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1 | INTRODUCTION

| Huanping Wu? | Tinghai Ou' | Deliang Chen'~

Solar radiation changes (dimming/brightening) have recently received growing
attention within the research community, although there is currently no generally
accepted explanation. This article aims to provide a new perspective for identifying
the reasons behind solar dimming/brightening by using long-term measurements of
direct and diffuse solar radiation, unlike previous studies which have focused on
global solar radiation. We postulate that extinction processes can be more readily
revealed by direct and diffuse radiation measurements with the help of a modelling
tool that treats the two components separately. An example is presented for Gol-
mud and Lhasa in the northern and southern Tibetan Plateau (TP) respectively,
over the period 1957-2013. The following is found: (a) ground-based observed
cloud cover alone hardly explains the observed solar dimming at the two sites;
(b) both the cloud-free direct radiation transmittivity (z;,) and diffuse radiation
proportion (pgy) declined; (c) variations in pgr are overwhelmingly dominated by
variations in aerosols, while those in 7, are related to variations in both aerosol
and water vapour; (d) on top of the suggested reduced aerosol concentrations,
decreased snow cover can partly explain declined diffuse radiation via lowered sur-
face albedo; (e) the decline in 7, can be partly attributed to the wetting atmosphere
via strengthened absorption; and (f) the impact of volcanic eruptions was also iden-
tified from such radiative parameters, lasting into the following summer and
especially strong in the southern TP.
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observations in many regions of the world (e.g., Pinker
et al., 2005; Wild et al.,, 2005; Wild, 2012). However, this

The incidence of solar radiation at the Earth's surface is of
particular importance in climate system studies because it is
the major source of the Earth's surface energy budget. This
is especially true for the elevated Tibetan Plateau (TP). Here,
low air mass amount, water vapour content, and aerosol con-
centration mean that the TP receives stronger incoming solar
radiation than its surroundings, affecting the glacier
dynamics.

Recently, growing attention has been paid to the varia-
tions in the received solar radiation and their attribution
(Wild, 2012, and the references therein). Furthermore, there
has been a widely reported transition of surface solar irradi-
ance from dimming to brightening around the year 1990,
observed from both ground measurements and satellite

transition did not occur over the TP. Rather, an overall
declining trend has been observed from quality-controlled
measurements over recent decades (Tang et al., 2011).
Simultaneously, there has been a decrease in total cloud
cover (TCC) commonly observed at meteorological stations
in China (Xia, 2010). With this paradox of changes in sur-
face solar irradiance and TCC in China, solar dimming
seems to naturally be the consequence of increasing aerosol
emissions (e.g., Kaiser, 2000; Qian et al, 2006), making it
of interest to study.

You et al. (2013) related solar dimming to increasing
aerosol emissions for the TP. With relatively low values of
aerosol optical depth (AOD) (Xia et al, 2011; Xu et al.,
2015), the TP is one of cleanest regions in the world and has
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been less impacted by anthropogenic activities (Cong et al.,
2009). According to a recent quantitative estimation (Lin
et al., 2015), aerosol emissions accounted for approximately
20% of the typical solar dimming for the whole of China. By
this token, aerosol emissions are unlikely to have played a
dominant role in solar dimming over the “clean” TP. In con-
trast to You et al. (2013), Yang et al. (2012) linked the solar
dimming to increases in deep cloud cover, associated with
more water vapour in the atmosphere under surface
warming.

Not limited to the TP, as yet, there is no plausible expla-
nation for solar dimming/brightening due to the lack of
long-term measurements for aerosol properties and the com-
plexity of aerosol-cloud-radiation interaction (e.g., Wild,
2012). Moreover, most previous studies have focused on
global (here referred to as broadband spectrally integrated)
solar radiation (referred to as R,); a catch-all measurement of
solar radiation that mixes different extinction processes
throughout the atmosphere. Thereby, understandings of solar
irradiance variations are limited.

In this article, we attempt to provide a new perspective
for identifying the reasons behind solar dimming/brightening
with the help of both long-term direct and diffuse solar radi-
ation (referred to as Ry, and Ry, respectively) observations.
To advance current knowledge of solar dimming/brighten-
ing, an analysis detailing the extinction processes
(i.e., scattering and absorption) is expected to reveal the
roles of different the factors that impact on solar irradiance
variations. As such, the availability of reflecting long-term
changes in the intensity of extinction processes is presented
in Section 2. Here, the intensity of scattering/absorption can
be revealed from the direct radiation transmittivity (z;,) and
the proportion of diffuse radiation (p;); the two atmospheric
parameters that are required for Ry, and R, modelling and
can be estimated from the relevant measurements (Ry; and
Rgip) with such a modelling tool. An example for the TP is
presented. Following a revisit to the association between
observed solar radiation and cloud cover, detailed analyses
were carried out for cloud-free conditions to explore the
roles played by factors other than clouds.

In addition to the attribution of long-term changes in
solar irradiance, volcanic impacts are also of interest as these
affect both global and regional climate change at various
timescales (e.g., Robock, 2000; Shindell et al., 2004; Gleck-
ler et al., 2006; Emile-Geay et al., 2008; Anchukaitis et al.,
2010; Sun et al., 2018). Due to the lack of aerosol property
observation, the volcanic impact on surface solar irradiance
and its duration over a specific region (e.g., the TP) require
further examination. Because cloud cover greatly affects
atmospheric radiative properties, volcanic signals in surface
irradiance observations are always masked. Based on the
cloud-free 7,4 and pg; time series, this study therefore also
offers a sensitive way to discuss the volcanic impact over
the TP region.

of Climatology

2 | METHODOLOGY

2.1 | Observations and site information

Daily mean R;- and R observations were used to calculate 7,
and pg;r with a modelling tool that treats the two components of
solar radiation separately. These observations, as well as TCC
and low-level cloud cover (referred to as LCC) observed by an
observer, are available at a small number of stations managed
by the China Meteorological Administration (CMA).

