for cali- yatoriym in Davos, Switzerland (WRC/PMOD) between
bration uncertainties and were estimated from standardngq and 2004 £0.01, Wehrli, 2000, and finally with
deviation of the calibration coefficients. CIMEL sun photometer within AERONETHolben et al,

Since 2009 the BSRN and NRC programmes have co-1998 since 2005 onyvard&h(O.(_)l,Eck et al, 1999. In this
existed at 1ZO, keeping their own instrumentation and dataStudy. we have considered daily AOD values at 500 nm. For

evaluation procedures. They show an excellent consistencyt992 and 1993 there are no AOD data, so we considered
Pearson correlation of 0.98 and RMSE of the daily dif- & constant AOD value of 0.02 that represent80 % of the

ferences in the common period 2009/2013 of 0.34Wm days at1ZO. Estimated GSR using an AOD of 0.01 and 0.03

(1.1%), within the instrumental uncertainty. Note that the SNOWs differences with estimated GSR using ASD.02 of

different pyranometers acquire GSR records on a 1 min basid2-32 % and-0.18 %, respectively. . .

However, in this work, we use daily GSR values, calculated "€ PWV is obtained from Vaisala radiosondes

by integrating the 1 min measured GSR from sunrise to sun{Miloshevich et al, 2009, launched twice a day~(23:15

set Garcia et al.2014). and ~11:15 UTC) very _close to 1ZO. Between 1992 and
To complete the gaps observed in the long-term GSR2002 Vaisala RS80 radiosondes were daily launched from

time series at 1ZO, we have used the GSR measurement$€ radiosonde station of Santa Cruz de Tenerife (3&ih)a

taken at the Teide Observatory (QiEp:/Aww.iac.esman- and since October 2002 onwards Vaisala RS92 radiosondes

aged by the Instituto de Astrofisica de Canarias (IAC). OTWere launched from the radiosonde station of Gimar
(28.3 N, 16.3 W) is only 1.3km far away from 1ZO and at (WMO station #60018) Romero et al. 2011). Schneider

the same altitude (2371 sd.). The GSR measurements at ©t @l (2010 found a RS92's PWV precision of 15% by

OT were performed with a Silicon Cell Pyranometer (SCP, comparison with FTIR (Fourier Transform Infrared) PWV

Model 3120), with an expected uncertainty 3% for ata. .

daily values (seenttp://www.allweatherinc.conV The pe- Garcia et al(2014 reported that LibRadtran GSR and

riods in which we used these measurements were ApriI—DSR can theoretically be estimated with an uncertainty of
2

August 2000, January 2001—July 2002 and September 20032:09 MINT2 (0.31 %) and 0.04 MJ ¥ (0.12 %) by compar-

July 2005. Nonetheless, a differenee0.5% between the ing with solar observations — the mean bias (simulations—

GSR in the range 250-1500nm and in the range 310-0bservations) is-0.30+0.24 MJ m2 (-1.1+0.9%) for
2800 nm is observed. GSR and-0.1640.34 MJ nT2 (—0.4 4 0.9 %) for DSR.

2.2 Radiation transfer model and input parameters 2.3 Sunshine duration data

LibRadtran is a complete free software package containSD is the time period that the ground surface is irradiated
ing a suite of tools for radiative transfer calculations in by direct solar radiation (i.e. sunlight reaching the Earth’s
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Table 1. Pyranometers installed between 1992 and 2013 at IZO and OT.

Instrument Spectral range  Uncertainty
Time (network) Station  (nm) daily values (%)
Jan 1992-Jun 1999 CM-5 1ZO 310-2800 45
Jul 1999-Aug 2003 CM-11 12O 310-2800  +2

Aug 2005-Dec 2008 CM-21 (NRC) 1ZO 305-2800 2
Jan 2009-Dec 2013 CM-21 (BSRN) 12O 305-2800 +2

Jan 1995-Dec 2013  SCP oT 250-1500 +3

surface directly from the sun). In 1982, WMO defined it 14 : . : . : , : ,
as the period during which direct solar irradiance exceeds . CS: 1997/1999

a threshold value of 120Wn? (WMO, 1982. This value % Ehgsgio'sz h (4.8%)

accounts for the expected direct solar irradiance shortly afterT 7 S|obe 1.25+0.03 1

