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RECENT CHANGES IN SOLAR RADIATION UNDER CLOUDY
CONDITIONS IN GERMANY

EEATE G LIEPERT*

LamtomtDokerre Eartk Dbservadory of Colamblae Disloerslty Palliades, New Yowk s, 154
et Mo crd s el

ARSTRALCT

Howrly data of global and diffise solbr radiatiom m combimation with chl type, cloud cover amaunt and sunshine duration
recards are amlysed for two sites m Germany. The glohal sobr radition bor overcast conditioms al wrhan, marime m fuenced
Hambarg and at the mmal mountin slatiom Hohempessenberg decreased by an average rate af 8 per cemd per decade between
1964 and 1990, whereas no signilicant trend was found winder clear skies at edther slatiom. Hewever, inder parlly clowdy
canclitioms the diffise portiom af glohal salar rachation ako declmed. Abhhough the ofal clwl cover amowni changed Intle
chiring the mierval amlysed, the requency of cimus clowd moreased in Hamburg and Hohenpeissenberg by 12 per cent and 14
per ceml respectively. This may have ked 1o the decline ol diffuse salar rad@ation m cloudy conditions. A& shifl from stratiform
o mare frequent convective clouds ako aocurred at bath stations. Al Hambarg and Hohenpeizsenberg the mean direct solar
rachiation mcome was 10 W m ™ higher during hours with 100 per cent sumshine curatiom and ahserved clods than during
hours with woflly clear skies. Possible reasons for the observed cloud changes include natmal weather wanahility af
omvective and siratiform clowds, increase of aircrall traftic moreazing the acourrence al cmrus clowds and an ind rect aerazal
effect an the maritime siratiform clouds. @5 1997 Royal Meteomobogical Society. S 0 Climagad | 172 15811595 (19497)

(Mo, al Figures: 2. Mo, af Tahles: 5. Moo af References: 26)
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[NTRODUCTION

Matural and anthropogenic variations in clowdiness and acrosel content strongly affect the direct and dif fuse solar
radiation art the ground. Both aemsoels and clowds act on a regional scale. The variability of their impacts on the
shontwave pant of the radiation budget and therefore on global climake & sill wnknown. Thus, the analysis of
long-term actinometric reconds is needed & help understand aerosol and clowd effects on climake change. Long-
temm solar radiation measwrements exist since the 1950s and have been analysed by several authoss. Local
doclines of global solar radiation in whan areas have been eponed, for example, in Hong Kong {Stanhill and
Kalma, 1995). Regional declines wene detoctod in rural surroundings. Russak (1% and Abakumova er al.
{190 observed a decrease of more than 2 per cem per decade in &0 per cent of the stations studied in the foomer
Soviet Unien, mainly in the European section, in westem Siberia and in the Far East from |90 to 1987, Stanhill
and Moresher { 1994 analysed global radiation reconds from seven rural sites on different continents and found a
significant average decline of 3 per cent per decade at zix out of seven stations. In Gemmany, a decline of abour 3
per oent per decade in six out of eight whan and rural stations from 194 o 190 was observed | Licpen o af.,
194). The largest docreases of solar radiation were repomed for clowdy conditions or in moenths with high
amounts of cloudiness (Stanhill and Mogesher, 1994, Abukumova of ail, |9 Stanhill and lanetz, 997, Liepen
and Kukla, 1'9%7). Inthis paper, detailed analyaes of the hourly solar radiation records combined with clowd cover
and clowd type data sets ane presented for two German stations, Hamburg and Hohenpeissenberg.
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DATA

Hamburg (5347, 104dFE, 14 m asl) is an whan site under maritime influence. Hehenpeissenberg (478N,
H{FE, %75 m as.l) & located in the fopthills of the Alps and is a nural meteorolegical observarony of the
Crerman Weather Service (W D). At both stations howrly measwrements of global and diffuse solarradiation and
ohservations of clowd cover amount, ¢lowd type, horizontal visibility and sunshine duration exist. The data wsed in
this study cover various time spans but minimally from 1964 & |9 depending on the meteomological variable
{soe Table ). The radiation data were obtained by a Moll-Gorezynski pyranometer of Kipp and Zonen, routinely
calibrated almost every second wear. As a result of the frequent calibrations and careful maimenance of the
insruments the records are homegenopus and the accuracy is within the Whid {19 ) sugoested § per cont
(Kasien, 98], The temperamre dependence of the inswuments is given & | per cent. The sunshine duration is
mezsured by Camphell-Stokes sunshine reconders,

The horizontal visibility and cloud daw are visually observed and recorded at 1- or 3-h intervals. Homogeneity
testing was perfommed by the Meteorological Obsenvaiory of Hamburg (MOH) on the clowd and radiation data
and by Liepent {19 on te visibility dam. The data on clowd type and amount, visibility and sunshine duration
are ¢lassified conventionally as follows.