There has been a change of instruments to measure solar
radiation in China. Before 1990, the Yanishevsky thermo-
electric actinometer was used for R, measurement, and the
Yanishevsky thermoelectric pyranometer for measurements
of global solar radiation and R After 1990, the DFY-3 pyr-
heliometer was used for Ry;, measurement; and the DFY-4
pyranometer for measurements of global solar radiation and
Ry According to Shi et al. (2008), who did a quality control
of the radiation data collected by CMA, the data quality of
global and diffuse irradiance in the TP is very good; less than
1% of erroneous and suspected data are found in the mea-
surements, though the instrumental change may have led to
potential inhomogeneity of the data records around 1990.

In this case study, two stations from the northern and
southern TP, Golmud and Lhasa, were chosen because there
are long-term records of Ry, and Ry (available from 1 July,
1957 to 30 June, 2013). Figure 1 shows the location of the
two stations and their surrounding topography. Golmud is
located at the southern Qaidam Basin, to the north of Kunlun
Mountains, and has a comparatively low elevation of
2,800 m in the shadow cast by the highlands to the south.
Lhasa sits in a flat river valley with an elevation of about
3,600 m, of which the surrounding mountains have eleva-
tions up to 5,500 m.

2.2 | Calculation of 74, and py;

The observed direct and diffuse radiation were used to
derive two parameters 74, and pg;, which in turn were used
to study the extinction processes. Solar Analyst (Fu and
Rich, 1999), an ESRI ArcView geographical information
systems extension designed for direct and diffuse radiation
modelling, was chosen to derive the 7,4, and py;r because it
uses a simple transmission model with these two parameters
to account for atmospheric depletion effects. The complex
surrounding topography (Figure 1) may have great impact
on both Ry, and Ry received by measurement instruments.
Although the topographical effect cannot affect the long-
term radiation variability, we still choose Solar Analyst,
which solves this effect, to realistically derive the 7z, and
Dair because we intend to use the model to study the impact
of topography on surface radiation in another project. 500-m
Digital Elevation Model (DEM) data, resampled from the
USGS 30-m DEM product, was used by Solar Analyst to

generate an upward-looking hemispherical viewshed
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FIGURE 1

Location, surrounding topography, and upward-looking hemispherical view shed (generated by solar analyst with dark grey as view blocked) of

the two sites (Golmud and Lhasa) [Colour figure can be viewed at wileyonlinelibrary.com]

(Figure 1), which serves to solve the topographical shadow-
ing effect.

Considering a horizontal surface as the standard platform
for radiation observation, the equations used for calculating
direct and diffuse irradiance at zenith angle (¢) and azimuth
angle (@) in Fu and Rich (1999) can be rewritten as:

Liir(0,0) = Loons70™ %" fropo (0, @) cOs (0),

Idif (9, (1) =Rg1bpdifw(6, a)ﬁgpo (9, a) COS (9),

(1a)
(1b)

with:
m(6,h) = exp(—0.000118h—1.638E—91%) /cos (0), (1c)
Reto =Lonss70™®" | (1=pay). (1d)

where 1, and 1, are the estimated surface direct and diffuse
irradiance, respectively; I, 1is the solar constant

(1,367 W m™2); 7, is the atmospheric transmittivity (aver-
aged at all wavelengths) at sea level for the shortest path
(normal to the horizontal surface); m is the relative optical
path length (measured relative to the zenith path length),
determined by @ and the site elevation (k) above sea level
(using Equation lc, for 8 < 4/9z7 and lookup tables for
refraction correction at @ > 4/97); f,,,,() is simply a block-
ing mechanism for both direct and diffuse radiation, giving
values of 0 and 1 for an upward-looking view being blocked
and non-blocked respectively; Ry, is the global normal radi-
ation consisting of a diffuse term with the proportion of p
and a direct term with the proportion equal to 1 — py;s and
operationally, for a specific solar position (6 = 6, @ = ay),
can be calculated by estimating the direct radiation without
correction for angle of incidence and topographical shadow-
ing effect, then correcting for the proportion of direct radia-
tion (see Equation 1d); and w() is the weight function that
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defines the density of diffuse radiation from varied 6 and «,
being the same from all sky directions in a uniform diffuse
model, while varying with 6 in a standard diffuse model. In
this study, the former diffuse model is used for cloud-free
conditions and the latter for cloudy days.

The sea-level transmittivity 7 being corrected to the
height of site elevation is then the z,;,, which can appropri-
ately be compared with transmittivity due to atmospheric
compositions, as follows:

Tdir:TOCXp(—OAOOOllSh—l.638E—9h2). (2)

Daily estimated R;;, and Ry can be calculated by inte-
grating Equations la and 1b respectively, with constant 7,
and p; for each day, as follows:

1= lsunser
Ry, = J Liir (9, (Z)dl, (33)

1 =ltunrise

t=typser [A=21 (0=m/2
Rdl.fzj J J lur (0.a)sin (6)d6dads,  (3b)

t=tgmrise Ja=0 JO=0

where fg,,rise ANd Ty,,,.50; are the time of sunrise and sunset. Of
note is that § and a in Equation 3a are subject to the solar
position, being varied depending upon the time and date,
whereas those in Equation 3b are not.