(before) sunrise (sunset) in cloud-free, but also in low aerosol S 1 Intercept -2.86:0.34 ‘

load conditions \VMO, 1984 § 12+ i
At 1ZO, the SD observations started in 1933 with o

a Campbell-Stokes sunshine recorder (onwards, CS). Theg

CS focuses the direct solar beam through a glass sphere
mounted concentrically in a section of a spherical bowl, on
a burn card located under the sphere. The card is provided
with a time indication, which makes it possible to determine
the SD from the length of the burn when the card is removed
from the instrument at the end of the daa{nter 1981 9 ; ' ' ' ' ' ' '
WMO, 1996 Sanchez-Lorenzo et aR013. During recent
years, this traditional sunshine recorder has been replaced by
electronic devices. At 1Z0O, the CS instrument was replacedrigure 1. Scatter plot of the measured SD from CS instrument
by a Kipp and Zonen Sunshine Duration Sensor (CSD) inversus SD obtained from LibRadtran model when DSR exceeds a
2001, which still operates. threshold value of 120 W . The root mean square error (RMSE),

In order to document the precision of the 1IZO SD mea- and least-square fit parameters are shown in the legend.
surements as observed by the CS, we have compared these

measurements to those obtained from DSR simulated with )
LibRadtran when exceeding a threshold value of 120 ¢ m winter and summer months. For example, the card strip re-

since DSR measurements are not available during the C&CtS in & different manner depending on whether the ambient
data series period (see Se2f2 for details about the simu- & is humid (typically in winter) or dry (typically in summer)
lations). We have considered all the cloud-free days, selecte#Vo0d €t al, 2003 and also the burning of the card strip
by using the method ofong and Ackermar(2000, with is not well defined at sunrise and sunset, Ie.ac_hng. to differ-
low aerosol content because they ensure very stable atm&"C€S through the year. Further, the uncertamtles introduced
spheric conditions at 1ZO, mainly observed from October Py the model, about 1%, should be taken into account (see
to February and between May and JuRedriguez et aJ. Sect.2.2).

2011, and references therein). Notice that the 1997/1999 pe-

riod has been selected throughout this work as testing perio% Recalibration of measured GSR

(see Sect4.1).

[The comparison shows a good agreement (seelligh-  The GSR measurements between January 1992 and
taining a correlation coefficient and a RMSE of 0.95 and 3,1y 2005 were not performed following strict quality con-
0.52h (4.8%), respectively. Nonetheless, we observe thafo|s. Therefore, a recalibration of the corresponding data is
CS records sysftematlcally overestimate the sunshine hourl%andatory in order for it to be reliably used in the recon-
by 3.19%, showing a seasonal dependence: the CS recorgyction of the 1ZO GSR time series. The recalibration was

tends to overestimate SD by 2.4 % from October to Febru-qone py using the LibRadtran, which has demonstrated to be
ary, and 5.6 % in May and June. This seasonal variation, alsg very useful quality control toolGarcia et al.2014). To

found by other authors (e.gerr and Tabony2004 Hinssen 44 5o, we calculated the new sensitivity of our pyranometers
and Knap 2007), may partly be attributed to the different (ereafter re-evaluated sensitivity, TaB)eas the mean of ra-
response of the CS recorder to atmospheric conditions ijg petween the GSR measurements and simulations in a time

sured Sun

Mea

Simulated Sunshine Duration (Hours)
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Table 2. Calibration of the different pyranometers installed at 1ZO © Original SR+ Re-evaluated GSR 12O Re-evaluated GSR OT
and OT between 1992 and 2008 Wm~2/mV). 110 : : : —
% 1.05—‘%%(: G M o ;;‘ N
Re-evaluated 5 ] R Sk v gy =
Instrument Original calibration Q 0857 1
Time (station) calibratioh Meanz Std* T o0y : ]
y 0.85 g -
Jan 1992-Jun 1999  CM-5(1ZO)  95.42 93:02.65 € e . , o oMS v oMa1 - M1 - SCP
Jul 1999—-Aug 2003  CM-11 (1ZO) 193.05 195.6%.61
Apr 2000—Aug 2000
Jan 2001-Jul 2002 SCP (OT) 73.50 7529.04