(i) High clouds, Che cimus, Ci; cirrocumulus, Co) ciroswranis, Cs,

(i) Medivm clowds, Cm: altocumulus, Ac; alostrams, As; nimbostrams, Ms,

(i) Low clowds, Cl: stratocunmlus, Sc; stramus, St ocumuohes, Cul cumulenimbus, Ch,

{iv) Clouwd cover amount, &, is given in eighths of the sky hemisphere: M= 1, ..., &

(%) Sunshine duration, 5, is in tenths of an hour: §=1, ..., 1.

{vi) Hoerizonml visibility, ¥, is in kilometes and grouped into classes from | w5 km, & o 10 km, ..., 5610
Gl km and above &0 km

The uncenainties in visually observed cloud and wrbidity data are larpe. The emor in clowd cover amouwn can
reach 20 per cont for valwes between two- and nine -tenths clowd cover {Calligan, 1953}, and horizontal visibiliy
alzo can he ower- or underestimated by up i 12 per cent companed with optical thickness messurements {Li and
Luw, 1%, However, as these are the only cloud and turbidity information available for this analysed time period
wiz wee these data but mainly to categorize the sky conditions.

ME THOD

n order o examine the variations in global solar radiation under various conditions, we categorized the hourly
data into fouwr major sky cover categories. They are defined by the clouwd cover amount W and sunshine duration 5.

(i) "Clear® sky (¥ = | N&=1{) is defined as almost no clowd in the sky ar tee end of the houwr and no clowd in
front of the sun for the whole hour.

(i) "Clowdy with sun® {1 < ¥ <8N 5= 10) means clouds are observied but do not obscure the sun during the
i

(i) In ‘pardy clowdy” sky {1 <N < BN d< 8= 1) the clowds cover the sun pant of the time.

{iv) "Owercast’ {V=8n&=0) is complerely cloudy with no recorded sunshine.

For almost each hourly element of the radiation record the sunshine duraton and clowd cover amount are
available, making it pessible to create four new time senies O ey O oy with e 0 dporty clowtyy O oz,
and o caleulate linear trends of annual mean solar radiation for each sky cover category. The frequencies of each
catepory for both sites are listed in Table L

The annual frequency distribution of the 10 cloud types 20 (with i =Ci, ... Cb and r= 1964, ... 9K} is
caleulated by counting esch appearance of an individual cloud type {#{0) divided by the total number of
observations {mfr)). Mone than one clowd type can be recorded at an observation time. Thus, the sum of the
frequencies of all 1) cloud types is greater than 10 per cent. Linear wends of the time series of the annual
frequencies of each cloud type ane caleulated. Second, the ¢lowd types ane analysed within the defined sky-cover
catepories. Fach appesrance of a clowd type in one sky cover catepory is couned and the annual amount is
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Table I. Type and length of the sobr radotion and cloudiness reconds for Hamburg
amd Hohenpeissenberg and the mean anmual prohability of ocoummence ol different sky
cOveT calepnres

Varishles Hamburs Hahenpei ssenherg
Glohal sabr mdition, G 19491940 19531991
Diffuse salar radiation, [ 19641990 19531990
Sumshine duration, § 19641990 19531990
Herizantal visibility, ¥ 19551990 19601991
Cloud cover, N 19641990 19531990
Cloud type, £ 19641990 19641990

Bey cover calegory (per cen

clear (W = 1M5= 1) an
cldy with sun {1 < N = 805 =10) 19
parity clowdy (1 = A =Bl = 5 1) ) )
mverasl (V=8N 5=0) 2

t

divided by the number of observations within this sky catepory. Equation {1) illustrates te annual probability of
cloud type (1) in the ‘clowdy with sun® sky category.

e e {I]
B ) = e N (13
e ol Lo cd 5= 1ol
with i=0Ci, ..., Ch and r= 1964, ... 9N
The frequency distributions of ¢lowd cover amount V), sunshine duration () and visibility (%) ae caleulated
fior each year and are characterized by the median, mean, standard de viation and skewness. Linear regressions of
each of the time series for these variables wene caleulated in order iy detect trends not only in the anthmetic mean

but alzo in the disvibution characteristics.