Inserting Equations la—d and 2 into Equations 3a,b, we
know that the R, estimation in the Solar Analyst depends
only on the 7,4, whereas the Ry estimation depends on
both the 74, and pyy Thus, the first step is to derive 7.
Operationally, by varying 7., (starting from 0 with an
increment of 0.0001) in the Solar Analyst, the simulated
daily R,;, was compared with the observed. The 7, value
of each day was determined when the difference between
the two is less than 0.01 MJ m™> day~'. After the 7, has
been derived, pyy is then the only variable unresolved in
Equation 3b and a similar procedure was conducted to
derive it.

2.3 | Atmospheric extinction processes relating to
scattering and absorption

Variations in surface solar irradiance can result from
changes in solar input, clouds, and the atmospheric compo-
sition (mainly aerosols, water vapour, and ozone) that
attenuates scattering/
absorption processes. We started our analyses by examin-
ing the association between cloud cover (either TCC or
LCC) and solar radiation (in terms of R,, Ruy, Rayp and
moreover, 74 and pgy, discussing the role played by
clouds in solar dimming. Following this, the role played
by atmospheric compositions under cloud-free conditions
is of our special concern. The intensity of scattering/
absorption is postulated to be further implicitly reflected in
74 and pgr. As a common radiation transmission model
(e.g., Leckner, 1978; Yang et al., 2001), transient I, and
I can be expressed as follows:

atmospheric transmission due to

of Climatology

Liir =l eons: €08 (0) 7474, (4a)

Liip =Ionsic0s (0) (1 — 1) 74, (4b)

where 6 is subjected to the sun position, z; and 7, are the
transmittivity due to scattering and absorption respectively,
and B is the proportion of forward scattering. Under
cloud-free conditions, atmospheric extinction due to scatter-
ing consists of contribution from gaseous molecules (so-
called Rayleigh scattering) and aerosol particles; the latter
being more dominant in terms of both the magnitude and the
variation of scattering intensity. Atmospheric absorption
attenuates the incoming radiation by converting the radiation
energy into excitation energy of the molecules, which is
wavelength dependent, and alters the apparent spectral sig-
nature of the target. Ozone in the stratosphere absorbs about
99% of the solar ultraviolet (UV) radiation shorter than
320 nm, while water vapour mainly acts on the infrared
region. In this study, we correlated 7,4, and pg to these fac-
tors (aerosols, water vapour, and ozone) to explore the roles
played by each of them. AOD describes the attenuation of
sunlight by a column of aerosol, and thus serves as a mea-
sure of the optical properties of aerosol column concentra-
tion. Both Pearson ordinary and partial correlation
coefficients were used to evaluate the association between
the radiation parameters and the atmospheric composition
factors considered. Long-term trends in these factors were
then examined using ordinary least square regression.
Instead of using trends in the contents of water vapour and
ozone, trends in the transmittivities relating to water vapour
absorption and ozone absorption were taken in order to be
easily compared with changes in 7,4, and pg;. Such transmit-
tivities can be calculated using the following equations from
the hybrid solar radiation model (Yang et al., 2001):

pwy = min|[1.0,0.909 —0.036 In(mw)], (5a)

Troz=exp [—0.0365(m1)°-7‘36} , (5b)

m=1/ cos(&)+0.15(183.886—57.2969)'1'253], (5¢)

where 7pyy and 7oz are the transmittivities relating to water
vapour absorption and ozone absorption, respectively; w is
the precipitable water vapour (PWV) in mm; / is the total col-
umn ozone (TOZ) with unit of 100 DU; and m is the relative
air mass. To make 7pyy and 770 along the direction normal
to horizontal surface corresponding to 74, the zenith angle
is set to 0. The significance levels (measured by p values)
were tested using a Student's ¢ distribution for a transforma-
tion of both the correlation coefficients and linear slopes.

2.4 | Other data sets

Satellite data retrieved from the Multiangle Imaging Spectro-
Radiometer (MISR) and Moderate Resolution Imaging Spec-
troradiometer (MODIS), both aboard the Terra spacecraft,
are available from March 2000 and have been widely used
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to understand atmospheric processes (Kaufman et al., 2002).
MISR Level 3 daily products of AOD and absorbing AOD
(AAOD) (at green band with a nominal centre wavelength of
555 nm) were chosen for analysis in view of its better per-
formance over (semi-)arid land cover compared to MODIS
retrievals (e.g., Abdou et al., 2005; Prasad and Singh, 2007;
Xia et al., 2008). PWV derived from sounding observations,
available from the Integrated Global Radiosonde Archive
from the National Climatic Data Center (Durre et al., 2006),
is considered a good candidate for this analysis. However,
most records from the pre-1991 period have been erased to
meet quality control rules, and are thus not available for the
long-term change analysis. For the ozone measurements, the
Total Ozone Mapping Spectrometer (TOMS) instruments
flown on NASA-satellites (Nimbus-7:1978-1993, Meteor-
3:1991-1994, and Earth Probe: 1996-2006) provided global
measurements of the daily TOZ. These, however, are like-
wise not appropriate for the long-term change analysis.
ERA-interim (Dee et al., 2011), as the latest global atmo-
spheric reanalysis, produced by the European Centre for
Medium-Range Weather Forecasts (ECMWF), provides
both PWV and TOZ from 1979. Hence, this data set was
chosen for the analysis. Though it is not directly observa-
tional, it assimilates available ground-based observations
and satellite data including radiosonde measurements and
TOMS TOZ as mentioned above. According to the assess-
ment from Lu et al. (2015), ERA-interim is one of the best
reanalyses to reflect the long-term trends revealed by a
Bayesian approach over the TP. To derive the time series at
a station from grid data, AOD is averaged from 5 X 5 grids
of MISR product (with a spatial resolution of 0.5 x 0.5)
centered at the station, while PWV and TOZ are averaged
from 3 X 3 grids of ERA-interim reanalysis (with a spatial
resolution of 0.75~ x 0.75).