Sep 2003-Jul 2005

interval of 5min from the solar nooW(MO, 1996. These
GSR estimations were done for all the cloud-free days with
low aerosol content in the months from October to February
and between May and June to assure very stable atmospheri
conditions. This approach was tested with BSRN measure-
ments between 2009 and 2012, obtaining a differen8&
between the original sensitivity given by the manufacturer
and the re-evaluated on€drcia et al.2014). 30+ |
The recalibrated daily GSR measured at IZO and OT be- 1 } ¥
tween 1992 and 2005 is illustrated in Fig. The relative . % % 48
difference between re-evaluated and original calibration is, R SR , ¢ o
on averagex 7 %, except from April 1997 to August 1998 ez 1w e e o wm | me | e
(Fig. 2a). In this period the re-evaluated calibration decreases ) )
by 15 9% compared to the original calibration, with the con- _Flgu_re 2. (a) Evolu_tu_)n of th_e rat_lo between _the re-evaluated cal-
sequent increase of daily GSR (see Fg). Fig. 2b and ¢ ibration and the original calibration for the different pyranometers

. . . installed at 1ZO (blue squares) and at OT (green squafies)(c)
show the time series of daily GSR from 1992 to 2005 at IZO and (d): time series of the GSR (MJT) from 1992 to 2005 at

(red squares represent original GSR and blue squares reprgsq "4t 0T and the whole recalibrated time series, respectively (red
sent re-evaluated GSR) and OT (red squares original GSRqyares represent original GSR, blue squares represent re-evaluated

and green squares re-evaluated GSR), respectively, and thgsRr at 1z0O and green squares represent re-evaluated GSR at OT).
whole recalibrated time series is plotted in R2d. Note that

the global GSR measured from SCP instrument was extended
to 2800 nm with LibRadtan to be comparable to the wave-

40 T T T T

Global Solar Radiation (GSR) (MJm®)

ABAAN

length range of the other pyranometers. 2
J I i Na= ¢ cos 1(—tangtans), 2)
4 Estimation of GSR from sunshine duration whereg is the geographic latitude ardds the solar declina-

tion (Eq.5) The value ofH, is calculated as
Several types of regression models have been proposed for
estimating GSR on a horizontal surface at the Earth’s sur-Hy = — IscEq[ws(SiNd Sing) + (COSS cosp Sinws) ], 3)
face from SD records. One of the most extended and used
approaches was developed by Angstrohmgstrom 1924 wherelgc is the solar constant, is the eccentricity correc-
1956 and later modified by Prescott and RietveRtéscott  tion factor of the Earth’s orbit (Egf) andws is the sunrise
1940. This model provides GSR from SD by using the fol- hour angle $pencer1971). Note that we have used monthly

lowing equation: values of the solar constant instead of a constant value:
H n Eo =1.00011+ 0.0034221 cos + 0.00128sim
Ho ‘N TP @ +0.000719cos#+ 0.000077sin, @)

whereH, is the extraterrestrial solar radiation on a horizontal .

surface (MI m2day 1), » and Ny (Eq. 2) are the number of 8 =(0.006918-0.399912cog + 0.970257S|m

hours measured by the SD recorder and the maximum daily ~—0.006758cos#+ 0.000907sin2 — 0.002697 cos3
SD, respectively, and andb are empirically determined re- +0.00148sin3)(180/), 5)