CHAMGES 1N S0LAR RADLATION
At urban Hamburg, Grabhs and Grassl (1999) dewected a statistically significant decline {confidenos kevel =95 per
cent) in diffuse solar mdiation of 9 per cent, but no decrease in global solar radiation between 1964 and | %R {Tahle

Tahle 1. Salar radiatiom trend slatistics a1 Hamburg from 1964 g0 1990 for sky cover categories: “clear” (8 £ 1085 = 10),
‘cloudy with sum” (1 <= N < 8018 = 10}, ‘partly cloudy’ (1 < N 870 <& = 1) and *overcast’ (N =81 §=10)

Wlean = 5D Trend & 50 el signilicance

Zalar rachatiom Clowd cover category I;W:ITI.-::I I;‘l’l':m_: peT decade) {per ceni)
{ilabal Aldl 2+ 42

Clear 4254 25

Cloudy with sum 4854 19 —3245 aq

Parily cludy 354 14 + 944 98

Olvercasi Gl 3 =541 a§

Overcasi 5c T 10 g LU aq

Clvercasi 54 847 —fid3 aq
Dhfhse Aldl 12243 —d 1] a4q

Clear 1284 13 —13435 aq

Clowdy with sun 17847 —3242 aq

Parily cloudy 201 4 10 e ] a4q
Dhirect All Bad 12

Clear 296 4 26

Clomchy with sm 307 4 22

Parily cloudy 1249 + 18432 aq
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Tahle 1. Salar radiation trend statistics a1 Hohenpeissenherg from 1953 40 1990 for sky cover categpories: ‘clear” (A< 110
F= 10y ‘cloudy with sun’ (1 <N =< 8" 5= 10y ‘parlly cloudy” (1 <N =<H"0 =< 5= 10) and ‘overcast (N =8M5=0)

Climid cover Mean £ 50 Trenad 450 sl signilicance
Zabr radiastion categary (Wm™?) (Wm™ per decade) {per cent)
{ilahal All D214 =02 99
Clear 255429 - -
Clowdy with sum 55825 - -
Parily cloudy 139427 -4 98
Chercas 10314 —H+2 99
Diffise All 139414 -2 99
Clear To& 421 - -
Clowdy with sum 169 427 - -
Parily cloudy 21426 -0 4 98
TDhimect All 155415 - -
Clear 31E2] - -
Clowdy with sum M1E19 - -
Parily clhudy 118 4+14 - -

LLy. However, the global selar mdiation in the longer time period from 1949 o |99 decreased by 8 per cent {Liepent
ar gl 194 At rural Hohenpe issenberg both the global and the diffuse solar adiation decressed { confidence
lewe] = 9 per cent) by 24 per cent and 42 percent respectiviely from |96 to 1R { Liepert of af ., [994) and by the
smaller amounts of 14 per cent and 25 per cent in the longer record from 1953 s |90 Table LLL).

Clerr " sy calegaory

Mo changes are shown in te long-term reconds of global, diffuse and direct solar radiation at Hamburg from
1949 to 1M and at Hohenpeissenberg from 1953 o |9 for the ‘clear” &y campory (Lieper, 19 A
Hamburg, over the shorer time inerval from 1964w 19500, the only decrease is in the diffuse solar adiation by
33 Wm 2 per decade (Figure | and Table [1). A decline in diffuse solar radiation by 17T £5 Wom 2 peer
docade and a non-significant decline inthe glohal solar radistion { Figure 2) is aleo found at Hohenpeissenberg for
the shorter time period.

Ababumiova of af { [9) companed the direct and diffuse solar radiation records under clear skies and fiound
stronger decreasing direct and incressing diffuse solar radistion inrural Tossvere tan in whan Moscow and no
trends in global solar radiation. This effect & also shown in lsrael by Stanhill and Moreshet {1992).

The mean horizontal visibility with distant ohjects observed more often, improved by 25 per cent at urhan
Hamburg betwoen 1955 and |9 and by 13 per cent &t mural Hohenpeissenberg between [960 and |9
Horizonta] visibility predominantly depends on the wopospheric serosol concentration and te relative humidity
near the ground and is therefore not directly comparable to mdiation messwrements. The variations of solar
radiation and visibility are discussed in detail in Ligpert and Kukla | 19497).