Reflected solar radiation, mainly incorporated in the
observed diffuse radiation, is not considered in the Solar
Analyst; however, it can be affected by changes in surface
albedo and in turn contributes to observed variations in solar
radiation. Weekly snow cover data from Northern Hemi-
sphere EASE-GRID 2.0 (version 4.0; with a spatial resolu-
tion of 25 X 25 km and available from 6 October, 1966 to
25 December, 2016) were used to examine long-term
changes of annual occurrence frequency of weeks with snow
cover identified, because snow cover changes can signifi-
cantly alter the surface albedo. According to Igbal (1983,
p. 156), the equation for R calculation with reflected radia-
tion from the surface and backscattered can be expressed as
follows:

(6)

where p, and py. are the atmospheric and surface albedo,
respectively, and Ry, =0 is the diffuse radiation with zero

psre- Changes in p, are negligible. Therefore, its value was

set to be constant, with a typical value of 0.2. To estimate
the contribution of changes in surface albedo, we let the term
Raf. . =0 to be constant with time. Here, we defined the rela-

tive change of Ry as:
,_ Rar.:—Rag.1=0 .
difst = R -] - (7)
dif X 00%,
which further approximates to:
Rir, — Raif,1=0
Riif.p=0
_ 1
1 _O'ZPA‘fC,t 1- O'Zps:f(,‘,t=0

x100%

) x 100%,

where ¢ in the subscripts is time, and ¢ = 0 indicates the ini-
tial status. Thus, the maximum of its magnitude can be
derived as follows:

_ 0-2’p5fc,t_psfc,t=0’

(1 _0'2prc,t) (1 _O~2psfc,t=0)
< 0'2|psfc,t_psf€,l=0|
= i [(1 —0~2Psfc,,)2, (1 —O.Zpsfc’t=0)2]
SO.Z’p.Y‘fb,,—quc,mOz’

(1 _O'ZPsfc,fnGX)

/
L

x100%

x100%

x100%.

(8)
We here consider that the change in annual-mean surface
albedo is equal to the change in the annual occurrence fre-
quency of weeks with snow cover identified, by assuming
an extreme situation that the surface with (without) snow
cover has surface albedo equal to 1 (0). Thus, the maximum
potential contribution of lowered surface albedo to solar
dimming, leading to less reflected solar radiation, can be
estimated using Equation 8.

2.5 | Analysis methods

There are some important notes of our analyses to be
clarified:

The annual mean for all-sky conditions was calculated
when the monthly means for all 12 months of each year
were available; the monthly mean was calculated when more
than 75% daily records of each month were available.

Due to limited days under cloud-free conditions, loose
criteria were applied to calculate the annual mean for cloud-
free conditions. The monthly mean was calculated if there is
at least one record. The annual mean was then calculated
only upon those calendar months of which the long-term
series are with 75% coverage over the period 1957-2013, in
order to avoid the contamination by seasonal variations in
long-term trends.
under

This results in annual mean series

cloud-free conditions representing wintertime
(October—March) at Lhasa, where cloud-free days seldom
exist in summer; this way preserves data homogeneity along

the long-term series.
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linear trend being statistically significant at p < .05 [Colour figure can be viewed at wileyonlinelibrary.com]

The long-term linear trends of solar radiations were com-
pared with causal factors to assess their contribution to the
observed solar dimming. Normally, such comparisons are
taken over concurrent periods where the two data sets were
available. In this study, however, we compared their trends
over the entire period with the available data of each parameter.
This is because we noticed that there are abrupt changes in 7,
and pg;r around the 1980s, which can largely affect the long-
term linear trend analysis over a period starting from the 1980s.

3 | RESULTS AND DISCUSSION

3.1 | Long-term variations in observed solar radiations
and clouds

The annual mean of observed solar radiations (R,, Ry, and
Rgip) and cloud covers (TCC and LCC) at the two sites are
presented in Figure 2. At both Golmud and Lhasa, a signifi-
cant decreasing trend is observed for R, and R;;. Compared
to Golmud, Lhasa has a larger loss of R,, which is partly

attributed to the negative trend (although not statistically sig-
nificant) in Ry, More clouds are expected over the TP
where the atmosphere gets wetter under surface warming
during the last decades (Yang et al., 2012; Lu et al., 2015).
This is therefore a candidate to explain observed solar dim-
ming because clouds are extremely important as depletion
agents of solar radiation. Regarding the selected two sites,
an increasing trend is only observed for LCC at Golmud,
likely to be an explanation of solar dimming there. A signifi-
cant decline for both TCC and LCC at Lhasa suggests other
factors to be the causes of solar dimming.