gression constants: , ) ,
wheren is the day angle (radians) given by

www.atmos-meas-tech.net/7/3139/2014/ Atmos. Meas. Tech., 7, 313%9 2014
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Table 3. Coefficientsz andb between 1992 and 1996 for five FCS FCS(%)
intervals. %’ 5@ ' ' ' ' ' ' ' ] I<zo
EIZ-AAA xAAAA 1 2040
FCS (%) a+SEM b+ SEM % days 2 515k £
g : 3 {4 .J' °e =. -‘ &rf.. “t.‘ o o f. "-o{::. ¢ I40_60
<20 0.503:0.155  0.342£0.015 9 S o RS g &7 WE X 0L er AR e
20-40 0.458-0.178 0.362:0.062 6 % 39 . e . ) PR o ee AR
40-60  0.476:0.103 0.3580.058 9 £l g n . 3e MK R L S0 o Lo
60-80 0.369-0.045 0.434:0.037 23 T T T T T T T T I
>80 0.433:0.039  0.386t0.037 53 20
: aanaaaanns
Es 20_""‘ ,S: o '-.. " : .( é.' o S ;o
STt B AL A GRS R QL 2@ I40—60
= o - .o. ° 'c‘ ",‘ ~dx ° Ve g0 ® Qo H
é 10-!.: .’Y‘-‘. (“.t: ?:'&: =t '{f (:f ";_,, ‘§;, ﬁ 60-80
n =27 (d, — 1)/365 (6) . G L |
0 T |. T T T T |. T
whered, is the day number of the Julian day of the year, ' ™% 19 195 18 s s e 2000
starting from the first of January. Figure 3. Time series ofa) the sunshine duration (hour¢p) GSR

The SD records and, thus, the fraction of clear sky (FCS)from 1992 to 2000 at 1ZO. The colour scale indicates the fraction of
defined here by Eq.7], depend on solar direct irradi- clear-sky values (FCS, %).
ance, cloudiness (amount, type and thickness), PWV and at-
mospheric aerosols (mainly mineral dust particles at 120,

Rodriguez et al2011; O. E. Garcia et 312012): _ ) )
on Eq. @). Thus, assuming the errors given in TaBléor

FCS%) =n/Nq- 100 (7)  the Angstrom—Prescott coefficients and the errors given in
They also depend, to a lesser extent, on meteorological varioect-2.3for the SD measurements, we obtain that the GSR

ables as temperature and humidity, although this dependenceeStimationj, can b? provic'jeg with an error of 4.0% for the
is very small and purely instrumental. All of these factors corrrt]a_sporr: Ing 'Fesltlng p?rlo o has b |
account for the stratification found in Figa, where five re- This 1 c_aoretlca gua ity e§t|mat|on_ as been comple-
gions of FCS values (in intervals of 20 %) can clearly be dis-MeNted with a detailed experimental intercomparison sum-
tinguished, with a very low overlapping among them. Simi- mar:csedhln Flg.4 and Table4. Thg Iatt_er shows the statis-
lar stratification is observed in the measured GSR time serie%CS for t e bias between GSR estlmatlons gnd measurements
(Fig. 3b). Therefore, the subsequent estimation of GSR from estimations- measurements) at different timescales (daily,
SD records, by using Angstrom—Prescott's EB), (ill be monthly, seasonal and annual) and on the FCS intervals for
performed considering the dependence on FCS. In the ne%petesting period, V\_/hereas the former displays the annual cy-
sections we will evaluate the accuracy of our approach byf le of the b|as.and its dependence on the ECS _mterva!s. The
comparing the GSR estimations from SD records with GsRinra-annual bias reyeals that the GSR festlrr;atlorr:s @g' .
measurements between 1992 and 2000 when simultaneo &€ MOre accurate in summer (RMSE of 3.1 %) than in win-

GSR and SD measurements are available. ter (RMSE 0f9.3 0/_o),_w_her_l the meteorological conditions are
more variable. This is in line with the observed dependence
4.1 Validation of GSR estimations on the FCS values (Figlb): the lower the FCS values (i.e.

high presence of clouds or aerosols) that are observed, the

In order to validate our GSR estimations, we have split thelarger the systematic bias and scattering found. This leads to
SD series (1992/2000) into two periods: one for calculatinga decrease of correlation between estimations and measure-
the Angstrom—Prescott coefficients (“calculation period”), ments (Tablef).
and another for testing them (“testing period”). Once the co- The overall systematic bias (median bias) is estimated to
efficientsa andb are evaluated in the calculation period, we be < 0.30 MJ nT2, while the precision, given by the RMSE,
compute daily GSR estimates using the B f¢r the testing  reaches 2.16 MJ it (9.2 %) (see Tabld). However, when
period. considering FCS values 40% (~ 90% of the days), the