Clhmedy with sa " sy cafepory

Ar Hamburg in the ‘clowdy with sun® sky catepory, reductions in ot diffuse a5 well as in global solar
radiation by 32+ 2 Wm —* per decade are detected, whereas the direct solar radistion remained unchanged from
1964 1 |9¥Wh (Table LI and Figure 1) The solar radiation trends in the ‘clowdy with sun® caepory for
Hohenpe issenberg from 1953 to |9 are lised in Tahle L and shown in Figure 2. Mo trends are detected over
this longer time inkernal, but the declines in diffuse and global solar radiastion for the shoner period from 1964 1o
1'¥H) are similar tothe decreases st Hambure. This points to possible clowd chanpes as reasons for the observed
diclines under these conditions.
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It is remarkable that the annual mean direct solar radiation in te ‘cloudy with sun® categery is 11 Wm
higher than in the ‘clear” sky catepory: the same phenomena helds for Hohenpeissenberg with 10 W m 2. This
could be caused by the peasible removal of acrosoel partic les, which serve as cloud condensation nuwe lei {CCN) in
humid conditions, and this process could improve the ransmissivity of the cloud gaps

‘Parrrly e lodily” sly cofegrany

At Hamburg under ‘pantly cloudy” conditions {which mean that clouds can obscure the sun and sunshine
duration is kess than 100 per cent) a highly significant increase in direct solar radiation by 18+ 2Wm 2 per
docade occwred from 194 1o 19N, The diffuse solar radistion decressed from 1% to 1976 and increased
aferwards {Figure 1). This results in a wotal increase in global radiation by 9 =4 Wm—* per decade.

[n contrast to Hamburg, the global and diffuse solar radistion at Hohenpe ssenberg docreased by 9+ 4 Wm 2
and 10+4 W m " per decade respectively, in the ‘panly cloudy’ category from 1953 to 1990, There are
extracrdinarily high values inthe years |96, 1965 and 1966, but even withouwt these data, there ane still declines
{Figure 2) caleulated.

Chrareas " sk calegory

For Hohenpeissenberg the global solar radiation under ‘overcast’ sky decreased by 8 £2 Wm —? per decade
from 1953 1o 1'9¥H) Again, extraordinarnily high values in 1964, 1965 and 1966 are observed, although the decline
remaing if these dam are removed.

At Hamburg in the “overcast” sky category the global solar radiation decreased by 521 W m—? per decade
iTable [l and Figure [0 Hamburg & under froquent maritime influence. Therefore, the global selar radiation
within the “owercast” condition is analysed separately for stratocumulus (S¢) and swams {50 conditions in ooder 1o
minimize possible clowd type changes. The probability of Sc eccumrence is 47 por cont and 51 44 per cent within
the overcast observations. For the ‘overcast M St* category the global radistion decrease is 62 2 Wm —? {Table
[[) and for ‘overcast M S¢* the decrease almost doubles to 102 3 Wm — per decade {see Liepert and Kukla,
197}, This peints o posaible changes in the mansmissiviny of the clowd layer.

CHAMNGES [N CLOUDINESS

e cover amd sunshine ditinslon

The clowd cover observations bear larpe uncenaintes and only a fow temporal variations could be separated
fior the owo sites Hamburg and Hohenpeissenberg, Pessible long-term variations, if they exist, are mostly within
the range of uncemainty. Betwoen 1964 and 19 the frequency distribution of fractional clowd cover at
Hohenpeissenberg, which is almoest synmetrically Usshaped, did not change (Licpent and Kuokla, 19497,
However, from 1953 w0 |90 the mean and median clowd cover fraction doclined by B per cent and 11 per cent
respectively shifting ® a more symmetrical shape. This indicates changes in the wal cloud amount and in the
frequency distribution towards amaller clowd cover amounts from the mid 1950 o the mid [960s. At Hamburg
the frequency diswibuwtion of the annual fractional cloud cover changed ®w a more symmewical Llshape
distribution, with a significant & per cent decrease in the median from 1964 w1900 indicating fewer clouds,

The annual mean amshine duration did not change at Hohenpe issenberg but decreased at Hamburg by 10 per
cent from |9 to 1P {Licpent and Kukla, 1997 The sunshine duration wrend is opposite in sign to the observed
clowd-cover change. This could be the result of changes in clouwd types. For example, increasing amount of thin
cimus clowds could redwee sunshine duration and not be detocted by obsanvers.

Stanhill and lanetz {1997 alse did not detect any significant clowd eover changes for the analysed
radipmetric sttions in lsarsel. Howewer, changes in cloudiness are reported for other regions of Europe
{Henderson-Sellers, 1920, Pamungo e of.  19%¥04) detected incresses in clowd cover amount over the oozans from
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