Despite the poor association between long-term trends in
solar radiation and clouds, we took the analysis one step fur-
ther, detailing each calendar month to explore the roles
played by both TCC and LCC in solar dimming. Indeed,
attention should be paid to the seasonal variation of extrater-
restrial solar irradiance, which implies more depletion of
solar radiation in the summertime than in the wintertime
caused by the same amount of clouds; this information is not
properly reflected by the above annual-mean (equally
weighted upon monthly means)-based analysis. Please refer
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TABLE 1 Correlation coefficients between observed solar radiation (R,/
Ryi/Rayp) and cloud cover (TCC/LCC) over the entire period for each
calendar month and annual mean

TCC LCC
R, Rair Ruy R, Rair Ry

Golmud
January -50"  —71™ 587 —537 —30° —.13
February -56" -6 527 -39 18 -20
March -70" —87" 73" —337" 13 -.10
April —-63" =757 557 —407 -2 —-.26
May —46" —587 28" -51" 13 -4
June —49™  —707 557 —367 -20 -20
July —647" 76 49T —47™ o7 -22
August —64" -5 427 —60” -39 18
September  —.67" -817 557  —53" _24 -29
October -59" -7 527 —66”  —47" —06
November  —.29" —647 607 —66" < —427 —08
December ~ —.22 -58" 60" —60" —34" —08
Annual —-.06 —48" 47" —45T 17 —64"

Lhasa
January —42" -6 65 27 45" 557
February —46™  —70" 727 —20 —44" 64
March -23 -50" 71 02 -23 60"
April —-34" -56" 607 -.16 -35" 50"
May -26 —48" 597 —.09 -.26 437
June .00 -27 597 —.06 -.28" 46
July -4 -0 697 23 —.54™ 2"
August -36" —62" 637 —09 —.40™ 677
September  —31"  —577 62"  -—12 —44" 68"
October -22 —48™ 697 13 —-39" 677
November — —.23 -50" 72" .08 —37" 707
December — —.26 -50" 67" —.09 -32" 597
Annual 04 12 417 38" 28 347

“p < .05, "p < 01.

to Table 1 for the large difference between radiation-cloud
correlation coefficients for each calendar month and annual
mean. Overall, both TCC and LCC as depletion agents of R,
and Ry;, are represented by the negative correlation coeffi-
cients (Table 1). More TCC results in more R, as shown in
the positive correlation coefficients consistently at the two
sites. LCC to the R ;, however, is much complex: being pos-
itively correlated at Lhasa but negatively at Golmud. This
scenario is possible if increasing cloud cover at Golmud
results in thicker clouds which will reflect more solar radia-
tion to space. With regard to long-term trends, a complex sit-
uation is confronted as shown in Table 2. At Lhasa, the
reduced cloud cover may, to some extent, contribute the
common decline in Ry via less scattering effects on incom-
ing solar radiation; however, it fails to explain the decline in
R The increasing LCC at Golmud, which features a strong
depletion effect on incoming solar radiation, is expected to

cause decline in both Ry, and R,s however, the common
decline is only observed for R

Additional notes are made for a further discussion on the
role in solar dimming played by clouds: (a) the data quality
of cloud cover, of which the observation is made by different
observers, is a concern especially for assessing the long-term
trend; (b) the ground-based observed cloud covers can
hardly provide sufficient information about cloud optical
properties, which directly deal with solar extinction; and,
(c) the effects of clouds on solar radiation may vary with
their types, which cannot be reflected in cloud cover. For
example, LCC shows a different relationship with R at the
two sites. Apart from the above notes, we indeed gain further
insight into clouds' role in solar dimming by detailing our
analysis into the two components of R,. Limited by the
shortage of long-term observations of cloud properties, the
remaining part of this study is taken for cloud-free condi-
tions to explore the roles played by factors other than
clouds.

3.2 | Long-term variations in cloud-free 74, and p;

Figure 3 shows the daily records of 7., and pg; under cloud-
free conditions at the two sites. Note that only wintertime
(October—March) days were analysed for Lhasa, because
cloud-free conditions seldom exist during summer monsoon
seasons. For the two sites in the TP under cloud-free condi-
tions, 74 typically has values around 0.8 while pg; 0.2.
Lhasa has higher z,;, yet lower pg than Golmud, meaning
higher atmospheric transparency. This should be the result
of the thinner tropospheric layer above Lhasa, as it has a
higher elevation and comparatively lower aerosol concentra-
tions (Xu et al, 2015). Normally, 7,4, is negatively corre-
lated with pg;; that is, a higher 7, is paired with a lower p
and vice versa. This phenomenon is indeed observed for
both Golmud and Lhasa (Figure 3). The correlation coeffi-
cient between the two parameters is —0.88 and —0.76 for
Golmud and Lhasa respectively. From Equations 4a and 4b,
we can easily observe that scattering processes lead to this
negative relationship; that is, stronger scattering causes more
diffuse radiation but attenuates the beam radiation.

With regard to the long-term trends, however, there is an
interestingly consistent negative trend for both 7,4, and pgy
over the entire period (1957-2013) at both Golmud and
Lhasa (Figure 3). In general, the decline in the two parame-
ters indicates approximately 1.0% and 5.7% dec™' decreas-
ing rate in Ry, and Ry, respectively, for Lhasa. Meanwhile,
the decreasing rate is slightly lower (0.6 and 2.4% dec™" in
Ry; and R, respectively) for Golmud.