As calculation period we consider the period 1992/1996RMSE values decrease to 4.5%. These values agree with
with high-quality GSR measurements to assure very reliableour theoretical error estimation and are comparable to pre-
coefficients, (when minor post-corrections were applied, seevious studies. Several authors reported RMSE from the com-
Fig. 2), and 1997/1999 was used as testing period. In accorparison of the observed GSR and the estimated GSR using
dance with Fig3, the Angstrém—Prescott coefficients have the Angstrém—Prescott method of 1.26 MJ4rin the city
been computed by grouping FCS values into 20 % intervalsof Toledo, Spain Almorox et al, 2005, between 1.49 and
Table3 lists the obtained coefficients. 1.65MJn72 in Ankara, Turkey Yorukoglu and Celik2006

Theoretically, the expected uncertainty on the GSR esti-and between 1.39 and 3.08 MJ &in 31 sites around China
mations can be determined by doing an error propagatio{Che et al.20095.
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Table 4. Statistics for the differences between simulations and mea- o T T T T T T T T T T T T3
surements at 1ZO (in MJ mz) between 1997 and 1999 at different 1~ ) ) - @
timescales (daily, monthly, seasonal and annual) and on the fraction ] ) ]
of clear sky (FCS). (RMSE: root mean square errirgorrelation
coefficient). The statistics for the relative bias are in parentheses
(%). (DJF: December-January-February; MAM: March-April-May;
JJA: June-July-August and SON: September-October-November).
Median RMSE R %days N

Daily —027 215(6.8%) 0.96 - ~ T

Monthly —0.48 0.98 (4.1%) 0.98 _ = Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

DJF 0.43 2.06(6.4%) 0.91 23 Z

MAM —0.14 271(53%) 0.91 26 3

JJA 0.27 1.87(3.1%) 0.85 27 @

SON 0.61 1.84(4.6%) 0.95 25

Annual —045 046(1.9%) 0.99 - S -

FCS (%) Median RMSE R %days M7

<20 1.09 4.19(12.1%) 0.51 8

20-40 0.84 3.33(49%) 0.69 4

40-60 0.96 2.54(3.6%) 0.83 6

60-80 035 1.81(4.2%) 0.92 23

>80 0.17 1.65(4.5%) 0.96 59 0-20 20-40 40-60 60-80 80-100

FCS(%)
Total 0.27 2.16(9.2%) 0.96 -

Figure 4. Box plot of the(a) annual cycle of the bias (MJTT?)
and(b) bias versus fraction of clear sky values (FCS) from 1997 to
1999 at 1ZO. Lower and upper boundaries for each box are the 25
and 75 percentiles, the solid line is the median value and the crosses
indicate values out of the 1.5-fold box area (outliers).
In order to reliably use our GSR estimations from SD
recorder for solar radiation trends studies, it is indispens-
able to document their homogeneity and long-term stability.
To do so, we examine possible drifts and discontinuities in <
the times series of the differences between the GSR estima-2
tions and measurements in the common period (1992/2000). g
We defined a drift as the linear trend of the monthly median
bias (estimations- measurements), while the change-points
(changes in the median of the bias time series) are analysed
by using a robust rank order change-point téstingzante " " " " " " "
1996. Note that we have applied the Angstrém—Prescott —r T T
coefficients obtained during the period 1992-2000 (see Ta-
ble5). T 1 ; .

The straightforward comparison between the monthly me- 2 ° LN ] '
dian anomalies reveals a rather consistent agreement (cor-g ||
relation coefficient of 0.66, Figsa), although a systematic ™ 27
change point was detected in the median bias time series in
June 1995 at 99 % confidence level (Fip). This change
point may be caused by a change of the glass sphere dfigure 5.Times series of monthly median @) the deseasonalized
the CS recorder in that period. Nevertheless, we observ@nomalies of GSR estima_tions_(red line) and measur_eme_nts (black
that there are no significanzt drifts in the bias time series be—'r'::;ir;grg:’gﬂg"(”ﬁ%%gﬁgﬁ”lg525tgezt‘ggggﬁzsg ?f]t(';g?rtg’r”sa?:d

1 .
?irg ((;(ngéz(ig%gwl\g yfagf ﬁlrr;ealrlrtf;r dt)rtekﬂg)ssgti;f::’i:: indicate+1 SEM (standard error of Fhe monthly median) and the
’ o ) L . black arrow indicates the change-point date.

change point at 99 % of confidence level. These findings in-
dicate that the GSR estimates are consistent over time with
GSR measurements and that they are valid for reconstructing
the global GSR time series and trends studies.