3.3 | Associations of 7, and p 4 with atmospheric
factors

To examine the associations of 7,4, and p;r with atmospheric
factors (aerosols, water vapour, and ozone), their seasonal
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TABLE 2 Linear trends of observed solar radiation (Ry/R;/Ra;) and cloud cover (TCC/LCC) over the entire period for each calendar month and

annual mean

Radiation

Trend (MJ m—> day_1 dec™})

R, R Raiy

Golmud
January -23" —.04 -20"
February -25" -.10 —.15"
March —.08 22 -30"
April —-.08 31 —-39"
May -.13 30 —43"
June -26 A1 -37"
July -25 .06 -31"
August -21 02 —24"
September -20 .08 —.28"
October —27" -.13 —14"
November —22" -.05 —17"
December -28" -17 —.11
Annual -2 .04 —26"
Lhasa

January -50" -32" —18"
February -37" -.07 -30"
March —46" -.16 -30"
April -38 —-.13 —25"
May —46" -35 -.10
June -63" —43" -20"
July -7 -51" —-20
August 54" -30 —24"
September -51" -.34 —.18
October —57" -.38" —.19"
November —-51" -36" 15"
December —43" -.20 —23"
Annual —51"" -28 -23"

p <.05,"p < 0l

variations were examined. As shown in Figure 4, 7,;- and pg;
exhibit sinusoidal-like seasonal change. 74, has high values
for winter while low for summer when the monsoon domi-
nates. For py;, the opposite is true, although not completely
as it has early peak values in spring but not summer (the sea-
son of valley values for 7,;,). As both of the two parameters
are to a certain extent independent from the zenith and azi-
muth angles, the seasonal variations are largely caused by
atmospheric extinction factors. Figure 5 shows that both
AOD and TOZ have early peak values (May for AOD and
April for TOZ), while PWV peak values appear in August as
the plateau monsoon matures (Ding, 2013). According to the
phase pairing, the seasonal variation of py; is, very likely,
influenced by aerosols and ozone, while that of 7, is largely
influenced by water vapour.

The correlation between the radiative parameters (7,
and p;) and the atmospheric factors under cloud-free condi-
tions was further investigated for the period from 2000 to

Cloud cover

Trend (% dec_l) Mean (%)
TCC LCC TCC LCC
-1.22 1477 45.6 4.7
-1.27 2617 58.4 8.3
-.83 2117 65.3 9.6
-1.07 1.97" 64.4 9.3
A1 2.50™ 66.2 14.9
-23 3.17" 66.6 23.1
45 343" 6.7 25.4
-.03 3.03" 53.7 21.1
-.16 3.45™ 54.3 17.8
21 1.48™ 41.1 7.2
—1.49 85" 35.0 3.3
-1.05 1317 38.4 3.7
—43 232" 54.2 12.5
01 -.57 25.9 19.1
—-1.94" 272" 39.1 3.5
—1.60" —2.68" 52.2 41.6
-1.79" —2.42" 6.5 47.7
—-1.37" —-1.56" 59.6 47.6
—-1.63" -1.71" 66.6 55.6
—.43 —.88 78.2 64.8
-1.73" —2.43" 79.6 66.6
-1.38 —1.46" 64.4 53.9
-.67 -5 31.8 252
—41 —.67 19.0 13.0
—-1.30" —1.40™ 18.9 12.2
-1.26™ —1.64" 49.7 39.8

2012 because MISR AOD is only available for this period.
This was achieved using both ordinary and partial linear cor-
relation methods (Table 3). From both the ordinary and par-
tial correlation analyses, it appears that py is controlled by
AOD because its major extinction of solar radiation is via
scattering, which together with water vapour (due to its
absorption processes over several bands of solar radiation)
dominates 7g4,'s variation. Higher correlation coefficients
between pgr and AOD are observed at Golmud than Lhasa
(0.77 vs. 0.32 for the ordinary correlation, and 0.74 vs. 0.25
for the partial one), which is also reflected in the correlations
between 74, and AOD (0.82 vs. 0.39 for the ordinary corre-
lation, and 0.76 vs. 0.17 for the partial one). This indicates
that aerosol extinction effects are more predominant at Gol-
mud, which is consistent with the comparatively higher
AOD values at Golmud (Figure 5). Xu ef al. (2015) also
reported that AOD values in the northern TP region are
higher than those in the southern part. Compared to aerosols
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FIGURE 3  Daily 7, and pg;r under cloud-free conditions at Golmud (a) and Lhasa (b). The solid straight lines show the linear fitting, and the linear trend

values (* denotes being statistically significant at p < .05) are given in the legend. The abrupt changes in 74, and py; refer to volcanic emissions to be

described in Section 3.5 [Colour figure can be viewed at wileyonlinelibrary.com]

and water vapour, ozone plays a negligible role to the two
radiative parameters at Golmud, while a small contribution
to 74, is observed at Lhasa. Though ozone absorbs almost
99% of the harmful UV solar radiation and plays a critical
role to the Earth system and humans, it does not contribute
much to global radiation variations as it functions mainly on
a narrow band of solar radiation.