4.2 Long-term consistency of GSR estimations

e

SR Anomal

@ -

T

T T T T T T T L
1992 1993 1994 1995 1996 1997 1998 1999 2000
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Figure 6. (a) Time series of the GSR (MJTﬁ) monthly means. The black dots represent the GSR obtained from SD data and the grey
triangles represent the GSR measured between 1992 and(@BPB@nual means of the GSR anomalies. The arrows indicate the change-point
dates. The error bars indicatel SEM (standard error of the mean). Five-year moving average is shown in red.

Table 5. Coefficientsa and 5 between 1992 and 2000 at 1ZO as change-points in 1953, 1968 and 2000 at 99 % confidence

a function of the fraction of clear-sky values (FCS). SEM is the level. The change-point signal-to-noise ratios, which quan-
standard error of the mean.

tify the magnitude or relative importance of each disconti-

nuity, are 2.3, 0.8 and 1.5, respectively, indicating that the
breaks in the 1950s and 2000s may be considered as the prin-

FCS (%) a+SEM b+ SEM % days
<20 0.304:0.120 0.347:0.012 9
20-40  0.449:-0.144 0.348:0.050 5
40-60  0.516:0.085 0.325:0.048 8
60-80  0.402:0.041 0.399:0.033 23
>80 0.475:0.039  0.339:0.038 55

cipal transition dates and 1968 as a secondary change point.
These two principal discontinuities define three periods:

1. Early brightening from the 1930s to the early 1950s,
the few historic data available suggest an increase of the

5 1933-2013 times series of estimated GSR

The reconstructed GSR time series between 1933 and 2013
at 1Z0 is shown in Figs6 and7. It is made with GSR esti-
mations, calculated by using the Angstrom—Prescott coeffi-
cients given in Tabl& for the period 1933-1991 (see F&a

in black dots) and the GSR observations directly performed
with pyranometers for the period 1992-2013 (see Ba.

in grey triangles). For trend studies, the GSR anomalies
are more representative than the absolute val8esdchez-
Lorenzo and Wilgd 2012, so the whole time series has
been deseasonalized by subtracting the averaged GSR an-
nual cycle, obtaining the annual mean anomalies time series

(Figs.6b and7). This anomalies time series reveals phenom- 2.

ena detected at a global scale, such as the beginning of the
dimming period at the end of the 1950s, the strong increase
of GSR values since the middle of the 1980s (brightening)
and the important volcanic eruptions of Arenal and Fernand-
ina Island in 1968, Chichdn in 1982 and Pinatubo in 1992. It
is remarkable that the maximum value of the GSR anomalies
time series corresponds to 2013.

By using Lanzante’s methodLénzante 199 on the 3.

annual mean anomalies time series, we confirm three

Atmos. Meas. Tech., 7, 313845Q 2014

GSR in the first part of the 20th century, knowneasly
brightening(De Bruin et al, 1995 Gilgen et al, 1998
Ohmura 2006, with a peak around the late 1940s/early
1950s. This phenomenon is also confirmed by the 12O
anomalies time series considering all-sky conditions,
and especially visible for mostly cloud-free situations
(FCS> 40 %, Fig.7b). However, we observe a delay of
between 5 and 10 years for the transition from the early
brightening to the dimming period. This delay is gener-
ally observed throughout the whole anomalies time se-
ries and may be partly attributed to the free troposphere
conditions of 1ZO. Note that between 1933 and 1953 the
cloudy and cloud-free anomalies time series show oppo-
site trends, with an anti-correlation 6f25 % (Fig.7).

Dimming from the 1950s to the end of the 1990s a grad-
ual decrease of GSR is observed, which is in accordance
with the widespread period of reduced solar radiation
at a global scale, extensively reported by the literature
and known aslimming (Stjern et al. 2009 Gilgen et

al., 1998 Stanhill and Coher2001, Wild et al, 2005
Ohmura 2006 Wild, 2009.