(a) Golmud
1

0.9
0.8 M
07
06
05
0.4

0.3

0.2

To evaluate the relative contribution of each factor to 7,
variations, we used the squared value of partial correlation
coefficients, because the coefficients are derived after
removing the effects of the other factors. At Golmud, the
contribution of AOD to the variation in daily 7, is 57.8%
and that of PWV is only 6.8%; that is, AOD dominates. At
Lhasa, by contrast, AOD contributes only 2.9% to the

(b) Lhasa

50 100 150 200 250 300 350
Day of year

50 100 150 200 250 300 350
Day of year

FIGURE 4  Seasonal variation of 7,4, and p 4 under cloud-free conditions at Golmud (a) and Lhasa (b). The solid curves show the sinusoidal fitting [Colour

figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Seasonal variation of AOD, PWV, and TOZ under cloud-free conditions at Golmud (a) and Lhasa (b) [Colour figure can be viewed at

wileyonlinelibrary.com]

variation in daily 74, equal to TOZ, while PWV contributes
10.2%. Comparatively, water vapour plays a more important
role in the 7, variations.

34 | Long-term trends explained by atmospheric
factors

The results above show clear associations between the radia-
tive parameters and atmospheric factors (aerosols, water
vapour, and ozone). It would be interesting to explore
whether the long-term trends in 7,4, and p 4 can be explained
by the long-term changes in these factors. However, due to
the lack of long-term aerosol data, it is not possible to quan-
tifiably determine the role of aerosols in these changes.
Figure 3 shows a significant decline in p,; at both Gol-
mud and Lhasa. Because reflected solar radiation, which is
largely incorporated in observed Ry, is not considered in the
Solar Analyst, its changes affect p,;r values. Alongside the
shrinking cryosphere (Li et al., 2008), especially the retreat
of glaciers (Yao et al, 2012) and vegetation greening
observed over the TP in response to surface warming (Shen
et al., 2015), the surface albedo could have been lowered,
which may further result in less reflected solar radiation
received by measurement instruments and in turn smaller p;,
values derived. As shown in Figure 6, the annual occurrence
frequency of weeks with snow cover identified exhibits a
significant decline at the two sites (especially Lhasa). This
effect, however, is hardly quantified due to the lack of long-
term, reliable data for surface albedo. A maximum of this
effect was estimated based on the snow cover changes
(Figure 6) and Equation 8: 13 and 22% of the decline in R

for Golmud and Lhasa, respectively, meaning a part of the
negative py;r trend remains unexplained. p,;ris largely related
to the scattering processes which can be further proved from
higher correlation coefficients between p,;r and AOD. There-
fore, we suggest that aerosol concentrations, at least from
the scattering aerosols, have reduced during recent decades.
This is consistent with the increased visibility, a proxy of
AOD (Wang et al., 2009), reported by Yang et al. (2014) for
the TP. Thus, it demonstrates that the major aerosol over the
TP region is dust (Xia et al., 2011; Xu et al., 2015), in view
of dust having a positive relationship with wind speed,
which has pronouncedly declined since the 1970s (Lin et al.,
2013). Our results, although derived from only two stations,
do not support the premise that solar dimming over the TP is
caused by increasing aerosol emissions as was suggested by
You et al. (2013).

TABLE 3  Correlation coefficients between the daily radiative parameters
(74i» and p4p) and the atmospheric factors (AOD, PWV, and TOZ) over the
period from 2000 to 2012 under cloud-free conditions

Ordinary correlation Partial Correlation®

AOD PWV TOZ AOD PWV TOZ
Golmud
g =827 —49™7 06 -76™" —26" -.07
P a7 24" .16 a4 —13 10
Lhasa
Ty =397 -4 27 T -3 —ar
Paif 327 .08 247 25" —.06 12

* Derived after controlling the other two factors. *p < .05, **p < .01,

p < .001.
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FIGURE 6 Weeks with snow cover identified (bars) and annual occurrence frequency (solid curve) at Golmud (a) and Lhasa (b). Value with * denotes the
linear trend of annual series being statistically significant at p < .05 [Colour figure can be viewed at wileyonlinelibrary.com]

Considering the decreased intensity of aerosol scattering,
the decline in 7, can largely be attributed to the strength-
ened absorption. As water vapour and ozone mainly dampen
solar radiation through absorption, long-term trends in their
corresponding transmittivity have been concentrated on. Fi-
gure 7 shows the temporal variation in the annual mean of
Tpwy and troz From 1979, tpyy decreased with a rate of
0.11 and 0.05% dec™" for Golmud and Lhasa, respectively.
Thus, the wetting atmosphere over the TP (Chen er al.,

2015; Lu et al., 2015), via strengthened absorption intensity,
contributes to approximately 18 and 5% of the solar dim-
ming at Golmud and Lhasa, respectively. 7roz has small
degree of both the variability and long-term trend, indicating
that the ozone's role is negligible. This may be explained by
the small values in both the magnitude and variability of
TOZ over the TP (Zou, 1996). The contributions from water
vapour are more apparent compared to ozone; nevertheless,
a major part of the trends in z,;, remains unexplained.
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FIGURE 7

significant at p < .05 [Colour figure can be viewed at wileyonlinelibrary.com]

Annual-mean time series of 7pyy and 770z at Golmud (a) and Lhasa (b) from 1979-2012. Value with * denotes the linear trend being statistically
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FIGURE 8 Daily AOD and AAOD under cloud-free conditions at Golmud (a) and Lhasa (b) [Colour figure can be viewed at wileyonlinelibrary.com]

The remaining part of the trends in 7., may be caused
by various factors. For example, an increasing concentration
of black soot (absorbing aerosols) as extracted from glacier
cores (Xu et al.,, 2009) could have played a role. Note that
AAOD is also available from the MISR product extracted
for the two sites. However, it shows that AAOD has only
about 1% of overlap with the values of AOD (Figure 8). Fur-

0.4 .

carbon, which show a very small magnitude and no trend
over the TP region (Kang er al., 2017, fig. 12 therein),
together with Figure 8 suggest absorbing aerosols not to be a
marked cause of the solar dimming.