Brightening from the end of the 1990s onwards, we
document the partial recovery of GSR measurements,

www.atmos-meas-tech.net/7/3139/2014/
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Figure 7. Time series of the GSR anomalies annual means as a functf@hfs€ S< 40 % (cloud conditions; 13 % days) aflg) FCS> 40 %
(cloud-free conditions: 90 % days) from 1933 to 2013 at 1ZO. The error bars indideteSEM (standard error of the mean). Five-year mov-
ing average is shown in red. The arrows indicate the eruptions of Arenal and Fernandina Island (1968), Chinchdn (1982) and Pinatubo (1991).

brightening also reported at many globally distributed RMSE, of 2.16 MJm? (9.2 %). However, when consider-
locations YVild et al,, 2005 2008 Wild, 2009. ing FCS values- 40 %, the RMSE values drop to 4.5 %. The
) ) . . ) consistency over time series of the GSR estimations has been
The dimming/brighteningphenomena have consistently q,cymented by comparing these with GSR measurements on
been detected both under cloudy and cloud-free condi 9-year period (1992/2000).
tions, as shown in Figs. This suggests that the dim- g regyiting annual GSR time series confirms a period of
ming and brightening phenomena might be associated withe 411y prighteningfrom the 1930s to the early 1950s, a period
among others, changes on atmospheric aerosols concentrgs gimmingfrom the 1950s to the ending of the 1990s, fol-
tions due to anthropogenic activitieg/(d, 2009 and ref- 564 by a period obrighteningin the most recent decades.
erences herein). Note that cloudy and cloud-free anomalieg|| these findings demonstrate the consistency of the 12O
time series show an acceptable agreement from the 1960S 0gssR time series presented in this work, which may be a ref-
wards, with a positive and significant correlatioreb0%.  grence for solar radiation studies in the subtropical North At-
lantic region. Future works will analyse in depth the long-
term trends and their interplay with interannual variations of
the solar constant, cloud cover and the atmospheric aerosols

The GSR times series between 1933 and 2013 has beegPntent. The joint analysis with dust AOD is critical in our
successfully reconstructed combining GSR estimates fronf€gion since Saharan dust intrusions, which undergo interan-
SD measurements (1933/1991) using the Angstrdm—PrescoﬁUf# a_nd decadal variations, modulates AOD and hence solar
method and GSR observations performed by different pyraradiation.

nometers (1992/2013) at 1Z0.

The quality of the GSR and SD databases have been ascknowledgementsThis work was developed under the Specific
sessed. Since 2005, the global GSR measurements at IZO afgyreement of Collaboration between the Meteorological State
taken following strict quality controls in the framework of the Agency (AEMET) of Spain and the University of Valladolid
NRC and BSRN networks. Nonetheless, before 2005, recalregarding radiometry, ozone and atmospheric aerosol programmes
ibration of the GSR measurements was needed. This recalconducted at lzafia Atmospheric Observatory (1ZO), and for
bration was made with the LibRadtran, obtaining differencesthe adaptation and integration of the AEMET CIMEL network
of < 7% between the original and the re-evaluated calibra-following the AERONET-RIMA standards. Financial support
tion factors. from the Spanish Ministry of Economy and Competitiveness

The SD measurements taken by Campbe”_StokeiﬂlNECO)andfromthe"FondoEuropeodeDesarrolloReglonaI"

6 Summary and conclusions

. FEDER) for projects CGL2011-23413, CGL2012-33576 and
recorders (CS) between 1993 and 2000 have been validateds, 5415 37505 is acknowledged. The authors are grateful to
against the LibRadtran modgl DSR S'mUIat'onS for Cloud'the IZO team and especially Ramén Ramos “the Izafia’s field
free days. A good agreement is found with a RMSE of 0.52 hyanager and all observers who have worked in the past 80 years
(4.8%). Propagating these errors to GSR estimations fronperforming Campbell-Stokes measurements at [ZO. We gratefully
SD records, an expected precision of 4.0 % has been foundicknowledge NRC (AEMET) for providing GSR measurements.

By comparing with GSR, we obtain a precision, given by the Data obtained by the Global Oscillation Network Group (GONG)
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