Finally, the remaining part of the trends in 7, unex-
plained addresses the need for a further study, perhaps
based on quality-controlled data of both radiation and the

thermore, emissions of both black carbon and organic factors.
(a) (b)
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FIGURE 9  Daily 7, and p 4 (detrended) under cloud-free conditions at Golmud (a) and Lhasa (b) from 1979 to 1996. Shadowed areas show the periods
from the volcanic eruption days to July 1 of the following year. The straight lines show the SE below the mean of 7, and above that of p,; The light grey
curves are derived by averaging over a half-year moving window [Colour figure can be viewed at wileyonlinelibrary.com]
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3.5 | Volcanic impacts on 7, and pg;r

There have been two volcanic eruption events with large
effects on apparent transmission during the concerned period
of study (Robock, 2000, see Figure 1). One was the 1982
eruption of El Chichén volcano in Mexico. It produced three
plinian eruptions (29 March, 3 April, and 4 April, 1982)
with a total of 7 megatons of sulphur dioxide and 20 mega-
tons of particulate material injecting into the stratosphere,
travelling completely around the Earth within 3 weeks
(Robock and Matson, 1983). An optical depth of ~0.3 at
mid visible wavelengths was measured from Chichdn's
cloud soon after the eruption, remaining high for several
months (Patterson et al., 1983). The second was the 1991
eruption of Pinatubo volcano in Philippines. As the second
largest eruption of the 20th century, it injected about
17 megatons of sulphur dioxide into the stratosphere, which
resulted in a global temperature drop of as much as —0.4 °C
in the years 1991-1993 (Self et al., 1996).

The daily records of 74, and pg;r under cloud-free condi-
tions for the period from 1979 to 1996 were examined, as
shown in Figure 9. The abnormal values appear over the sha-
dowed areas (period from the volcanic eruption days to
1 July, the following year). For Lhasa, the values of 7, dur-
ing the highlighted periods were below the line for mean
value minus SE, while those of p,;r were above the line for
mean value plus SE. For Golmud, this phenomenon was not
so pronounced but can still be identified. This implies that
the volcanic impacts can last into the summer following an
eruption over the TP. From this point, the aerosols brought
from the eruptions are almost erased due to convective activ-
ities and frequent precipitation events.

The impacts at Lhasa were stronger than those at Gol-
mud. This may be because: (a) Lhasa has lower background
values of AOD than Golmud according to Figure 8 and Xu
et al. (2015); and (b) Golmud is in the westerly influenced
region while Lhasa is closer to the Himalayas and strongly
impacted by the Asian monsoon (Yao et al., 2012); thus,
there are deep convections entering the lower stratosphere
which in turn introduce more stratospheric aerosols into the
troposphere during summer seasons (Fu et al., 2006; Lin
etal., 2016).

4 | CONCLUSIONS

This article has aimed at providing a new perspective for
identifying the reasons behind solar dimming/brightening. A
case study for the two sites, Golmud and Lhasa in the north-
ern and southern TP, respectively, were presented. It reveals
detailed extinction processes with help of long-term R;, and
Ry measurements and a relevant modelling tool, thus
advancing our understanding of variabilities in solar irradi-
ance. To summarize, the case study presents multiple
findings.

A significant decreasing trend is observed for all-sky R,
and R ; at both Golmud and Lhasa. Cloud cover alone fails
to explain the solar dimming at the two sites, suggesting
other factors to be the major causes. A complex association
is particularly detected between R;y and LCC, which
addresses that observations of other cloud properties are
badly needed to further explore the roles played by clouds in
solar dimming. Despite this, our analysis detailing into R,
and Ry reveals complex effects of TCC and LCC in the
depletion of incoming solar radiation.

Both 74 and pge under cloud-free conditions have
declined during the last six decades at both Golmud and
Lhasa. The decreasing rates in 7,4, and pgr at Lhasa are
approximately 1.0 and 5.7% dec™", respectively, while Gol-
mud has smaller decreasing rates.

The variations in daily p,;y, which is dominated by the
scattering intensity, are overwhelmingly related to variations
in aerosols. Approximately 57.8 and 6.8% (2.9 and 10.2%)
of the variations in daily 7, are explained by AOD and
PWYV, respectively, at Golmud (Lhasa).

Snow cover removal is observed during the past decades
at the two sites. This lowers surface albedo which can further
result in decreased reflected solar radiation that is embodied
in measured Ry This effect contributes to no more than a
quarter of the decline in R, meaning that a large part of the
negative pg; trend is caused by other factors. Considering
the relationship between p,; and AOD, the decline of pgy
indicates that concentrations of the scattering aerosols have
reduced over recent decades. For the long-term trend in 7,
about 18 and 5% of the decreasing trend at Golmud and
Lhasa, respectively, is explained by the wetting atmosphere.

Volcanic eruptions have large impacts on the 74, and pg;r
values, and the impacts are especially strong in the southern
TP region. Furthermore, these impacts can last into the sum-
mer following an eruption. However, after the summer, vol-
canic aerosols are almost erased due to the frequent
convective activities and precipitation events in summer.

Finally, it is worth mentioning that the methodology
developed in this case study can be applied to any location
where Rz;, and R;;» measurements are available.
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